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ABSTRACT

Although comparisons of relative energy efficierayd cost effectiveness for
small gas and mechanically pumped liquid overfeetfigeration systems
(arrangements) have been performed, no such cosopahias been reported for
large batch type ice-making systems. The ice-magiagt at the Far East Vertical
Shaft, East Rand Proprietary Mines (ERPM) Ltd, SoAfrica, which produceld
ice in a batch-type process for cooling its undaugd workings, utilizes cold
flash gas to pump liquid refrigerant to and throuighice-building evaporators.
Each of this plant’s three operating units manuwfisedd up to 1000 tons of ice per
day to adequately cool this gold mine’s undergrowudkings. For one unit of
this plant, this investigation models the functianiof the existing ‘cold gas’
pumping arrangement, supported by test data.eit thvestigates, through similar
modelling, a more conventional ‘hot gas’ pumpingaagement, and two possible
mechanically pumped arrangements for this unit,ctioning under similar
conditions. The models provide a thermodynamicaiganingful comparison of
the different liquid overfeed refrigerant pumpingamgements, principally in
terms of their energy efficiency and electricaltaeiectiveness. They predict that
under similar operating conditions, the currendcgas pumping arrangement is
more energy efficient and electrically cost effeetithan both hot gas and
conventionally mechanically pumped arrangements. This agrees \thth
suggestions and conclusions of previous investigatiperformed on smaller
refrigeration systems. However, compared to a #teal fully mechanically
pumped arrangement, the existing cold gas pumpsigrayis predicted to incur
larger unproductive refrigeration demand and higlremual electrical operating
cost.

! Underground operations at the mine were suspended on 8eD&008.
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Variable Description Units

a Area m°

A eien Cross-sectional area of one channel of | af
evaporator plate

B; Biot number

Bo Boiling number; Shah”

c Specific heat kJ/kg.C

C Coefficient used in the one-term approximation of
the Fourier series for transient heat conduction

CGPS Cold gas pumped system

Co Boiling convection number; Sh&h

COnar Condensing convection number; Shah

COP Coefficient Of Performance

d,D Diameter of pipe, channel or vessel/drum m

E Enhancement factor; Gungor ef?3l

E.v Internal energy of a control volume kJ

fren Constant friction factor of piping

Fo Fourier number

Frggen Fractional refrigerant liquid content of the
evaporator channel.

FMPS Fully mechanically pumped system

g Acceleration due to gravity ni/s

G Mass flow per unit area (mass flux) kglm

h Specific enthalpy kJ/kg

het Latent heat of ice formation kJ/kg

h', Refrigerant side convective boiling heat transfé/m-. °C
coefficient

h'; Superficial heat transfer coefficient of the quuiW/mZ. °Cc
phase only; Sh&f?

h'w Water-side Convection heat transfer coefficient Wha

' har Refrigerant side convective condensing Hheatm-. °C
transfer coefficient during the harvesting process

h'2phiEES] Local two-phase convective boiling heat transfé/m”. °C
coefficient predicted by Engineering Equation
Solver (softwaréj”

h Heat transfer coefficient assuming all mass tg wem?. °C
flowing as liquid; Shaf®

N,meeqq | LOCAlI two-phase  convective condensing heavm?. °C
transfer coefficient in horizontal tubes, predicted
by Engineering Equation Solver (softwaré)

Mg Heat transfer coefficient assuming all mass tg wem?. °C

flowing as liquid; Shaf®
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Variable Description Units

h'2phishy Local two-phase convective boiling heat transfe//m’. °C
coefficient; Shati®

h'p Pool boiling convection heat transfer coefficient| /mil °C

hapnshie; | Modified local two-phase convective condensing/mr. °C
heat transfer coefficient; SHal

h'ophipeciey | LOcal two-phase convective condensing heatm?. °C
transfer coefficient in horizontal tubes; Dobsod an
Chatd®®

haphpexie | Local  two-phase convective condensing  Heawn?. °C
transfer coefficient in horizontal tubes; Jasted an
Krosky®”

h'2pnic) Local two-phase convective boiling heat transfé//m”. °C
coefficient; Gungor et. &P

N, o Nusselt two-phase convective condensing h&dm®. °C
transfer coefficient;Johns6f

ﬁz'ph[sm{c} Mean local tv_vq-phase convective condensing h&dm?. °C
transfer coefficient; Sh&?

hrg Difference in enthalpy for saturated vapour amkd/kg
saturated liquid conditions

AH;, An enthalpy gain of flowing refrigerant kJ

AH A temporary enthalpy gain of flowing refrigergritJ

' due to an inherent refrigerating process

H'ipy Head developed by mechanical pump m

HGPS Hot gas pumped system

k Thermal conductivity W/m?°C

kwWh Kilowatt hour kwWh

Kipy Minor loss coefficient of piping

JiE) Length of piping m

L Length m

Liejchi Length of the evaporator channel m

L¢ Characteristic length m

L’ Idealised length of the cylindrical portion of then
pumper drum and accumulator

L” Idealised length of the cylinder of the pumpen
drum incorporating the entire volume of the
pumper drum

M Molecular weight g/mol

m Mass kg

m Mass flow rate kg/s

MPS Mechanically pumped system

n Number of plates per module

Nu Nusselt number

P Pressure kPa

PRD Productive refrigeration demand, any load directy

associated with ice making

Prandtl number
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Variable Description Units

Q Heat transfer across the boundary of a contkdl
volume

QrrD Productive refrigeration demand arising from helal
transfer across the boundary of a control volume

QprD Unproductive refrigeration demand arising fromJ
heat transfer across the boundary of a control
volume

q Heat flux W/m?

Qu Net rate of energy transfer by heat across|the
boundary of a control volume

0 Heat flow kw

lPD] Radius of the pumper drum m

Re Reynolds number

S Suppression factor; Gungor et?dl

t time S

to—ty Unless otherwise stated, denotes the time interval
between the beginning and end of a period

T Temperature °C

Tsat Saturated temperature °C

u Internal energy kJ/kg

U Internal energy of a control volume kJ

AU Temporary change in internal energy due to kb
inherent refrigerating process

URD Unproductive refrigeration demand, any load nkd
directly associated with ice making

V Volume m°

Vi Velocity at the inlet of the control volume m/s

Vo Velocity at the outlet of the control volume m/s

Viacq Internal volume of the accumulator drum °m

Vippj Internal volume of the pumper drum °m

vV Volumetric flow rate m's

% Velocity m/s

A Velocity of the falling water at the evaporatortplam/s
during ice building

Wg] Width of one plate of the evaporator m

W Power kw

W, Net rate of energy transfer by work across |thé
boundary of a control volume

W Energy input by work across the boundary afkd
control volume

W[CR]elec Electrical shaft power input into the compressor kW

Vv[P]eIec Electrical shaft power input into the pump kw

W Mechanical shaft power input into the compressor kW

[CR]mech
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Variable Description Units
'[P]mech Mechanical shaft power input into the pump kw

X' Refrigerant quality

X Instantaneous refrigerant recirculation ratio

X Average refrigerant recirculation ratio

X1 Average refrigerant recirculation ratio, samexas

Xr[E]o Quality at the outlet of the evaporator

Xit Turbulent-turbulent Lockhart Martinelli parameter

y Thickness m

Yi Thickness of the ice layer m

Ys Thickness of steel m

z Height m

Z Height at the inlet of the control volume m

Z Height at the outlet of the control volume m

Subscripts

Subscript Description

2ph Two-phase

atm Atmospheric conditions

[ACC] {referring to} The accumulator

[ACC-PD] From the accumulator to the pumper drum

[ACC-P] From the accumulator to the mechanical pump

build Parameters associated with the ice building process

b Built (as in ice built)

{c} {referring to} Condensation, or the condensing gsx

[C] {referring to} The condenser

chl Parameters associated with the channel of the miaide

which refrigerant circulates
[CR] {referring to} The compressor
circ[PD-E] Circulating (e.g. circulation of liquid between pper drum

and evaporator during pumping period of the pungyam).
Referring to the interaction of pressurising gad tre uppe
portion of colder circulating liquid refrigerant the pumpe
drum

cont[E-ACC]

Parameters associated with warm harvesting gamtact
with the cold liquid refrigerant at the beginning the
warming sub-period

{CGPS} The cold gas pumped system

[DV-RV] From discharge vessel to recharge vessel

[DV] {referring to} The discharge vessel of the fully chanically
pumped system

{e} {referring to} Evaporation

elec {referring to} Electrical work input

[E] {referring to} The evaporator
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Subscript Description

[E-ACC] From the evaporator to the accumulator

[E-DV] From the evaporator to the discharge vessel

Ecv Sum of the internal, kinetic and gravitational izl
energies of the mass contained within a contralwe

EES Engineering Equation Solver (software)

[EX&p] {referring to} The expansion valve and its piping

{FMPS} The fully mechanically pumped system

h {referring to} The horizontal pipes of the MPS

har {referring to} The harvesting process

har.l..har.3 | 1%...3% harvesting load

heat[ACC] Parameters associated with vented pressurisindrgasthe
pumping pumper drum heating up the accumulatoneatnd
of the pumping period of that pumper drum

heat[PD] Parameters associated with pressurising gas heafinthe
pumper drum during the pumping period of that pungvam

{HGPS} The hot gas pumped system

[ Inlet

A Inner (e.g. layer or thickness)

I Ice

l.b Parameters associated with the ice layer duringudding

Li Parameters associated with the inner layer of udé b

l.o Parameters associated with the outer layer ofude b

I.m Ice melted, or melting

[.m.har Parameters associated with the melted ice layengluhe
harvesting process

l.req Ice required

I Liguid (subcooled or saturated)

(1,v) Two-phase mixture

mech {referring to} Mechanical work input

mod Parameters associated with the evaporator platesnef
module

{MPS} The mechanically pumped system

9] Outlet

.0 Outer (e.g. layer)

PRD Productive Refrigeration Demand

[PRC] The water pre-chiller

[P1] {referring to} Piping

[P] The mechanical pump

[P-E] From the mechanical pump outlet to evaporator inlet

[PD+] Parameters associated with the pressurised [puinpimgper
drum during the pumping period

[PD-] Parameters associated with the de-pressurised putnpe
during the filling period

[PD-E] From the pumper drum to the evaporator

[PD] The pumper drum

rfl The (re)filling process at the pumper drum
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Subscript Description

rl Parameters associated with the liquid state ofdfregerant

rv Parameters associated with the vapour state oéftigerant

r Refrigerant

r.har {referring to} the refrigerant during the harvesgiperiod

[REC] The condensed liquid receiver

[REC-E] From the condensed liquid receiver to the evaporato

RL The residual layer in the pumper drum

rech {referring to} The recharge pipe attached to eacaperator
plate in the fully mechanically pumped system

req Required (e.g. ice required)

[RV] {referring to} The recharge vessel of the fully rhaacically
pumped system

S Steel parameters of the evaporator plates

sat Saturation / saturated

{sc} Subcooled ice layer

trap[E] Parameters associated with trapped liquid and vajpothe
modules that is vented to the accumulator at tlggnbéng of
the re-cooling sub-period

UPL The upper pumped layer in the pumper drum

URD Unproductive Refrigeration Demand

v Vapour (saturated or superheated)

vent[PD-ACC]

Parameters associated with the venting of gas ftbae
pumper drum to the accumulator

vent[(PD+)- Parameters associated with the venting of gas ftbae
ACC] pressurised pumping pumper drum to the accumulator
vent[(PD-)- Parameters associated with the venting of gas timnde-
ACC] pressurised pumper drum to the accumulator

w Water (liquid)

W.I Water inlet

W.0 Water outlet

Greek Variables

Greek Description Units

Variable

p Density kg/m®

n Efficiency

Nm Motor efficiency

ney Pump efficiency

u Dynamic Viscosity kg/m.s

0 Velocity ratio of average velocities within the f@a
channel

4 h'2ph[Sh] / h'l

Whar h'ZpI'{Sh]{c} /h'1
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Greek Description Units

Variable

Whs Value ofy in the bubble suppression regime based
on, and at various values of Co

Web Value ofy in the convective boiling regime based
on, and at various values of Co

a Thermal diffusivity m/s

¢ Coefficient used in the one-term approximation of
the Fourier series for transient heat conduction

Ow Film layer thickness of water flowing down ohexm
evaporator plate

v Specific Volume kg

v, Kinematic viscosity of water ffs

J¢i Plate inclination angle °

r, Liquid feed rate per unit width kg/m.s

0,0, B Angles rad
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1. INTRODUCTION

1.1Overview: Refrigeration Systems of Ice

Module during Ice Building Process Module during Ice Harvesting Process

Water distributor Water distributor

I |

i Evaporator plate : Evaporator plate

Ice sheet delivered at end of the harvesting process

Water from melted ice layer
returns to the water sump

— =

«— «— -
]
:
]
:

Recirculation water ‘

(Y o
I ) }

:: Water sump : Water sump

Recirculation pump

-

-

Internal flow of refrigerant External flow of water , i Internal flow of refrigerant during
during ice building process during ice building process : o :, harvesting process

Figure 1.1 A diagram of a simplified plate batch ice makig machine, based on Senatofe

“Ice can be made in either continuous or batcletymcesses, depending on the
form of ice desired and the principle(s) of openatof the machine making such
ice.”® Most mines in South Africa use batch-type processeproduce ice. “Two
classes of suitable ice are single-phase solicepietirregular, finite size, termed
particulate ice, and near homogenous ice-waterumggttermed binary or slurry

ice.”® “With ice the latent heat of melting as well as thiarming of the melted
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ice water is available for cooling and per kilograee has approximately five
times the cooling effect of chilled watef®” Thus ice is ideal for efficient cooling

applications in mines at depths below 3008% “7)

Figure 1.1 above shows a simplified arrangemena @iate batch ice making
machine. This produces finite-size, particulate ieedifficult to make in
continuous processes. The maximum production shtguch particulate ice is
achieved by optimising the duration of the ice-makcycle, consisting of an ice
making process and a harvesting process. Duringmeg&ing, refrigerant at
temperatures below the solidification temperaturevater runs upwards within
channels inside the steel plates. Water flows altvegoutside of the plates via
gravity, and solidifies on the plate wall. Plates mounted vertically in rows and
are connected to common refrigerant and water ssuithe layer of ice built on
each plate continues to grow until the heat flurotigh the plate decreases

sufficiently to unacceptably slow further solidgimon.

During the harvesting process, once the desirazkiibss of ice is formed, hot
refrigerant liquid or vapour displaces the coldiigjrefrigerant. The ice layer in
contact with the plate wall melts, and the ice slsédes off the plate via gravity.
Once the ice sheet has fallen off the plate, cefidgerant enters the channels and
the process of ice making recommences. “The iceveay in thickness but is

generally about 6 mm thick®

“The concept of sending ice down a shaft dates lacébout 1976 when the
Chamber of Mines of South Africa first considered® A major advantage of

using ice in mine cooling is that “the amount oftevato be sent down in the form
of ice and subsequently pumped out of a mine caretheced to between 10 and

20 % of that required when employing a conventiamakhine producing 4°C
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water on surface without an energy recovery systems implies a five to ten

fold reduction in energy consumption associateth witmping to surface®

Senator® succinctly outlines the thermodynamic disadvargage particulate
ice-making by a batch process and the need toifgesgnsitive parameters in

mitigating these disadvantages.

“The major disadvantages of the use of particutaeas a cooling medium are:

1. The high power consumption resulting from the nsitgsof low
evaporator temperatures which in turn lead to lowefficients of
performance.

2. The inherent inefficiencies, namely the harvestipmpcess® These
inefficiencies are discussed in detail in Sectiobedow.

“The cost effectiveness of ice systems dependsellargn the capital and
operating costs involved® with the main objective to obtain a maximum ice
making yield at the lowest possible operating cd$tds essential to know what
parameters or factors are sensitive in the prosesss to facilitate an increase in
the ice making capacity, efficiency. A greater ustiEnding of the process will
assist the design engineer in developing or impigpthe ice machines and the ice

making process®

1.2. Introduction to Liquid Overfeed Systems (Arrangemants)

The basic operation of gas and mechanically pumgigdid overfeed
arrangements is presented below. The operatingVERRNt is then briefly
introduced, followed by a brief overview of the é@pment of liquid overfeed
systems.
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Evaporators flooded by liquid overfeed systems hameadvantage over dry-

expansion evaporators in that the greatest wetfnigiterior tube surfaces, and

consequently highest possible heat transfer ragepltained. These systems are

fed from an accumulator or surge drum that senges diquid reservoir from

which the liquid refrigerant is pumped or circutht@isually via gravity) through

the evaporators. The accumulator serves to elimiaay flash gas from entering

the evaporator, as well as preventing any liquamfrentering the compressor.

High recirculation ratios of up to 7 to 1 can bdaied (seven times as much

liquid is circulated as can be vapourised, in wigelse the returning refrigerant

mixture is composed of six parts liquid and ond papour).

1.2.1. Hot and Cold Gas Pumped Arrangements

Main expansion
.| Condenser .| Condensel valve
Compressor - "1 liquid receiver
t >
[
Pumping \l v | \ 4
Evaporator expansion P Accumulator
valve for rergj;?]re
the cold valve fo?
gas pumpe the hot
4 arrangement 7y
gas pumped
Pumper | arrangement
drum

w Gas vent valv

D

VN
N4

A

N
Non-return valve

Figure 1.2 Diagram of a simple cold and hot gas pumpedjliid overfeed arrangement

From Figure 1.2 above, fortet gas pumped arrangement, high pressure gas from

the high pressure receiVepressurizes the pumper drum and feeds liquid

refrigerant to and through the evaporator. The plvase mixture at the exit of the

evaporators then passes into the accumulator, whereeparated into saturated

2 For smaller hot gas pumped arrangements, hot gas difectiythe compressor outlet is used to
pressurize the pumper drum.
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liquid and vapour. Liquid in the accumulator fillee pumper drum before its next
pumping period, whilst the vapour is drawn into toenpressor. Any pressurising
gas remaining in the pumper drum at the end oputsping period is vented to

the accumulatot.

For acold gas pumped arrangement, essentially the same pgrppdcess occurs
as described above, except saturated liquid froen High pressufereceiver
expands across the expansion valve (shown in bol@&igure 1.2 above) to
pressurize the liquid in the pumping pumper drusection Al1.1 of Appendix Al
presents a P-h diagram for a cold gas pumped amnaegy.

1.2.2. Mechanically Pumped Arrangements

.| Condenser _
Compressor > Expansion
valve
) >
[ v |
Evaporator Accumulator
A
Non-return
valve Pump
N <
|| €

Figure 1.3 Schematic diagram of a simple mechanically punegl overfeed arrangement

From Figure 1.3 above, liquid refrigerant is cietedd to and through the
evaporator using a mechanical pump, which is fednfthe accumulator. The
two-phase mixture at the exit of the evaporatoes thasses into the accumulator,

where it is separated into saturated liquid andouapLiquid in the accumulator

% The gas vent line to the accumulator, regulated by a cteutredlve, is opened during venting
and filling of the pumper drum.
# Usually a condensed liquid receiver for the cold gas pumpadgement.
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feeds the pump whilst the vapour is drawn into dbmpressor. Section Al1.2 of

Appendix Al presents a P-h diagram for a mechdgipaimped arrangement.

1.2.3. Brief Introduction to the Operating ERPM Plant

Underground operations at East Rand ProprietaryeMi(ERPM) Ltd were
suspended on 31 October 2008, however, all the weskribed in this research
report took place whilst the mine was still operaél.

The wholly South African designed surface planERPM’s Far East Vertical
Shaft, consists of six ice-making units, each casmuyg multiple evaporators (ice
makers), a screw compressor package, multiple cwede and a cooling tower.
In total, the plant is capable of producing 600@st@f ice in a 24 hour day.
“Traditionally, deep level mines have used chillgdter produced on surface or
underground for their cooling requirements, howews mines go deeper the
pumping costs and piping systems required makeusigeof chilled water less
economical.®® The refrigeration capacity for each unit (at timeet of writing of
this report, three of the six units were in openatiis provided by Howden type
WRV-510 screw compressors, which are driven by IkM@0motors. Four of the
units utilise unique vertical shell and tube typamorators, with a liquid defrost
ice making system, whilst two units utilise plategorators and warm refrigerant
gas as the harvesting medium. A more detailedrigien of the plant and its

operations is provided in Section 3.1. below.

1.2.4. Brief Overview of the Development of Gas Pumped Ligid

Overfeed Systems

The gas pumped liquid overfeed system of the ER&Mmaking plant is based
on the overfeed system first designed in the &80k by Jack Watkins, who

“developed his liquid line transfer concept furtheto what he called a ‘Cycle
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Center,’ using high pressure gas to recirculatditugd refrigerant'®” Shown in
Figure 1.4 below, this involved controlling a liguievel in an accumulator. The

following is a description of operation of the “QgcCenter” design.

The liquid, flash cooled to suction temperatur@tigh the expansion valve at the
inlet to the accumulator would alternately fill thwo pumper drums mounted
below the accumulator. The pumper drums alternabaing pressurized by
discharge gas, reduced in pressure from the cosgresitlet, would thus feed its
volume of cold liquid to and through the evaporstddon-return valves ensure
that the pressurized pumper drum does not feedligisd back into the

accumulator. The cycle center is thus a liquid roedation system using high

pressure gas from the compressor outlet.

“In 1972, Watkins patented the concept of reciréntathe liquid by use of flash

gas. Instead of pressurizing the “pumper” with hggkessure gas, high pressure
warm liquid would be introduced into the tr&f® The difference between a hot
and cold gas pumped arrangement is illustratedgaré 1.2 above, where instead
of using hot gas from the condenser to pressuhieeptimper drum, flash gas,
generated at the expansion valve between the ceadamd the pumper drum,

pressurises the drum.

The flash gas generated as the liquid enters thenfyer [drum]” displaces the
liquid in the “pumper”, this liquid being the fe¢d the evaporators. Using flash
gas for such pumping, as opposed to warmer higéspre gas, “represents energy
savings compared to the original concept, as thghflgas, reintroduced to the
compressor suction after the pumper drum cycle& bathe “fill” cycle, would

represent no penalty to the operating cost of yistem.™® This is because the

® The “trap” referred to here is a vessel that isdileith liquid from the accumulator and is then
pushed through to a secondary vessel that circulatethe through the evaporators. Section 2.2

below describes a plant utilising a “dump trap”.
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use of flash gas to pressurise a drum and circlitpded refrigerant through the
evaporators is essentially thermodynamically “fre@é last step of the reduction
of condensed liquid down to evaporating pressuresdaseful internal work in
pumping the liquid to and through the evapor&tos more detailed description
of the operation of the ERPM plant and its similas to the system described

above is provided in Section 3. below.

EVAPORATIVE
CONDENSER

‘_& COMPRESSOR
-%‘ .

VENT
PRESSURIZE HIGH PRESSURE
E E i RECEIVER
o
“PUMPER DRUM-®

Figure 1.4 Diagram of the “Cycle Center” liquid overfeedrefrigeration system*”

® The concept that using flash gas to pump the liquid refrigemathe evaporators is thermo-
dynamically “free” is expanded on in Section 7.2 below.
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1.2.5. Overview of this Investigation

A brief overview of the topics discussed in eaattise of this investigation is

presented below.

Section 2 presents a literature review of threilas from (i) ASHRAE® (ii)
Lorentzen and Bagf8and(iii) Wright. *D All three articles investigate the relative
energy efficiency and cost effectiveness of snralgfive to the ERPM plant) gas
and mechanically pumped liquid overfeed arrangemenhe suggestions and
conclusions of these articles form the basis orclvihe results of the theoretical
models developed in Sections 8. and 9. are compé&iedlly, an overview of
current methods of theoretically modelling the istary processes in batch
cycling refrigeration systems is presented, andr ttedevance to the theoretical

models of this investigation are discussed.

Section 3 introduces the ice making plant at ERAMe plant's background,
design and layout, as well as the operating preses$ Unit 5 of the plant are
described in detail. A timing diagram and a pumpscfedule are presented to

illustrate when the different processes of themaking cycle occur.

Section 4 discusses the reason for and the scophiofinvestigation, and
discusses what contribution this study aims to m@kedvancing engineering

knowledge on the subject of batch-type ice making.

Section 5 outlines the methodology that is usedeteelop the theoretical models
of the mechanically and gas pumped liquid overfee@dngements. Areas of

analysis where significant comparisons can be mbeeveen the different
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pumping systems are identified as key modellingapeters for Section 8.

Section 6 then lists the objectives of the study.

Section 7 outlines the fundamental basis of themaiy modeling the different
pumping arrangements. It also expands on some cotaepts mentioned in the
introductory chapters (Sections 1-5). The methodcofmparing the energy
efficiency and electrical cost effectiveness of thierent arrangements is also
introduced in this section.

Section 8. develops the theoretical model of pradecand unproductive
refrigeration demands for the different pumpingaagements. It predicts, based
on test data from the existing cold gas pumped ERB&MOt, the average
recirculation ratio and consequently the mass ftate through the evaporators.
By predicting this performance quantity, modelsaohot gas and two possible
mechanically pumped arrangements, operating undier fame operating
conditions (pressures and temperatures) as wellpexformance quantities
(average recirculation ratio and mass flow rate,developed. All productive and
important unproductive refrigeration demands acduied in these models, which
then allows for the energy efficiency and electrmast effectiveness of the four

models to be compared under similar operating ¢immdi.

In Section 9., heat transfer models during thebigi#ding and shedding periods
are developed to provide an independent methodoobloorating the average

recirculation ratio and mass flow rate predicte®action 8.

Section 10. discusses the results of the theoteticaels of Sections 8. and 9.,
and compares them to the conclusions and suggestbrthe three articles
reviewed in Section 2. Conclusions are therefoesvdrregarding the relevance of
these articles to large batch-type ice making planfrinally in Section 11.

suggestions for further work are proposed.
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2. LITERATURE SURVEY: KEY FEATURES OF
LIQUID OVERFEED PUMPING ARRANGEMENTS

This Section presents a critical review of one vy and two studies that are
relevant to this investigation. Statements from litezature are reviewed on the
relative merits of gas and mechanically pumpedngeeents, however, one key
objective of this investigation is to predict wheththese statements are true for

large batch-type plants such as ERPM.

ASHRAE® (pp. 1,1 - 1,9)ntroduces the concept of hot gas and mechanically
pumped liquid overfeed systems and lists the adwems and disadvantages of
both pumping arrangements.

Lorentzen and Bagi then compare the operational efficiencies of a dms
pumped recirculation system with that of a mechahjicpumped system. They
also suggest that a cold gas pumped arrangemestated at high recirculation
ratios, would be even more energy efficient tharmachanically pumped
arrangement.

Finally, Wright™ compares the efficiencies of cold and hot gas a# as
mechanically pumped arrangements and concludesthieatcold gas pumped
system, operating at low recirculation ratios (2ubuld be more energy efficient

than its mechanically pumped counterpart.

Later, in Sections 8. and 9., the predictions efrtiodels therein are compared to
those in these three key pieces of literature. clisions drawn therefrom are

discussed in Section 10.
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2.1.Efficiencies of Differently Pumped Liquid Overfeed

Arrangements

2.1.1. Advantages of Liquid Overfeed Arrangements and usig

Ammonia as the Refrigerant for such Systems

In general, there are many advantages that a liouitifeed system offers over
dry expansion type systems, including:

» high system efficiency

* reduced operating expenses

* lower energy costs

« fewer operating hour§?

“Ammonia has a relatively high latent heat of vapation, so for equal heat
removal, much less ammonia mass must be circulatechpared to

halocarbon§”” Thus ammonia is a most suitable refrigerant feeréeed systems.

2.1.2. Refrigerant Recirculation Ratio

In a liquid overfeed system, the recirculation gais the mass ratio of liquid
pumped to the evaporator over the amount of vapoesent at the outlet of the
evaporator; with the amount of liquid vapouriseddzhon the latent heat for the
refrigerant. The optimum recirculation ratio at thelet of the evaporatdor both
gas and mechanically pumped arrangements “will ydwiae one of great and
varied discussion™ “For each evaporator, there is an ideal circuptiate for
every loading condition that will result in the rmmum temperature difference
and the best evaporator efficienéy.”It appears that it is safer to “overcirculate”,

with a mechanically pumped circulation ratio of fidathat of a single gas pump



42

(which uses one pumper drum to circulate the ligwiti2 ™, “however, the
selection of recirculation rate is much more caitifor a gas pressure recirculation
system than it is for a mechanical pump when camsig the energy required to

operatd!?”

Although high recirculation ratios are advantagedusm a heat transfer
perspective, for a mechanically pumped arrangenieigth circulation rates (and
subsequently higher mass flow rates through thepaator) can cause
excessively high pressure drops through evaporatmiswvet return line§) For a

gas pumped system, a higher recirculation ratiachvincreases the mass flow
rate through the evaporators, results in the waressurising gas coming into
contact with a greater volume of circulating liquatl the pumper drum. This
interaction results in amnproductive refrigeration demandf re-cooling the

warmed liquid. To decrease this interaction, lowecirculation ratios are

favoured for gas pumped arrangeméits.

2.1.3. Mechanically and Gas Pumped Systems

When comparing mechanically pumped to equivalettdgas pumped overfeed
arrangements, several factors must be considetteel.afided setup cost of the
pump, the possibly large Net Positive Suction Headuired, as well as
maintenance costs, may offset any achievable iseremefficiency. If the pump
inlet pressure is not more than double the spekifiet positive suction pressure,
and velocity is higher than 0,9 m/s, cavitation roagur. It is also generally good

practice to use 2 pumps, one operating and onetsyah

“A mechanical pump can be used to pump the gas matleffect on evaporator
performance ® The above statement forms part of the fundamerssiimptions

considered when modelling and comparing the twogngarrangements in this
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investigation. “Gas-operated systems must, howeweintain the condensing
pressure within a much smaller range to pump thediand maintain the required
overfeed rat&” Referring to Figure 1.4 above, a gas pumped gearent, where
pumping power is supplied by hot gas at condensesspre, usually utilises two
pumper drums, alternating between filing and pumgpithroughout the
refrigeration cycle. As “hot” gas from the condenge used to pressurise the
pumper drum and circulate the cold liquid refrigeréo the evaporators, the
difference in pressure between the condenser anduhporator must be kept as
small as possible to minimise the unproductiveigefation demand resulting
from this interaction, whilst at the same time n@iimng a large enough pressure
difference to fulfill the pumping requirements. Toompensate for this
unproductive refrigeration demand (to be hereaétarred to in this investigation
as URD), it is necessary to increase the recinculattio through the evaporator,
whilst at the same time, minimising the resultingrease in URD at the pumper
drums. Thus, optimising the recirculation ratio fyas pumped arrangements is
more critical — and complicated - than for their am&nically pumped
counterparts.

When analysing and modelling the two different séssof pumping arrangements
(gas and mechanical) in Section 8. below, it isuams] that since the plant has
been designedor cold gas pumping (the worst case of gas pumping, wiéh th
lowest pressure differential between the presswgigias and the liquid being
pumped), it is capable, with negligible change onaensing conditions, of

recirculating liquid by either mechanical or hosgaumping.

ASHRAE® concludes that “gas pumped systems offer no adganover their
mechanically pumped counterparts when the oveagital and operational costs
of both systems are comparéd.’Although this statement may be true for

continuous-process overfeed systems, whether tneeadtatements also apply to
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large batch type ice making plants, in particutet tof the ERPM facility, is one
objective of this investigation as outlined in $ectt below.

A further disadvantage of using hot condenser gabemedium of pumping cold
liquid refrigerant through the evaporators as opdo® a mechanical pump, is
that it requires additional compressor volume, fnwhich no useful refrigeration
is obtained, and consumes 4-10 % more of the casaprgower to maintain the
refrigerant flowt> This is due to the interaction of the hot gas eold liquid at
the pumper drum mentioned above, and since all URBsifest themselves as
commensurate quantities of refrigerant vapour imgiat the accumulator, and
hence at the compressor inlet to be compressede mo@mpressor power is
required for hot gas pumped arrangements to corapeifar the increased URDs.
Predicting whether this implies preferential use neéchanical pumps in all
overfeed systems is one of the objectives of thigestigation as outlined in

Section 6 below.

ASHRAE® briefly mentions using high-pressure liquid to guoe flash gas as
the medium of pumping liquid refrigerant througle tevaporators, but does not
investigate the relative efficiencies of such amamgement. Lorentzen and
Baglo® and Wright" reviewed below, both however suggest that usishflgas
as the pumping medium would result in the most gynefficient of all pumping

arrangements.

2.2.Comparative Efficiencies of Differently Pumped Liquid

Overfeed Systems, an Investigation by Lorentzen anBagld®

Lorentzen and Bagf8 compared the operational efficiencies of a hotmasped
recirculation system with that of a mechanicallynmed system. The URD of the

gas pumped system, resulting primarily from thengport of heat from the



45

condenser side to the evaporator side during pugmnpiaried with the design of
the pumping system, operating temperatures andcudgiion ratio “n”. The
nomenclature below is that of Lorentzen and B&gand is different to this

report's nomenclature.

For the gas pumped system;:AN; = ( Q + Qost) / (Ne-Kin )

For the mechanically pumped system; 8N + Np = Ny + ( Q+860.N, )/(Ne.Kin)

Where:

Ng and N, is the power consumption of the gas pumped andhamecally
pumped system respectively, in kKW.

Qo = refrigeration capacity, kcal/h.

Qiost = unproductive refrigeration demand of the systecal/h.

N¢ = compressor power, KW.

Np = pump power, KW.

Ne = total efficiency of compressor.

Kih = theoretical specific refrigeration capacity, kidlh.

The above formulae were derived from First Law iin@dynamic principles,
based on data collected for a 10,000 kcal/h hotag@sa mechanically pumped
system at an evaporating and condensing temperatfur@0 °C and 20 °C
respectively. Data was obtained using both a fordl a still air cooler as the
evaporator. It was discovered that higher circatatatios improved heat transfer,
as would be expected with increased surface wettiogvever, “the circulation
ratio should not be higher than necessary to sesffiment distribution and heat

transfer.®®

Lorentzen and Bagld® experimental results with the forced air coolere(th

difference with still air coolers was less markstipwed that the mechanically
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pumped system at an optimal recirculation raticsiaf yielded a 4,5 % power
saving over the gas pumped system at its optimalilaition ratio of twd® “The
conventional gas pump system gives a considerabiedf refrigeration capacity
and power per kcal produced, compared to a mechiapiemp system.'®
Although these authors’ statements apply to cootistprocess overfeed systems,
their validity for other types of overfeed systenmsparticular that of the ERPM

facility, is one objective of this investigation astlined in Section 6 below.

Lorentzen and Bagf® then describe a system whereby the URRs{{@ssociated
with the gas pumped system could be significargtjuced. If flash gas from the
throttling process is used to pressurise a vebaémould in turn pump the liquid
refrigerant through the evaporator, the URD assediavith hot gas pumped
systems can be significantly reduced, “as onlyrivenal throttling loss is utilised
to activate the pumpg® Lorentzen and Bagfd propose that at high recirculation
ratios, power consumption for such a “loss-ff8edystem would be even lower
than a mechanically pumped system. The suggesfitigber energy efficiency
and subsequently lower power consumption for cad gumped systems over
mechanically pumped systems is a key objectivenigfinvestigation, as outlined

in Section 6 below.

2.3.An Investigation of Gas Powered Liquid Recirculaton

Compared To Mechanical Pumps by Wight %)

In an article comparing the performance of gas amechanically pumped

overfeed arrangements for a “120 ton, two-stage® Fload®" one of the gas

pumped arrangements investigated shows similatitiehe operating system at
the ERPM facility. The following is a descriptiofithis “cold” gas pumped plant
of Wright*™ shown in Figure 2.1 below.
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2.3.1. Controlled Pressure Receiver System

In a constant pressure liquid recirculation systesferred to as a CPR system),
liquid from the condenser outlet is fed to a colhdb pressure receiver (CPR),
where it is flash cooled down to liquid circulatipgessure, which is usually 1,5-
2,5 bar above compressor suction presStrd&he pressurised CPR circulates
liquid through the evaporator, with the overfeduldjand vapour returned to the

accumulator.

Wright*Y describes the CPR system as follows: “The accumulat a CPR
system will remain essentially empty as the oveligdid is drained by gravity
from the accumulator into the transfer vessel,rreteto as a “Dump Trap” or
“Liquid Transfer Unit,” LTU for simple reference.idquid flows into the LTU
through a low pressure drop inlet check valve, svitiile displaced gas is vented
back to the accumulator through a 3-way solenoldevaVhen the LTU is full, a
float switch initiates the transfer cycle by switah the 3-way valve from its
“vent” position to the “pressurize” position, comted to a higher pressure source
of “transfer gas”. The transfer gas is regulated tainimum pressure adequate to
push the liquid refrigerant out of the LTU and otethe CPR through the outlet
check valve. The cold liquid is returned to thettwot of the CPR where it mixes
with a portion of the make-up liquid and is recleded back out to the

evaporators

Similarities between the CPR system and the flaah gumped system of the
ERPM plant are evident in the method of circulatihg liquid through the
evaporator. Both systems use flash gas, throttteehdrom the condenser to an

intermediate ‘pumping’ pressure, to pressurisessekethat circulates the liquid.

When comparing the CPR system to a mechanically ppdmsystem, “it is
observed that for 3:1 recirculation rates, the raeatal pump system may
consume only 25% to 50% of the energy of a gasspresrecirculation system,

but at 2:1 recirculation rate it is much closer an fact, if designed and operated
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correctly, a gas pressure recirculation syster2@f suction may operate at lower
energy cost than a mechanical pump at the sameukstion rate (2:1), and even
lower if the pump is operated at their more commexgirculation rates of 4:1 to

6:1.7

Both Lorentzen and Badfand Wright'?’ conclude that conventional (“hot”)
gas pumped arrangements are less energy efficiedt therefore less cost
effective when compared to their mechanically pudnpeunterparts. However,
Wright's*?) conclusion that lower recirculation ratios woudtvdur the “cold” gas
pumped system over the mechanically pumped arraggesndisagrees with the
suggestion of Lorentzen and Ba§lowho recommend higher recirculation ratios
for such systems. As mentioned above and elabomated Section 6 below, the

test plant of Wright? more closely resembles that of the ERPM plant.

L e ©
O

h

Evaporator

CONTROL PRESSURE LIGUID RECIRCULATION

Figure 2.1 Control pressure recirculation system (CPR)rbm Wright %

" Wright*? compares both “cold” and “hot” gas pumped arrangements.
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2.4.A Note on Stationary Processes in Batch Cycling of Batch

Refrigeration Systems

“The experimental investigation of any refrigeoati system is usually very
complicated, mainly due to the financial costs #ral large number of variables
involved. The use of numerical models can redueedbsts and also facilitate
understanding the phenomena related to the pro’BFé)mThese models are useful

tools for “design and performance evaluation ofigefration systems'®

There is an abundance of academic literature, twameles of which are

described below, on dynamic and steady state mnogdetdf heat pumps and
various refrigeration systems. The field of knovgeds narrower where specific
configurations of refrigeration systems are conedrnand even more limited
when modelling large industrial systems, especidibtch-type ice making

systems such as the one found at ERPM. The folpvainef investigation of

current analysis methodologies to model steadye stnamic, stationary and
non-stationary performance of refrigeration systewi serve as a general
background of, and introduction to, the theoretimaldels developed in Sections
7,8 and 9.

Khan and Zuba{t” simulated the working of an actual vapor-comp@ssiystem

in which “evaporator capacity is varied by changthg mass flow rate of the
refrigerant, while keeping the inlet chilled-watemperature as constat® This
model accounted for “irreversibilities existing due the finite temperature
difference in the heat exchangers as well as tBsel due to non isentropic
compression and expansion in the compressor arghsixn valve of the system,
respectively.”®® Khan and Zubaft® observed that the efficiency of the system
decreases with increasing refrigeration capacityngwo the irreversibilities

mentioned above. Heat exchanger irreversibilitidsminate at high evaporator

8 Oxford English Dictiona’§™: Stationary: Meaning ‘. Statistics: Applied to a series of
observations that has attained equilibrium, so that the eegpgetue of any function of a section
of it is independent of the time for which it has been inm#



50

capacities and that due to the non-isentropic cesgion and expansion are
significant at low evaporator capaciti€és? The dependence of some
irreversibilities on evaporating temperature wasesbed by WrightV for a
system similar to that of the ERPM plant as desdtiim Section 2.3 above.

Browne and Bans&l utilised “a thermal capacitance approach for djgestate
variables” ®Y which “accounts for the change in heat transfeeffazients
throughout the heat exchangefs” to improve the accuracy of the model. The
model requires only those parameters readily aviailéo the engineer i.e. the
condenser and chilled water temperatures, and wutpolude COP “as well as
states of the refrigerant throughout the refrigeratycle with respect to timé*"
This method of modelling, which utilises accessibjgerating parameters from
testing to predict other inaccessible performance quastitf the systetfl is
applied in this investigation to model the opemtERPM plant, as described in
Section 8.

A significant point culled from both these modedsthhat machines in the field
usually operate away from design conditions undet-lpad conditions. “This

generally results in a decrease in the coefficiehtperformance and hence
electrical costs are greater than necesséZrJ?.Manufacturers’ catalogues rarely
predict the performance of these chilling machidesing start up and other
transient operations, thus these models fill ingap where manufacturer’s data is
sparse, especially in the area of online faulta&te, optimal control analysis and
diagnostics. “Steady state models are useful umdany conditions although

under strongly dynamic conditions that are ofteensia real-life operation, these
models can become unacceptably inaccur&t®. The complex nature of even

simple chilling systems makes dynamic simulatiory\@fficult.

Whereas water chilling is a continuous processmadly steady, ice making in

batch-type processes is inherently unsteady, Wwithhighest load apparent at the

% Such as pressures and temperatures .

9'Such as mass flow rates of refrigerant, averagecigation ratios and heat transfer coefficients.
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beginning of the ice building process, and decrepasiue to thickening ice
slowing down heat transfer. “...-the unsteadinesshef batch process, and the
need to even this out-make the refrigerant ciraniitsuch machines considerably
more complex than those of machines employing nantis processe&” Large
ice plants such as the ERPM facility utilise muéipnodules of plates or tubes
operating successively in order to “even out theteedy refrigerating load as
much as possiblé? The batch-type ice making cycle of the ERPM pleant be
described as stationary, in that the non-steadygsses such as the ice building or
harvesting periods are repetitive and systematic. The staggered tiperaf all 8
modules of Unit 5, as shown in the timing diagrahFigure 3.1, governs when
the different processes commence and conclude #odsafor maximum
smoothing of load on the compressor. As such, éspddche stationary processes
of the plant, such as the harvesting process, eanduelled, as they are repetitive
and can be predicted to occur within a known tinaene (every 13,5 minutes of

ice building is followed by harvesting for 1,5 mtes).

Both the investigations of Khan and Zuffliand Browne and Ban$di used test
rigs that incorporated mass flow rate meters. Keogé of the mass flow rate,
especially through the evaporators, is crucial whaidating a theoretical model
of the system, as “prediction of the refrigerargtalbution within the cycle is a
difficult task requiring accurate knowledge of tkeid fraction in the heat
exchangers® Installing invasive measuring equipment such ew fineters at
the ERPM plant was prohibited for safety reasonsg, far this reason, predicting
the mass flow rate and average recirculation tétiough the evaporators of the
ERPM plant are key objectives of this investigatias outlined in Section 6
below. Without reliable predictions of these impmit performance quantities, no
model of the system can be validated. Therefore tifferent models, the
refrigeration demand model developed in Sectioarftl the heat transfer model
developed Section 9. serve to predict and corrabdqlzetween these two models)
the mass flow rate and average recirculation wdtithe evaporators of the ERPM

plant.

1 Described in detail in Section 3. below.
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3. THE ICE MAKING PLANT AT ERPM, LTD

3.1. Background: Design, Layout and Description

The following description of the ERPM mine and mant is based on the paper
by Hemp*?. As mentioned in Section 1.2.3, underground ojmatat the mine

were suspended on 31 October 2008.

“East Rand Proprietary Mines Ltd (ERPM) is a golohensituated in Boksburg,
east of Johannesburg.” Underground refrigeratiamtgl the first of their kind in
South Africa, were installed, with a total capadaity29,000 kW. However, the
dramatic increase in the gold price during 19790188manded that an additional
shaft be commissioned. At the time of writing, thar East Vertical shaft
(serviced by the ice plant), at a maximum deptl867 m below surface, and
with an additional cooling load of 18 MW, presenteonsiderable ventilation
and cooling problems.” Three alternative coolinpesnes were compared, and
the investigation revealed that the capital andratpey cost of an underground
plant “was marginally less than that of an ice seheand the cost of the surface
water chilling scheme was considerably higher.”alssunderground plant would
limit any further increase in cooling capacity, wsll as complicate installation
and maintenance, it was decided to proceed withid¢beplant - despite the
increased capital and operating costs, as welhascomplexity of the control

system required.

Using “well established methods” of ice producti@mpnsair (Pty) Ltd. won the
tender for a 6000 ton per day ice making plant,cwhat a design inlet water
temperature of 18C, constituted 31,4 MW of cooling - “more than btmithe
mine’s (current) cooling capacity (of 29 MW).” Tipant consists of six separate
1000 ton per day units, four of which use “tubameders” and the remaining two

use “plate icemakers.”
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3.1.1. Units in the Ice Plant

As Hemp's papét’ was written before the plate ice makers were liestahe
proceeds to describe the tube ice-making arrangefoethe first four 1000 ton
per day units. The ice building and harvesting gusi last for 13,5 and 1,5
minutes respectively. “Each plant has a singlevsa@empressor which is direct
driven by a four pole 1800 k¥% motor. Vertical shell and tube condensers are
used, with a packed induced draught cooling toweoling the circulating
condenser water.” Pumper drums circulate cold dicumnmonia through the tube
icemakers to build the ice, with harvesting achiew®y “passing warm liquid
ammonia from the high pressure receiver throughdbmakers.” In Units 5 and
6, pumper drums likewise pump cold liquid ammoniahte plate ice-makers to
build the ice, but harvesting is achieved by prassyg the plates with warm gas
from the condensed liquid receiver. In each unitiopper, placed below the
evaporators, collects the ice that has been shéapdine harvesting period, and a
screw conveyor discharges the collected ice “om® of the two feed conveyor
belts which cover the length of the icemaker baidi A separate shell and tube
water pre-chiller chills the incoming water, utiig the economiser port on the

compressor.

3.1.2. Control System for Ice Production

The ice is transported from the “icemaker buildingfour pipes in the Far East
vertical shaft, which deliver the ice to four cogjisites below the surface. The ice
is used to “cool water to a temperature very ckos@® C”, and the cold water is
used “for various cooling processes, dependinghensite.” “The water resulting

from the melted ice will not be pumped directly afitthe mine, but will first be

2 Based on Worthington-Smith & Brouw?, the compressor plate ice makers are driven by 1700
kW motors.
13 Unit 6 has never been commissioned.
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used to supply some or all of the service wateuiregnents in this area of the

mine.”

An advanced control system has been implementéiaegblant that matches the
ice production at the surface to the total demanthe four cooling sites below
ground. This is achieved by modifying the evaparémperature via slide valve
control at the compressors. Higher evaporating &ratpres could be achieved
that would result in the plant operating at 75 %tsfrated production. Another
method of controlling ice production is by stopplimgdividual 1000 tons per day
ice plants.” This change in ice production is aelck through ultrasonic level
detectors at the cooling sites below ground, whitditches ice production to
cooling demand.

At the time of writing Hemp’s papéf? Unit 5 of the ice making plant had not
been commissioned. This investigation focuses oit §lnand as such, a brief
summary of the differences between the plate ickemand the tube ice-maker -

as described above by Hefifpis presented below.

3.1.3. The Plate Ice Making Unit 5

This investigation focuses on Unit 5 of the icenplavhich was modified by
Worthington-Smith & Brouwét® to utilise plate-type evaporators. The
advantages of plate-type evaporators over tubedypporators includé?

1. Heat transfer area increases from 1660012200 m.

2. Evaporator temperature rises from —10° C to —7&C.

3. Condensing temperature decreases from 33° C-31% C.

4. The overall metal mass is reduced, leading to ivguoheat transfer

between the refrigerant and wafé&?.

5. Ice breakers and stirrers are not required undectmfiguration
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3.2. Operation of Ice-Making Modules of Unit 5 of Plant

All units of this plant utilise flash gas refrigetgoumping — based on the method
suggested by Lorentzen and Ba@jland Watkins (as described in Wrigfit),
and reviewed in Sections 2.2 and 2.3 above — tmimdite the unproductive

refrigeration demand associated with hot gas pursgstéms.

Figure Al.1 of Appendix Al shows a detailed plardgdam of Unit 5 of this
plant, and Figure 3.1 below shows the timing diagfar this unit. This diagram
shows not only the pumping schedu{dwse of the pumper drums), but the ice-
building and harvesting periods of each modulenffigure 3.1, although one
full ice building and harvesting cycle of one maaldidsts for 15 minutes (900
seconds), the schedule effectively repeats itsafye450 seconds, as shown in
the magnified timing diagrams of Figure 3.2 andulrég3.3 below. Table 3.1 and
Table 3.2 below summarise the different periodssitlated in the timing diagram
and pumping schedule respectively (both are shownFigure 3.1). All
information is based on data obtained from testinghe plant, as well as from
Worthington-Smith & Brouwét? and Rankif'® Where timed events are
uncertain, they are indicated in italics. Thoseetinprocesses that are illustrated in

the timing diagram and pumping schedule are redeat€able 3.3.
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Table 3.1 Definition of periods during the ice making gcle for Unit 5 of the ERPM plant

Elapsed | Period | Name of period | Valve Intended events
time (s) | length operations during operation
(s)
10 10 Re-cooling sub¢ Controlled Evaporator returns to
period valve between | ice-building
(Depressurizing| evaporator and | temperature before ice
of evaporator | accumulator building commences.
after harvesting | opens fully.
period)
820 810 Ice-building Different Cold ammonia liquid
period controlled circulated through
valves opened | module, entering as
and closed. liquid and leaving as 4
parts liquid and 1 part
gas on average (as
predicted in Sections
8. and 9.).
830 10 Liquid transfer | Harvesting gas | Hot gas from
period controlled valve| condenser pushes
opens. liquid to accumulator.
900 70 Warming sub- | Harvesting gas | Hot ammonia gas from

period

controlled valve
opens.

condenser warms stee
module to melt the
inner ice layer.
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Elapsed | Period | Name of period Valve Intended events
time (s) | length operations during operation
(s)

20 20 Pumper drum #1 | Controlled Pumper drum vent
depressurises valve open pressurising
during changeover| between pumper harvesting gas to
period from drum and accumulator.
pumping to filling | accumulator.

150 130 Re-filling period of Controlled Pumper drum
pumper drum #1 | valve open receives full charge

between pumperfrom, whilst

drum and venting displaced

accumulator. gas to, the
accumulator.

170 20 Pumper drum #2 | Pressure Pumper drum is
pressurises during | reducing valve | pressurised by
changeover period| open between | flash gas and start
from filling to pumper drum | to pump liquid to
pumping and condensed | evaporators.

liquid receiver.
300 130 Pumping period of Pressure Pumper drum

pumper drum #2

reducing valve
open between
pumper drum
and condensed

pumps liquid to
and through
evaporators.

liquid receiver.
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Pumping Schedule
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Figure 3.1 Timing diagram of Unit 5 of the ERPM plant for a full ice making cycle of 15 minutes
Table 3.3 Timed processes in the pumper drum and ithe evaporator modules
Timed Processes in the Pumper Drums Time[s] Timed Processes in Evaporator Modules Time [
Pumping Time 130 (22 min Changeover from Ice Building to Harvesting 10
Venting of Pumping Pumper Drum 20 (nin) Warming Sub-Period of Harvesting Period 70
Filling of Pumper Drum 130 (2% min Venting to Accumulator during Re-Cooling Sub{ 10
Changeover from Filling to Pumping 20 !5 (nin) Period
Ice Building Period 810
Period from Beginning of Ice Building of One | 22.5

Module to Changeover Period of the Next Modu
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Transient Period —| tg 7

1 ] ‘7; Pumper drum # 1 at the beginning of its
/ de-pressurising period

-Z » Pumper drum # 2 at the beginning of its
pressurising period

S
L

| Module 4 at the beginning of its warming

sub-period

-
+
-
+
+
+
-
+

v

v

Module 3 at the beginning of its re-
cooling sub-period

0 23 45 68 90 1B B5 158 B0 203 225 248 270 293 315 338 [360 383 405 428 45
i<>1__ 22,5 seconds between the harvesting
time  periods of successive modules

Figure 3.2 Magnified timing diagram for First Half (0 - 450 seconds) if Ice Building and Shedding Cyl
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Referring to Figure Al1.1, Figure 3.1, Figure 3.2 &mgure 3.3, the following is a

description of operation of Module 2 of Unit 5.

3.2.1. The Processes at the Pumper Drums

Ice is built on the evaporator plates during thebI@inute ice-building period,
during which the two pumper drums alternately pwuld liquid ammonia to and
through these plates. Whilst one drum pumps, therdills. Each pumper drum
has its own pumping expansion valve, and uppel@mer float valves, signalling
liquid levels of 80 per cent and 10 per cent ofndheight (as shown in Figure 8.9
below). There is an overlapping changeover pernddch from Table 3.3 above
lasts for 20 seconds, during which throttled flagts pressurises the pumping
pumper drum, and the depressurised pumper drurs usrressurising gas to the

accumulator.

During pumping, the controlled venting valve betweke pumper drum and the
accumulator is closed. The flash gas arising frbism drum’s pumping expansion
valve throttling the liquid from the condensed Idjueceiver down to 2 bar above
evaporating pressure, pressurises this drum talateeits liquid ammonia through
the evaporator plates. During this pumping timeicWwlirom Table 3.3 above lasts
for 130 seconds, the second pumper drum’s ventiagevis opened to the
accumulator. Liquid ammonia from the accumulatoteento fill the pumper

drum, whilst venting any displaced vapour to thecumeulator. Pumping

commences once the upper float valve registerghiediquid in the pumper drum
has reached 80 % of drum height, and lasts forexpately 130 second&nce

the liquid ammonia level in the pumper drum decgsas 10 % of drum height, a
signal from the lower float valve stops the pumpiagd the filling process

recommence&?
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3.2.2. The Process at the Evaporator during Ice Building

During the ice-building period, cold liquid ammotiiaws inside channels spaced
equally along the length of the plate. Water, fglin thin films down the outer
surfaces of the plates, freezes to form thin sluglise. After 13,5 minutes, ice of
5-6 mm thickness has been built up along the lenfitthe plate$™® This ice
building period, as well as the harvesting peribtha evaporators, is illustrated in

Figure 1.1 above.

3.2.3. The Processes at the Accumulator and the Compressor

Refrigerant in a two phase mixture flows from theamorator exit into the
accumulator drum. At the accumulator, the gas is thixture is drawn into the
compressor, whilst the liquid remains in the acclatoau. The economizer port of
the compressor serves a refrigerating unit usegreechill the inlet water from
ambient temperature to 12° C. This fresh chilledewa&nters the water sump
below the evaporators (where the temperature okemwst close to 0° C as
measured at the plant and shown in Table A6.3 gfefsgix A6), mixing with the
water that has not frozen to ice whilst falling pwke evaporator plates. This
mixture of unfrozen and fresh chilled water is dnauwp to the water distributor,

and falls via gravity over the evaporator platesrduthe ice building period.

It is assumed the mass of water chilled at thecpiéer, which then further cools
down from 12° C to 02 at the water sump, is equal to the mass of iteeded to
the screw conveyor below the evaporators at theoétite warming sub-period of

the harvesting period (defined below). This issthated by the control volume of

Unit 5 below, wherem oo, My and my,, are the mass flow rates of water
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at the pre-chiller inlet and condenser in/outleipectively, andmn, ., is the mass

| req
flow rate of ice required’ Vﬂ/[CR]mech+V\'/[F,]mech is the mechanical work input of the
compressor and pumps respectively. ig.; at the condenser inlet is equal to
Myco at the outlet, the mass flow rate of ice requisedqual to the mass flow

rate of water chilled at the pre-chiller. The samé&ue for the mass flow rate of
water chilled at the water sump to®@Pas it is assumed that the water from the

melted ice layer returns to the water sump at ttead the warming sub-period.

VV[CR]mech +VV[P]mech n'\N[C]O r‘h»/\/[C]i

Unit 5

Pre-Chiller

Figure 3.4 Control volume of Unit 5 of the ERPM plat

3.2.4. The Process at the Evaporator during the Warming ad Re-
Cooling Sub-Period of the Harvesting Period

The warming sub-period is indicated by the hatgpedion of Figure 3.2 above,
encompassing the time interval-t  at Module 2. During the initial part of the

1,5 minute ice-harvesting period, referred to as tharming sub-period, a

14
ml .req
the evaporator module at the end of the warming sub-period

is defined in Section 8.1 as the mass of ice that igedlet to the screw conveyor below



64

controlled valve isolates the evaporator's top igefiant port from the

accumulator. Warm gas from the condensed liquigivec enters this top port,
pressurising the evaporator and so first expellihg cold liquid refrigerant

remaining from ice-building to the accumulator,cigh a float valve at the
evaporator's bottom refrigerant port that allowguld, but not vapour, to pass.
Then, as the warm gas condenses to liquid on tltewealls of the plates, these
walls are thereby warmed, melting the innermostager holding the ice thereto.
(The float valve also allows this condensed ligtadreturn to the accumulator,
whilst trapping uncondensed gas in the plates.)i@ééhus falls off the plates and
is collected below the module in a screw conveybe screw conveyor delivers

the ice to feed conveyor belts that transport ¢kegd the mine shaft.

The re-cooling sub-period is indicated by the ddghertion of Figure 3.2 above,
encompassing the time intervakHt; at Module 2. During the second, final part of
the harvesting period, referred to as the re-cgoBab-period, the warm gas
supply is shut off. The controlled valve betweea #éivaporator’s top port and the
accumulator is then opened, so venting the remginvarm gas to the
accumulator. Any condensed liquid refrigerant revimay in the evaporator at that
point boils at the lower pressure, assisting iniogadown the evaporator. Almost
immediately afterward, the controlled valve betwede evaporator and the
pumper drums opens, so an initial charge of caojdidi refrigerant then enters the
evaporator, cooling down the module to ice buildiamperature before water is

fed onto the evaporator and ice building recommgnce
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4. REASON FOR THE STUDY

From Section 1.2.4, Wrigh? describes the progression of liquid overfeed
systems over the past fifty years. For smalleresyst flash gas at intermediate
pressure has been used to circulate the liquithestint through the evaporators.
The ice making plant at ERPM is based on this placpossibly due to the fact
that mechanically pumped systems were deemed foensive to implement both

in terms of maintenance and overall capital costs.

The URDs due to the harvesting process are unabeidand common to all
pumping arrangements. Therefore, those URDs taspecific to each pumping
arrangement arise during the ice building procdssn different methods of
pumping the liquid refrigerant to and through thvamorators. For a mechanically
pumped arrangement, the work input from the punepeimses the enthalpy of the
liquid refrigerant as it increases its pressureusTre-cooling this liquid is a URD

specific to mechanically pumped systems.

The interaction of pressurising gas and cold liquedrigerant in the pumper
drums results in URDs specific to gas pumped asarants. For a cold gas
pumped arrangement, “cold” flash gas produced ataditlet of the expansion
valve feeding the pumper drum is used to pump ¢he laquid refrigerant through

the evaporator. However, as described in Sectid® 7the unproductive

refrigeration demand arising from the interactidrttos flash gas and cold liquid
refrigerant is bottunavoidableand inherentin any standardrefrigeration cycle

and therefore does not impact negatively on thetjslafficiency and electrical
cost effectiveness.orentzen and Bagfd suggest, and Wright! concludes, that
at certain operating conditions, and for smalleerafing plants than the ERPM

facility, a cold gas pumped arrangement could litsitURDs to the extent that it

5 And proven in Appendix A13.
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is more energy efficient than a mechanically pumpedngement. However,
whether this applies to large batch type ice maldagstems such as the ERPM

plant requires investigation.

A comparison of theoretically predicted total rgéiation demands, and operating
costs, for different gas and mechanically pumpedrgements for Unit 5 of the
ERPM plant — supported by experimental data obthiinem this unit with its
actual cold gas pumping arrangement — would pradietmost energy efficient
and electrical cost effective liquid overfeed pungparrangement for this large,
batch-type refrigerating system. It would provideidgance on those aspects of
batch refrigerating processes that are stronglgctdftl by the liquid overfeed
pumping arrangement employed, and hence suggesipwh®ing arrangement(s)
might be most effective and efficient for such &gystems This would constitute

a meaningful illustration and application of engirieg knowledge on the subject.

5. OVERVIEW OF METHODOLOGY

The focus of this investigation is to predict, bgadretical performance modelling
supported by experimental data (where applicalileg, major productive and
unproductive refrigeration demands (termed PRDs WRiDs respectively) of
cold/hot gas and various configurations of mechallyicpumped overfeed
arrangements at various operating conditions oftbate making, and hence to
predict which system is the most energy efficientt aost effective.
Significant comparisons can be made between tlieragsn the following areas:
1. The method of pumping liquid refrigerant to andotigh the evaporators
during ice building.
2. The respective URDs of each system.
3. The method of discharging liquid refrigerant frohe tevaporators prior to
ice harvesting, as well as the method of rechargfiegevaporators with

such liquid at the completion of the harvestingqubr
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4. The yearly electrical power costs of each system.
Theoretical models of the different pumping arrangats are developed in
Section 8. and 9. based on thermodynamic princides supported by

experimental data obtained from the ERPM plant.

6. OBJECTIVES OF THE STUDY

The objectives of the study are:

1. For Unit 5 of the ERPM ice-making plant, to devetbporetical models of the
performance of (i) the actual cold gas pumped dquverfeed arrangement,
and (ii) alternative hot gas pumped, and two meidadly pumped, overfeed
arrangements. These models should predict comghcithe average liquid
recirculation ratios, and hence the mass flow ratethe liquid refrigerant
through the evaporators for varying evaporatingperatures. The operating
parameters required as input to these models greriexental data obtained
from the operating Unit 5 of the plant.

2. Based on these predicted mass flow rates and aveeagculation ratios at
the evaporators, to predict the PRDs and major URBsing from, and
specific to, each modelled pumping arrangement.

3. Based on the total refrigeration demand (the suralldPRDs and URDSs), to
predict the annual electrical operating cost foe tdifferent pumping
arrangements.

4. Hence to suggest which batch-type ice-making oeerfaumping arrangement
is the most energy efficient and cost-effective flarge batch-type

refrigerating systems such as the ERPM plant.



68

7. THEORETICAL MODELLING OF EXISTING AND
ALTERNATIVE BATCH ICE-MAKING
ARRANGEMENTS IN ERPM’'S PLANT

This Section restates and expands on some vitatepds, such as the liquid
recirculation ratio, productive and unproductiv&igeration demands and the ice
building and harvesting periods introduced in Setgil-5. It also defines those
unproductive refrigeration demands that are avdajabnd may therefore be
specific to the different pumping arrangements, #rase that are unavoidable,
and therefore common to all arrangements. The &edtien concludes by
introducing the fundamental basis for, and the psepof, the theoretical model

presented in Section 8 below.

7.1Key Concepts when Modelling the Different Possible
Operating Arrangements of the Plant

7.1.1. Liquid Overfeed Arrangements

As mentioned above in Section 1.1, liquid overfegdtems have an advantage
over dry-expansion evaporators in that the greatesting of interior tube
surfaces, and consequently highest possible heasfar rate, is obtained. Ice is
produced in a batch type process at the ERPM ideéngalant. In order for this
process to be efficient and to achieve maximum hesatsfer between the
refrigerant and the water, the evaporator mustaspeunder overfeed conditions.
Predicting the recirculation ratio is therefore orant, as it affects many of the

URDs for all possible pumping arrangements of therating system.
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7.1.2. The Ice Building and Harvesting Periods

The ice building period, as well as the harvesprgod, is defined in Section 3.2
above. A brief summary of these periods is presknétow.

The harvesting period is divided into two sub-pdsiothe warming sub-period
and the re-cooling sub-period. The warming subeugkis defined as the period in
which the evaporator plates are isolated from tid kquid refrigerant, and warm
pressurized refrigerant gas from the condenseddliceceiver is introduced into

the plates to melt the innermost ice layer andasadahe built ice sheet.

The re-cooling sub-period follows the warming susipd, and occurs when the
evaporator plates and the refrigerant remainingdenghem, warmed during the
warming sub-period, are re-cooled to evaporatimgperature prior to the next
ice-building period. During this sub-period, anddse water from the distributors
begins to flow over the plates, an initial chardeliguid refrigerant from the
pumper drum enters the evaporator - assisting-coodéing the module.

The ice building period occurs once the evaporabhadule has returned to
evaporating temperature after the re-cooling suiBgeWater is released into the

feed water distributors above the evaporator plabesice building commences.
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7.2 Productive and Unproductive Refrigeration Demands of
Thermodynamic Processes in Ice-Making Systems with

Different Refrigerant Liquid Overfeed Pumping Arran gements

7.2.1 Productive and Unproductive Refrigeration Demands

Productive Refrigeration Demand, or PRD, is defiasdhe refrigeration demand
to build the particulate ice sheet that is requivgdand delivered to the mine for
cooling its workings. Ideally, the mass of ice negd (n ) and that built ify )
over any ice building period should be the samewéi@r, a portion of the mass
of ice built must be melted in order to releaseit®esheet from the evaporator
wall. As the demand of building this subsequentbited ice layer is considered
non-productive in that it does not provide any ukeboling capacity to the mine,
it is defined as an Unproductive Refrigeration Dathaor URD. Other URDs,
both common and specific to the different pumpimgargements, occur at

various positions throughout the plant, and dutirgdifferent operating periods.

As the PRD remains constant, the total URD of emtchngement provides the
means of comparison between the different arrangen®efining the different

sub-periods of the batch type ice making cyclevaldor the PRDs and URDs
associated with each sub-period to be clearly ptedeand compared for the
different arrangements. These demands are presendedail in Section 8. where
the control volume analyses for the different comgis associated with these

periods are performed.

It should be noted that all PRDs and URDs manifesinselves as commensurate
guantities of refrigerant vapour arriving at thecamulator, and hence at the

compressor inlet to be compressed.
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7.2.2 Avoidable and Unavoidable Unproductive Refrigeraion

Demands

In comparing different pumping arrangements, itnscessary to distinguish
between those URDs that are avoidable i.e. URDs dhae from particular
pumping arrangements, and those URDs that are id&hle, i.e. those that are
independent opumping arrangements. An example of an avoidalf® Would
be that due to re-cooling of the steel of the pungyem due to an extra mass
inflow of pressurising gas from a hot gas pumpestesy, expanded on in Section
8.7.2. As hot gas is not the common means usell puaping arrangements to
circulate the liquid refrigerant to and through #heporators, such re-cooling is
considered an avoidable URD. An example of an uidawte URD is the re-
cooling of the evaporator plates and their inled antlet manifolds at the end of
the re-cooling sub period, expanded on in Secti@28This URD isndependent
of all pumping arrangements and is unavoidable ihwlzaming of the evaporator

plates is necessary to release the ice sheet fremplates.

A further distinction is necessary in the definitiof unavoidable URDs. During a
standardrefrigeration cycle, a URD arises that is inherianthis cycle: the flash
gas generated in reducing the pressure of condeigsedi to provide cold liquid
for the task ofrefrigerating. Although this flash gas constituee®)RD in that it
manifests itself as a commensurate quantity ofgefant vapour arriving at the
accumulator, and hence at the compressor inletetadmpressed, it is both
unavoidableand inherentin any standard refrigeration cycle. Such URDs are

hereafter termethherentURDs.
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7.2.3 Simplified Control-Volume Thermodynamic Analysis of Gas and

Mechanically Pumped Arrangements

Main expansion
.| Condenser .| Condensed valve
Compressor liquid receiver
4 >

fTIIIIIIIIIIIITTII e/ oo " 1T
¥ [ Pumping \I v Yy
¥ Evaporator | expansion Accumulator
H | Pressure !
N + valve for reducin :
| the cold valve fo? |
 9as pumpe the hot
[ S A--------- arrangement 4 |
: Inne|/ gas pumped ;
! arrangement :
+ control Pumper g |
| envelope drum . Gas vent valve
: < VN N :
. Outer control envelope Non-return valve i

Figure 7.1 Diagram of a simple cold and hot gas puped liquid overfeed arrangement

To illustrate the difference between avoidable vaidable and inherent URDs, a
simplified control-volume thermodynamic analysipiesented below for a cold
or hot gas pumped arrangement. The diagram abowesohple cold / hot gas
pumped arrangement is modified from Figure 1.2 abtiy include the inner
control envelope round the evaporator itself, drduter control envelope round
all components in the refrigerant pumping arranggmeor a Cold Gas Pumped
System (CGPS), most of the cold liquid refrigerapeded for ice-building is
generated through the main expansion valve intoatt@mulator. The rest is
generated through thpumping expansion valvéndicated in bold) into the
pumper drum — where the accompanying flash gasrgetkeprovides the pressure

rise required for pumping.

For a simple Hot Gas Pumped System (HGPS), the mgmgxpansion valve
between the liquid receiver and pumper drum isaegd by a gas pressure

reducing valve(PRV) between these two components. For this aermegt, all
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the liquid from the high pressure liquid receiviemfs through the main expansion
valve into the accumulator and dle flash gas generated flows into the
accumulator and thence to the compressor. The wisisg gas therefore
constitutes anadditional flow of depressurised gas across the outer control

envelope from the liquid receiver to the pumpemalru

The control volume energy analysis of theaporator(the inner control envelope)
during the pumping period is not affected by whetihe system is cold- or hot-
gas pumped. However, for the HGPS during the pogpieriod, there is an
additionalmass flow into the outer control envelope — tl@sg the depressurised
gas into the pumper drum. There is therefore alsmrresponding additional
mass flow out of the accumulator into the compres$or both the cold- and hot-
gas pumped systems, though, the amount of flaslygasrated from expanding
warm condensed liquid is identical, because ireeilystem, all such warm liquid

is ultimately expanded down to accumulator pressure

As far as the control volume energy analysis ofdhaporatoris concerned, the

evaporator receives the incoming liquid regardiglssvhich pumping system is

employed. Howevertthe effect of gas pumping on the enthalpy of igisd is

due to very different causes in the two systems.the CGPS, any rise in this

enthalpy above the enthalpy of the original cotphid generated by expansion, is

due to:

(i) additional, warmer liquid condensed from the warnpeessurising flash gas
that is generated in the pumper drum, and

(i) the unflashed liquid (from the pumping expansiotv@paccompanying this
flash gas.

In passing through the evaporafofand thus reducing in pressure to accumulator
pressure), any additional liquid due to (i) re-emapes. The liquid due to (iihat
remains liquidafter flashing down to accumulator presswanstitutes additional

liquid (in proportion to the flash gas generaténl)do the task of refrigerating.

16 And its interconnecting piping from the pumper drum and to ¢haraulator, of course.
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The re-evaporating of (i), and the flash gas geedray (ii) in flashing down to
accumulator pressufémake up the balance of the flash gas that is gy
the flow of condensed liquid refrigerant througle fumping expansion valve in
ultimately expanding down to accumulator pressliimately, thereforeno
extra gas arrives at the compressor to be compceapart from the flash gas that
is inherently generated in expanding condensedidicqgown to accumulator
pressure. The URD represented by this flash gas is thusnaarentURD; no
extra avoidable URD occurs in the CGPS in pumpifi@is is elaborated upon in
the next section, “Processes during the pumpinggeat the pumper drum”,

below.

A detailed proof by calculation that the URDs gexed for the CGPS over a
complete pressurising and venting period of onepgmdrumamount to (add up
to) theinherentURD of needing to compress the flash gas generatexpanding
liquid down from the condensed liquid receiver twwamulator pressure is given
in Appendix A13.

In the HGPS, the rise in enthalpy of the liquidesinty the evaporator above that
of the original cold liquid generated by expansisrdue to the same effect, in
principle, as (i) above: additional, warmer liqua@bndensed from warmer,
pressurising gasdowever, because this gas is additional mass flow into the
pumper drum, without any corresponding unflashedquid to provide
correspondingly additional refrigerating effecit, results in a corresponding
additional mass flow of gas to the compressor which must dresidered an
avoidableURD.

" Wherever these processes occur — in the pumper drum, eapiv@rconnecting piping — and
in whatever proportions therein.
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Figure 7.2 Diagram of a simple cold gas pumped sysh during pumping
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Figure 7.3 Interior of pumper drum during pumping

If the interior of the pumper drum for the CGPSwhan Figure 7.2 above is

pumper drum — warmer than the cold liquid at thédmo — originates from:

(a) the unflashed liquid leaving the pumping expansiaive, plus;

(b) condensation of flash gas:

considered as shown in Figure 7.3, during pumptimg,top layer of liquid in the
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(i) on the uppermost layer of cold liquid from tlee@mulator (this
uppermost layer will be warmed by this condensatibilash gas);

(i) on the colder steel shell of the pumper drum

Therefore, over the pumping period, the minor gefrant mass inflow (across the
outer control envelope) from the liquid receivemsre than that needed just to
pressurise the gas space in the drum. The balanice extra mass inflow needed
to maintain that pressure as some flash gas coeslans top of the cold liquid,

and on the pumper drum’s shell. If it is assume® hier convenience, that during
this pumpingperiod, no part of the minor refrigerant flow thgbuthe pumping

expansion valve reaches the evaporator, then tmprassor receives only (i) the
flash gas from the major refrigerant flow direcdtythe accumulator; and (ii) the
gas due to evaporation in the evaporator. Allntass inflow to the pumper drum
from the pumping expansion valve during the pummiagod stays in the pumper

drum, as a combination of liquid and gas.

Processes during the venting period at the pumperrdm

From Figure 7.3, at the end of the pumping pettioe pumper drum contains:

(@) flash gas at pumping pressure;
(b) a warmer, top layer of liquid, comprising:
(i) the unflashed liquid from the expansion vaples;
(i) the liquid from flash gas condensing on the s@rfaicthe cold liquid
from the accumulator, and on the pumper drum walls;
(c) the uppermost layer of cold liquid from the accuatol — warmed due to
condensation of flash gas on top of it;

(d) underneath, the remaining, unwarmed cold liquidhftbe accumulator (if

any).

When the pumper drum is depressurised to accunmydeggsure by venting to the
accumulator, any remaining cold liquid (from thecamulator) at the drum’s

bottom does not flash. However, the warmer, toeraof liquid will partially
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flash — until the resulting combination of new,adfuid and new, cold flash gas
is at ‘filling state’ — i.e. at, effectively, accuhator pressure and temperature.

This partial flashing is due to:

(A) cooling-by-evaporation of the unflashed liquid frtine expansion valve, and
(B) cooling-by-evaporation of theondensediquid, due to:
() re-cooling, down to accumulator temperaturethef uppermost layer of
liquid from the accumulator;
(I re-cooling, down to accumulator temperature, of Wamed pumper
drum steel;
(C) cooling of the gas (that remains as gas) in thendrom its saturated state at

pumping pressure to saturated state at accumyilegesure.

The amount of new, cold flash gas so producedas glhoduced by (A) plus (B)
plus (C) aboveand equates to the balance of the flash gas thaldvoave been

generated had the minor flow of refrigerant expahd@ one step, all the way
from condensed liquid pressure to accumulator press The cold liquid

remaining in the pumper drum at the end of thigelegurisation is the minor part
of the liquid that will be pumped through the eviagior during the next pumping
period® Thus both minor and major flows of refrigerantotigh their respective
expansion valves, supply the corresponding mindrraajor portions of the cold
liquid, at accumulator temperature, which is pumpktbugh the evaporator

during the pumping (ice-building) period.

In summary, for the CGPS during pumping, there islight extra flow of

refrigerant, through the pumping expansion vahegessary to supply the extra
flash gas to keep the system pressurised, becaoseftash gas will condense on
cold liquid and the pumper drum walls. Howevers tbxtra flow also supplies

correspondingly extra unflashed liglidhat is then available as liquid refrigerant

18 The major part of this liquid being, of course, that obthiinem the accumulator during the
pumper drum'’s filling period.

19 ALL flow leaving the pumping expansion valve supplies #me proportions of unflashed
liquid and flash gas.
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for ice-making. During depressurisation by ventitige liquid condensed from
flash gas,in re-evaporating by the process of (B) above,qumto a (relatively)

small extra flow of vapour that reaches the congwmes However, the above
correspondingly extra unflashed liquid — once finflashed down to accumulator

pressure — provides correspondingly extra liqufdgerant for ice-making®

The vapour flows due to (A), (B) and (C) above faoen internal heat exchanges,
bringing the residual pumping gas in the drum ® fihal, saturated state at
accumulator pressure. Therefore, they arise frobmpsacesses in the overall,
inherentURD of flash gas generated in expanding condemnsierant liquid

down to accumulator pressure.

For the HGPS, essentially the same pumping processrs as for the CGPS.
However, as the HGPS requiresaditional mass flow of pressurising hot éés
(that is, additional to the mass flow of condenkgulid) from the liquid receiver
to pressurise the pumper drum, the additional vaflows due to (B) and (C)
above that occur during the pumping period for thArsangement constitute
avoidableURDS?2 Similarly for a mechanically pumped system, tharkinput,
in the pump(s), to the liquid refrigerant being ped constitutes aavoidable
URD.

The avoidable, unavoidable and relevant inherenD&/Rhat occur during the
different sub-periods, and for the different pungparrangements, are formally
defined in Section 8 below. Next, though, it is therhile to examine the key

aspects of pumping refrigerant in the CGPS in sdetail, and this is now done.

20 Hence, during the immediately following filling period, #hecumulator needs to supply
correspondingly leskquid.

2L Which will include extra mass flow to maintain pregsas some hot gas condenses on cold
liquid and on the pumper drum’s walls (analogous to the ) GP

22 Because this additional vapour must be recompresshd abmpressor.
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Figure 7.2 is repeated in Figure 7.4 below. As a@ethe beginning of Section

7.2.3 above, most of the cold liquid refrigeranteded for ice-building is

generated through the main expansion valve into abeumulator, with the

balance being generated through the pumping expanslve into the pumper
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Figure 7.4 (repeated) Diagram of a simple cold gggumped system during pumping

The split of the flows through these two expanswaives is governed by the

following. That through theumpingexpansion valve needs to supply the volume

of flash gas needed to do the pumping (by disptatire liquid in the pumper

drum). Obviously, the volume of flash gas geneatdtgall the condensed liquid

expanding to pumping pressure would be far grethi@n that needed for such

pumping. So the remaining, major flow of condenkgaid that would generate

the remaining, unneeded volume of flash gas (ureteéar pumping) comprises

the flow through thenain expansion valve directly into the accumulator.
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Considering both the main and the pumping expansawes — together with
their piping - in Figure 7.4, the condensed ligaipansion process thus consists
of two semi-parallel flows:

(1) the major,main refrigerant flow through thenain expansion valve and its
piping. This expansion process is from condensgdd receiver pressure
to accumulator pressure - the lowest pressure endi@ outer control
envelope of Figure 7.4;

(2) the minor, or auxiliary pumpingrefrigerant flow through the pumping
expansion valve and its piping into the pumper dr{em pumping
pressure). Here, the liquid and vapour separateertsure that the
evaporator is fed with pure liquid. Then;

(a) because of the difference in pressure betweenuhmer drum
and the accumulator, most?dfthe liquid, pumped by the
increasing volume of flash gas in the pumper dréliows
through the evaporator inlet piping into the evapar itself.
Here, a portion of the liquid evaporates to vapoufhe
resulting liquid-vapour mixture leaves through #neaporator
outlet piping and flows to the accumulator;

(b) the vapour (flash gas¥tays in the drum during pumping, but,
during subsequent depressurisation, flows throhghventing

valve and its piping into the accumulator.

The points to note are:

(A) flow (2) above is exactly the same in principleflasv (1), except that the
expansion is from condensed liquid receiver pressoithe intermediate,
pumpingpressure (this being about 2 bar above accumujatssure).
The liquid and vapour separate in the pumper datnpumping pressure.
Then using the increasing volume of confined flgsis in the pumper
drum to displace, and hence to pump, liquid utltbesavailable difference

between pumping and accumulator pressures to ppome liquid

23 Except that remaining at the end of the pumping period.
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refrigerant (as opposed to a mixture of flash gad anflashed liquid) to
the evaporator.

(B) although flow (2) subsequently splits into sub-flo\i2)(a) and (2)(b),
which occur non-simultaneously, these sub-flows sgpnothe expansion
of flow (2) from pumping to accumulator pressuréhusflows (2), (2a)
and (2b) sum up to the expansion of fhenpingrefrigerant flow from
condensed liquid pressure to accumulator pressufausflows (1), (2)
(2a) and (2b) sum up to the expansion of ALL tbw ff condensed liquid

refrigerant from condensed liquid pressure to acolator pressure.

In the CGPS, performing the expansion of condems&erant liquid in this
way accomplishes the pumping of liquid refrigerdat and through the
evaporatorwithout any external work inpyunlike hot-gas or mechanically
pumped system¥) The fundamental reason is that, unlike hot-gad an
mechanically pumped arrangements, ALL the condenégaid is not
expanded in a single step down to accumulator pressin the CGPS, some
such liquid — enough to generate the flash gasdplate the required feed
rate of liquid to the evaporator — is expanded ritermediate, pumping
pressure so that the difference between pumpingaaodmulator pressures

provides the required pressure difference for suchping.

7.3 Configurations of the Different Operating Arrangements

A thermodynamic analysis of an overfeed refrigeratsystem with various
refrigerant pumping arrangements (hot gas, cold azamechanically pumped)
provides a fundamental basis for predicting theatred efficiencies of
corresponding, differently pumped batch ice-makiygles. For the sake of
comparing these differently pumped overfeed systeings assumed that all

operating parameters such as mass of ice builtragdired, condensing and

%4 This is proven in Appendix A13.
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evaporating pressures and temperatures, as wadraarmance quantities such as
refrigerant mass flow rates and average recir@natiatios, remain constant.
Based on this assumption, the URDs specific to eacbrfeed pumping
arrangement provide a platform from which a therymasinic comparison

between these arrangements can be performed.

Over one batch ice-making cycle of ice-buildingldaled by ice harvesting, the

total refrigeration demand of a cold gas pumpedrgement is:

ZAH{CGPQ =2Qprp + ZAH jrpcopg 1)

Where 2Q.x, includes the PRD of chilling the incoming feed eraat the pre-
chiller and at the evaporators, as well as freetiregrequired ice layer, and is
denoted as heat transferred across the evaporatdrok volume, as shown in
Figure 8.1 below. The URDs associated with the esgstZAH o ccpg, are
denoted as changes in enthalpy of the refrigerquid and vapour, as described

in Section 8 belov®

Similarly for a hot gas pumped arrangement thd tefageration demand is:

ZAH{HGPS =2Qprp * ZAHURD{HGPS} (2)

The URDs of the above two systems differ only ia timavoidable URDs specific

to each pumping arrangement.

For a mechanically pumped arrangement as shownigard= 1.3 above, the
unavoidable URDs are primarily confined to thosesiag from the harvesting

process. The avoidable URDs associated with theraotions between

% The URD of freezing the melted ice layer as well aiscsoling the entire built ice layer is
strictly also a heat transfer across a control volumesaondld be denote@urp. However, as this

is the only URD associated with heat flow across a obmolume it is included in the term

SAH -
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pressurising gases and refrigerant liquid are eabted, but there remain
avoidable URDs due to the pumping pressure impaboedhe pump to the
circulating liquid, as well as friction in the atldnal piping required. A detailed
analysis and comparison of the URDs specific thheatangement is presented in

Section 8 below.

For a mechanically pumped arrangement, the tofiagezation demand is:
ZAH{MPS} = zQPRD + ZAHLJRD{MPS} (3)

Finally, assuming that compressor isentropic efficy changes negligibly for
small changes in slide valve position, and thatdioall changes in URDs the
condenser pressure remains constant (this assumyiliobe validated when the
URDs are compared in Section 8. below) the COPhef ¢old gas pumped

arrangement over a complete batch ice making gégcle

COPRegpg = ZVVZ& 4)
[CR CGPS mech

Where as mentioned above, the sum of PRDs of myithhe incoming feed water
and freezing the required ice layer is den@€gdrp. The denominator of equation
(4) is the mechanical work input into the compresser a complete ice building
and harvesting cycle, estimated from electrical gowmput readings from tests

performed at the operating, cold gas pumped Uaftthe ERPM plant.

Similarly, for a hot gas pumped arrangement, thé @O

2Q
CORHGPS} = ﬁ (5a)

[CRI{ HGPS mech

SAH 005

W =2W 5b
[CR{ HGPS mech [CR{ CGPS mech ZAH ( )

{cGPg
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?In equation (5b), the mechanical work input inte tompressor is assumed to
be greater than that for the cold gas pumped systerthe ratio of the total
refrigeration demand&AH of the two arrangements. This ratio of the total
refrigeration demands in the above equation alldarsthe mechanical and
electrical work input into the compressor to bedpted for all arrangements,
based on the assumption of negligible changesnmpeessor isentropic efficiency
mentioned above.

For a mechanically pumped arrangement, the COP is:

2
CORwes = 5w QiRzDW (62)
[CRK MPS} mech [PK MPS} mech

Where, as for (5b),

2AH

— {MPS}
zVV[CR]{ MPS}mech — zVV[CR]{ CGPS mech (6b)
ZAH{CGPS

Therefore, from the equations above, the gas pun@@g does not include a
term in the denominator resulting from the addiiowork input required for the
mechanical pump. As mentioned in Section 2.2, Lizem and Bagl® predict
that an efficient cold gas pumped arrangement wibwlid the total URD to match
that of the mechanically pumped arrangement, rieguih a larger COP for the
cold gas pumped system due to the absence of tbkamieal power required by

the pump in the denominator.

Using data from the tests performed at the opegdtinit 5 of the ERPM plant,
the electrical operating cost per year for gas amechanically pumped

arrangements can be predicted as follows:

Cents hr
X

ElectricalOperatingCostperYear= ( ZW +3W x ===
p g: p ( [CR]elec [P]elec) kWh year

(7)

% Figure 8.17 below presents the results of the COPs édiffierent pumping arrangements
based on equations (4) — (6). Following the results, the walalid key limitations of the
assumptions behind equations (5b) and (6b) are discusskdgaim in Section 8.12.
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This simplified analysis forms the basis from whtble more detailed theoretical
models are created below. The purpose of theselsibieto predict whether the
cold gas pumped arrangement currently in operatothe ERPM facility is the
most energy efficient and electrical cost effectieen compared to a hot gas or a

mechanically pumped arrangement.

27 Apart from predicting the mass flow rate and averagga@ation ratio at the evaporator, as
mentioned in the objectives listed in Section 6.
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8. MODELLING OF PRODUCTIVE AND
UNPRODUCTIVE REFRIGERATION DEMANDS
FOR DIFFERENTLY PUMPED LIQUID OVERFEED
ARRANGEMENTS

This Section presents the analysis of the URDs RR@®s for four different
pumping arrangemeritson the basis of a control volume energy rate lwaan
These arrangements are, first, the existing caddpgenped arrangement at Unit 5
of the ERPM ice-making plant. Then, three othessde pumping arrangements
for this Unit 5 are considered: hot gas, mechalyicpumped and fully
mechanically pumped arrangements, in Sections 8&,and 8.9 respectively.
This approach pinpoints not only what types of U&fgur, but when — i.e. during
which period or sub-period — they occur. From tredailed control volume
analyses, the URDs seen at the different contrblmres can be identified. An
annual electrical operating cost comparison fohgaanping arrangement is also
performed. By comparing the results of these amalyer the different pumping
arrangements, for Unit 5 of the ERPM plant, thetreé energy efficiency and
electrical cost effectiveness of each arrangemantbe predicted. The results of
this comparative analysis are then compared tsuggestions and conclusions of
Lorentzen and Bagl§ ASHRAE® and Wright'? as described in Section 2.
above.

As the PRD and URD of building the ice layer arenomon and unavoidable to all

pumping arrangements, they will be presented first.

%8 This includes a cold and hot gas as well as two ptebrabchanically pumped arrangements.
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8.1.Productive and Unproductive Refrigeration Demands

Directly Related to Ice Building

The investigational method of modelling presentetbw is based on Bailey-

McEwan's"? analysis of an earlier batch ice-making plant

Unit 5 of the ERPM plant consists of one 1700 kWtan@1350 kW shaft power)
screw compressor and eight evaporator modules, 3ithlates per modufé® As
the duration of one complete ice building and hsting cycle is 15 minutes, each
module executes 96 cycles in 24 hdi#sThe mass of ice requiréd 24 hours is
1000 ton&® (1000 000 kg), therefore the mass of ice requiireah Unit 5 in one
cycle is 10,417 kg. As testing at the plant wasquared on one module, an

analysis per module is presented below.

Per module, the mass of ice built in one cynig, consists of the thickness of ice
required,m req, @s well as the thickness of the innermost layéceothat has to be

melted to release the ice from the surface of gtate.

m , = P N3 (2y|.req +2Y m) (8)

Wheren is the number of plates per modudg; the surface area of one side of
the evaporator plate, angeq andy,.m are the thicknesses of the particulate ice
delivered to the screw conveyor below the evapsasmd of the subsequently
melted innermost layer respectively. The factotvad is to account for the fact
that ice is built on both sides of the plate.

The ice thickness built on one side of each plsed on tests performed at the
plant as well as Worthington-Smith & Brouw&? van der Walt & de Kodk®) #°
and Rankift?), is approximately 5-6 mm (refer to Appendix A6 fhese results).
The ice that is delivered to the screw conveyopbWwethe evaporator module is

therefore:

29 Who merelystate typical figuresind therefore offer no experimental validation for thekitgéss
of ice built.
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rnl .req = pl na{E] (2yl.req) (9)

Once the evaporator module has returned to evapgremperature after the re-
cooling sub-period of the harvesting period (seetiSe 8.2.2 below), the control

volume of the module appears as follows:

m B Control Volume
r(l,v)[E-ACC] Boundan

EVAPORATOR MODULE AND MANIFOLDS

rhrI[PD—E]

Figure 8.1 Control Volume: Evaporator Plates and Maifolds (Ice Building)

The energy rate balance equation for the contrioinee of Figure 8.1 is:

OE,,/dt = Q, ~W, + Y m(h +Vi?/2+9z)- Y [, +V7/2+9z)  (20)

Neglecting changes in kinetic and potential ensrgmting that there is no shaft

work W,

cv?

and naming the individual mass flows,

dEcv/dt = ch + rhrl [PD-E] hrl (Tr[E]buiId )_ rhr(I WV)[E-ACC] hr(l V) (Tr[E]buiId,Xr[E]o) (11)
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Where m, g, is the mass flow rate of saturated liquid from penper drum to

the evaporator inlet; assumed to be saturatedligim ¢, 5 M ye-acq IS the

(A%
two-phase mass flow rate at the evaporator oudiat the outlet enthalpy,
hav (T,[E]bu”dyx,[E]O) is a function of the instantaneous recirculatiatio; X, g, ,
which is the inverse of the quality of the refriget.

Integrating over the time intervat, (- t;) of a complete ice building period, and

justifiably assuming inlet enthalpies to be constand using an average value of
outlet enthalpy:

AE,, =

ch + ArnrI [PD-E] hrl (Tr[E] )_ Arnr(I WV)E-ACC] hr(I V) (Tr[E], )_(r[E]o Xbuild (12)

Where the average outlet enthal;iny(,yv)(T,[E],Xr[E]0 is a function of the

)build
average recirculation ratig, ., (and hence average quality) over the ice-building
period.

Since the module is always at evaporating temperaduring an ice-building
period, there is no change of internal energy m ¢waporator walls; however

there will be changes in internal energy of theigefant content. Thus equation

(12) becomes:

AEcv - ch = ‘Amn [PD-E] hrl (Tr[E] )_ Amr(l VE-ACC] hr(l V) (Tr[E], )_(r[E]o } build (13)

The change in internal energy of the saturatedgesfaint over the ice building
period defined a@,— t;) is denoted as:

(mrI[E](IZ) ~ Myejy )Un (Tr[E]buiId ) + (mrv[E](tZ) ~Myejy )urv (Tr[E]buiId ) (14)

Due to the heat absorbed by the refrigerant inhgetubes, a portion of the
flowing water changes to ice.
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The refrigeration demand during the ice buildingiqe arises from two main

processes and a third minor process:

Chilling the inlet feed-water from 120 0C;
Freezing this water;

Sub-cooling the ice formed.

With regards to process 3 above, which constitatesinproductive refrigeration
demand (URD), it is assumed, based on Bailey-McEWfghis page 56) that the
relatively small thickness of the ice sheet justifthe use of an arithmetic mean to
represent the sub-cooled ice temperaffite.

Per cycle, the refrigeration demand of chilling feed water, freezing this water,
and sub-cooling the ice layer (assuming thg = 0C and thatT,; is at

evaporating temperature) is:

(rr[E]buiId +T,)

Qu =—My, (_CWTW[E]i —hy +¢ >

) (15)

In parenthesis, it is noted that as the sub-coodiffgct is assumed to be lost
during ice shedding (harvesting), and building itireermost, subsequently melted
ice layer is considered a URD in that this layeesloot end up as ice delivered by

the evaporator, the actyaioductiverefrigeration demand%
QPRD[E] = ml.req(_CWTw[E]i - hsf) (16)

Substituting equations (14) and (15) into equatik8) above:

%9 Note that this PRD, on the refrigerant-circuit sise sduat include thénherentURD of the
flash gas generated in providing the cold liquid refrigerant.
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(mn el ~ My )Un (Tr[E]buiId )"' (rnrv[E](tz) ~ Myepny )urv (Tr[E]buiId )
(rr[E]buiId +T, o))
2

= ‘Aran[PD—E] hrI (Tr[E] ) - Arnr(I WV)[E-ACC] hr(I V) (Tr[E], )_<r[E]o lbuild (17)

-my, (_CWTW[E]i - hsf *+C

8.1.1. URDs and PRDs at the Evaporator during the Ice Buding

Period

The PRD associated with the evaporator duringdbebuilding period comprises
chilling the inlet feed-water from 12° to 0°C an@dzing the required ice layer.
From Figure 3.4 above, the mass of water initiatiground 22,2 °€¢% that enters

Unit 5 equals, during a complete ice-making batgtle; the mass of ice

delivered by the evaporator. Therefore, per (16yvab
Qprog = ml.req(_CwTw[E]i —hy) (18)

The unavoidable URDs associated with the evapordmoing the ice building
period are the freezing of the melted ice layerwal as the sub-cooling of the

entire ice layer.

(Tr[E]buiId +T,,)

2 ) - QPRD[ E] (19)

Qurorg; = Mip (_CWTW[E]i —-hy +¢
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8.1.2. PRD of Cooling the Incoming Make-Up Feed Water atlie Pre-
Chiller

mn[PRc]i ran[PRC]o

Control Volume
Boundan

PRE-CHILLER

QPRD[ PRC)]

Figure 8.2 Control Volume: Pre-Chiller

The pre-chiller chills the incoming make-up feedevdrom ambient temperature
(22.2 C based on Wothington-Smith& Brouwét and confirmed by tests
performed at the plant (Appendix A6, Table A6.31& C, from where it enters
the feed water basin below the evaporators. Thisoissidered a PRD as it
replaces the water that is frozen to ice and dedivéo the screw conveyor below
the evaporator. The water from the innermost igeranelted during harvesting
returns to the feed water basin once the ice shetathes (as illustrated in Figure
1.1 above), and therefore the make-up water replagdy the mass of ice
required,mreq. The mass in- and out-flows of Unit 5 of the plarg ahown in the

control volume of Figure 3.4 above.
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As pre-chilling this make-up water is a heat transfcross the control volume as

shown in Figure 8.2 above, it is denol(égRD[PRq.

Per module, the PRD associated with the chillingnaike-up water at the pre-

chiller is:
QPRD[PRC] = ml.rquW[PRC] (TW[PRC]i _TW[PRC]O) (20)

Where Cprq IS an averaged specific heat based on the iniégtoatiet water
temperatures, and the outlet water temperalyjg,, is the same as the inlet

temperature at the evaporaiy,, of equation (15) above.
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8.2. Control Volume Energy Balances to Predict the URDst the

Evaporator during the Harvesting Period

8.2.1 The Warming Sub-Period

mr (I,v)[E-ACC]

M,y rec-g] Control Volume
_______________________________ Boundanr_________________ T _____

EVAPORATOR MODULE AND MANIFOLDS

Leve-Regulating
Valve

ml [PD-E] > .

rl.conf E-ACC]

Figure 8.3 Control Volume: Evaporator Plates and Maifolds (Warming Sub-Period)

From the definition in Section 7.1.3 above, themiag sub-period is defined as

the period when the evaporator plates are isolateh the cold circulating
refrigerant (the crosses through the mass flows fee pumper drumi, ., ¢,
and to the accumulatan, ;.. acq in Figure 8.3 denote that these flows are zero)

and warm pressurized refrigerant gas from the ooset® liquid receiver,

M rec-g; 1S iNtroduced into the plates to release thet el sheet. This period is

illustrated in the timing diagram of Figure 3.2 tyg hatched rectangle across the

trace of Module 2, comprising the time perigagdt;).
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Referring to Figure 8.3 above, the energy raterealaequation for the control
volume is the same as in equation (10) above.

Neglecting changes in kinetic and potential enargmting that there is no shaft

work W,,, and naming the individual mass flows,
dEcv/dt = ch + r.nrv[REC—E] hrv (Pr[REC] )_ r.nrl .conf E-ACC] hrI (Pr[E]har 1TrI[E—ACC]) (21)
where:

M, rec-g; 1S the mass flow rate of incoming harvesting gasnfthe condensed
liquid receiver andm, ,.«e_acq 1S the mass flow rate of liquid that is expelled t

the accumulator by contact with this pressurises daring the warming sub-

period.

Integrating over the time intervdt, — t;) of a complete warming sub-period,
defined by the abovementioned hatched rectangleeitiming diagram of Figure

3.2, and justifiably assuming enthalpy(Pr[REq) to be constant over time,

)

AEcv = ch + Arr"\/[ REC-E] hrv (Pr[REC] )_ J rhrl .conf E-ACC] hrI (Pr[E]har ’Trl [E-ACC] )mt
g (22)

Assuming that:

» at timet,, the start of the warming sub-period, the refragertemperature
inside the evaporator module and manifold$sigPr(gpuid), and the steel
of the module and manifolds is also at this temijpeea

* during the first part of the time intervap ¢ t1), the masf\my conge-acq Of
cold liquid refrigerant left in the plates at thadeof ice-building, at
temperaturel,je.acc) 3is expelled to the accumulator by direct contact

with the higher-pressure harvesting gas, and then;

31 Tue-accy is predicted below and is based on temperatures obtaineddstsnperformed at the

plant.



96

» during the remaining part of this time intervale tmassmyg of warm

liquid condensing from the incoming harvesting gad, a mean
temperaturé f{c}, is continually expelled to the accumulator, and

» at timet,, the end of the warming sub-period, the refrigetamperature
inside the evaporator module and manifold§sigP:gnar), and the steel of

the module and manifolds is also at this tempeeatur

and finally, that,(gnar is constant ovett{ - ty),

AECV = ch + Arnrv[REC—E] hrv (Pr[E]har ’Tr[E]har ) - Am” .conf E-ACC] hrI (Pr[E]har 'TrI[E—ACC] )
~ Mg hrl (Pr[E]har ’Tr{c} )

(23)

RepresentingAE;, in more detail as the sum(AE)., of the internal energy

changes inside the control volume,

Z (A )cv = AU s E] + AU rl .trap[ E] + AU rv.trap[ E] (24)

where the internal energy gains are:
AUg: of the steel of the evaporator plates and thelgtiand outlet
manifolds;

AU ;s Of the refrigerant liquid in the plates and mafds; and

AU, .qg - Of the refrigerant vapour confined in the plabedween the

beginning and the end of harvesting.

First, AUgjg is given by

AU SE] = ms[E]Cs (Tr[E]buiId )Tsat(Pr[E]har ) - Tsat(Pr[E]buiId )J (25)

%2 Because the warm harvesting gas will initially condemsecold steel surfaces at temperature

Tsal Prigpouie),  this mean temperaturaTr @ will obviously be betweenTso(Pgbuig), and

Tsaf Prgnar). However, for the purposes of this investigation the condelipeid will be assumed
to be afls(Pygnar)-
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Next, unlike the steel, the beginning and endingsea of refrigerant liquid inside
the module can be significantly different. The stripts 1 and 2 refer to the

beginning and ending times of the warming sub-gerio
AU rl trap[ E] = (mrl trap[ E] )(tz) urI (Pr[E]har ) - (mrl [E] )(tl) urI (Pr[E]buiId ) (26)

where (Wig)w) is the mass of liquid refrigerant in the moduldtet end of ice-

building. This will be much greater thamyap(e;)2), the liquid trapped behind
the level-regulating valve at the end of the wagnsub-period. Also, the
beginning and ending masses of refrigerant vapouthe evaporator can be

significantly different due to the compressibildf/vapour, so
AU rv.trap[ E] = (rnrv.trap[E] )(t 2) l'Irv (Pr[ E]har ) - (mrv[E] )(11) l'Irv (Pr[ E]build ) (27)

where (M) and Mveapig)2) are the masses of refrigerant vapour in the

module at the beginning and end of the warmingenied respectively.

The control volume energy balance over the warrairigperiod is, finally,

AU s E] + AU rl .trap[ E] + AU rv.trap[ E] = ch + Arnrv[REC—E] hrv (Pr.har,Tr.har)
- Amn confE-ACC] hrl (Pr[E]har’TrI [E—ACC]) (28)
—Myg hrl (Pr[E]har'Tr{c})

The only significant part o)., is the heat transfer to the ice built on the @arte

order to melt the innermost ice lay®r.

% That is, other heat exchange with the control volume’s sodiogs is negligible.
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Predicting the Mass of Liquid Condensed during thaVarming Sub-Period

Harvesting gas condenses to liquid throughout tlaeming sub-period and is
expelled to the accumulator. The re-cooling of toadensed liquiang, which

is assumed to be at harvesting temperature foptingose of this investigation,
constitutes an unavoidable URD at the accumulatoere it is re-cooled. The

value ofmyq is predicted as follows:

1. Incoming harvesting gas condenses to warm up teel glates and the

manifolds as per equation (25)

AH r.har.l = ms[E]Cs (Tr[E]buiId )l_Tsat(Pr[E]har)_Tsat(Pr[E]buiId )J (29)

2. Incoming harvesting gas condenses to reverse themling effect in the
built up ice layer. As mentioned in Section 8.% tklatively small thickness
of the ice sheet justifies the use of an arithmet&an to represent the sub-

cooled ice temperatuf&)

(Tr[E]buiId + TI .0 )

AH r.har.2 = _ml .bCI
2 (30)

3. Incoming harvesting gas condenses to melt the inostrice layer.

AH r.har.3 = 2npl a'[E] yl .mhsf (31)

URDs 2. and 3. above are heat transfers acrossotiiteol volume and comprise
Qcvin equation (21) above.
Assuming (see footnote 32 above) that the condeligail is at temperature

Tsaf Prignar), the mass of condensed liquid can be predictédliasvs:

rnrl{c} I_hrv (Pr[E]har)_ hrI (Pr[E]har) = ZAH r.har = AH r.har.l + AH r.har.2 + AH r.har.3
AH r.har.l + AH r.har.2 + AH r.har3 (32)

(hw(R[E]har)_ hrl (Pr[E]har))

Umyg =
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Predicting the Mass and Temperature of Liquid Expeled and Warmed by
Harvesting Gas at the Beginning of the Warming Suli?eriod

Predicting the Mass

Due to the direct contact between the warm hamgsgas and the cold liquid
while the former is expelling the latter to the @aewlator at the beginning of the

warming sub-period, heat is absorbed by this dgldd.

Amy conge-acc) IN equation (21) is predicted by estimating thgoraf gas and
liquid in the evaporator at the end of the ice dind period, and is based on the

following assumption§-

1. “The nature of the boiling of two-phase flow is exhely complex*? and
can be simplified by assuming that the “temperatdirthe boiling ammonia is
constant along the plate lengtH?”

2. The heat flux is uniform along the entire lengthtad plate.

3. The ratio of vapour to liquid velocity is constabng the entire length of the

plate.

Thus the total internal volume of each plate cdas$ the volume of gas and the
volume of liquid, all at evaporating pressure, damased on the area of the
individual channels along the length of the pl&em observations at the plant,
there are 30 such channels per plate. Therefoeeintarnal volume of the plates

is:

308 g1eniLie; = Vg Y wig (33)

Whereagcn is the internal cross sectional area of the refegt channels of one
evaporator plate, g is the vertical length of the plate akglg; andV,g are the

volumes of the liquid and vapour refrigerant ocdagythis internal volume at the
beginning of the warming sub-period. In modelli@gconservative approach is

taken when analysing this transferred mass, and predicted, based on the
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analysis presented in Appendix A2, that each pktdled by 30% of its inner
volume with liquid ammonia at the beginning of tearming sub-period.
Therefore the mass of liquid transferred out of thedulé* at the beginning of

the warming sub-period, assuming all densitiesabmvaporating pressure, is

AM, conge-acq = 30N&genlig (030, (Pr[E]buiId ) +0,7p, (Pr[E]buiId)) (34)

Predicting the Temperature

Based on tests performed at the plant (AppendiXi#té all the test results), and
referring to Figure Al.1 where a temperature sefid® was placed before the
level regulating valve, the temperature rise of tiepelled liquid above

evaporating temperaturélfe-accy- Trgpouid), Can be predicted.

T12: Measured before the level regulating controlv ~ alve

é lhar1l . . lhara
i 7 "
1 825 840 8$5 870}5 ‘* 9 MimgP30 945 960 975 990 1005 1020 1035 1050 10:65 1080 1095 1110 1125 1140 1155 1170 1185 1200 1215 1230 1245
2 : :
3 V4 P \ :
§e) I 2 AY A PN 7
N 5 ’ / \ \ . ——Test2Run1
[ 51 ' /AT1 AT, -\\'.\'\‘—. AT, —=—Test2 Run2
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1 e R
.g X " %,,g N
0 \ P
~ ’
~=" tisl

Figure 8.4 Temperature before level regulating vale, T12 versus time for all tests performed
at the plant®

% Recall than = 35 plates per module; each plate has 30 channels.
% The corresponding plot in Appendix A6 is Figure A6.7, wheeschange in temperature over

the entire testing period of 30 minutes is plotted.
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Figure 8.5 Magnified portion of Figure 8.3 to illugrate the method used to obtain the change
in temperature of the expelled liquid

From Figure 8.4 and Figure 8.5 above of temperaft2 versus time, the
temperature measured before the level regulatingevéor all three tests
performed shows a peak temperature reached dimngarming sub-period. It is
conservatively assumed that all the liquid remanim the module at the end of
ice building is expelled to the accumulator wittialf the harvesting time of 90
seconds$® The average change in temperatuige(accy- Trgpuid) Of the mass of
expelled liquid Amy conge-acc for all three tests performed at the plant over th

assumed time period is predicted from Figure &2.85 °C.

% n reality, it would not take the full 45 seconds to exp@ liquid, however the total URD for
the gas pumped systems are relatively insensitive ® dhange in temperature, and so a
conservative approach is deemed appropriate in this inst@hequstifying sensitivity analysis is
performed in Appendix A10.1.



8.2.2 The Re-Cooling Sub-Period

m, [E-ACCQ]

. —>
M. rec e Control Volume +mrv[E—A(:(:]
_______________________________ Boundan_ _________ e ___

EVAPORATOR MODULE AND MANIFOLDS

Level-Regulating
Valve

. S F _______________
m .
n[PD-E] ——— My conge-Acc)

Figure 8.6 Control Volume: Evaporator Plates and Manifolds (ReCooling Sub-Period)

At the end of the warming sub-period, the refriggraontent of the module
(evaporator plates and manifolds) is the liquighpieed behind the level-regulating
valve My rap[gjr2), @and the vapour above i rapEje2) @S iN equations (26) and
(27). The re-cooling sub-period now begins. Thevbsting gas supplyn,  gecg,
ceases; the level regulating valve to the accumulat closed, sam, .,e-acq
ceases; and the two-phase, liquid-vapour path écattumulator is opened, so
Mye-acq D€QINS. Thus the module first de-pressurises girdhis liquid-vapour
path. Once this de-pressurisation is completefald of cold circulating liquid

from the pumper drunm, ., ¢, begins. A resulting liquid outflowi, ¢, also

begins afterm, ., ¢, starts. The re-cooling sub-period is illustratedtie timing
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diagram of Figure 3.2 by the dashed square achosstrace of Module 2
extending fromt — t;) of Module 2.

Referring to Figure 8.6 above, the energy raterealaequation for the control

volume is the same as in equation (10) above. N#&gtechanges in kinetic and

potential energies, noting that there is no shadirkw\W,

cv?

and naming the

individual mass flows,

dEcv/dt = ch + rhrI [PD-E] hrI[PD] - ri’1'\/[E—ACC] hrv (Pr[E] ’Tr[E—ACC] ) (35)
- rhrI[E—ACC] hrl (Pr[E] ’Tr[E—ACC] )
Here, the enthalpy of the incoming liquid refrigerdlow from the pumper drum,

hieop s 1S @ssumed to be that of saturated liquid. Theperature of the two-phase

flow at the outlet of the evaporator, due to th&éahcharge of liquid refrigerant,
cannot be assumed to be at saturated evaporatimgetature and therefore it is

simply denoted a3, ;_cq,.*’

Integrating over a time intervats(- t) for a complete re-cooling of the module to
ice-building temperature, and justifiably assuminger this interval, that the

enthalpy at the inleh, ., is constant and th&, is negligible?®

AE,, =AMy b5 g hrI[PD]
t.
i . (36)
- J. [mrv[E—Acq h, (Pr[E] Trie-acq )+ My e-acq (Pr[ £l Tr[E-Acq) )] [dit
tp

Here, M e .cq includes the harvesting gas that is vented toatwmulator as

well as the vapour component at the outlet of thaperator resulting from the

initial charge of cold liquid refrigerant from theumper drumm, ., ¢,. Both

these mass flows occur at the beginning of theorditg sub-period.

T (e—cq) is distinguished fromT, o ., defined in Section 8.2.1 above.

% That is, heat exchange between the control volume amstiritsundings is negligible over this

time interval, and no water has begun to flow over the qlate
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Considering justthe complete re-cooling of the module to ice-buigdi
temperature at the end of this re-cooling, assurfiagthe module has reverted to
(ice-building) evaporating temperatufes{Prjgpuid), With a mixture of saturated
liquid and vapour inside it, also &a(Prgwuid), then the final internal energy of

the module is:

U = U s[E]l_ sat( r[E]build )J + (ran[E] )(13) l“rl (Pr[E]buiId )+ (m\/[E] )(t3) urv (Pr[E]buiId ) (37)

whereVg, the known internal volume of the module, is ogedgaccording to:

Vi) = (mrI[E] )(13) Vi (Pr[E]buiId )+ (mrv[E] )(13) Viv (Pr[E]buiId ) (38)

Now, AE, =U,-U,, and hence from equations (26), (27) and (36) ctirerol

volume energy balance over the re-cooling period is

s[E] + (ran[E] ) (t3) rI ( r[ E]build ) (mv[E] )(t3) ur\/ (Pr[E]buiId )
(rnrl trap[E]) r ( r[E]har) (rnrv.trap[E] )(t2) ur\/ (Pr[E]har)
=AMy op g1y ey (39)

ty
- J. [mrv[E—Acq h, (Pr[E] v Tie-acq ) + My e_acq h, (Pr[E] v Tie-acg ) Lot

t

where -AUgg is simply the reverse @Ugg in equation (25).

Predicting the Unavoidable URD of Re-cooling the Mss of Liquid Trapped
behind the Level Regulating Valve at the Beginningf the Re-Cooling Sub-
Period

The level-regulating valve at the bottom of thepmrator allows condensed liquid
refrigerant during the warming sub-period to rettorthe accumulator. However,
at the end of the warming sub-period some warm amem@efrigerant) liquid

will be trapped behind the level-regulating valuwed anust be re-cooled to ice

building temperatur&gjpuid -
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After discussion with Rankit’, who confirmed that most if not all the liquid is
vented to the accumulator prior to harvestings i$sumed that the trapped liquid
occupies approximately 5 percent of the internduwe of the modulé® This

assumption is based on the investigation of Bailefwarf'? (his page 63).

This trapped liquid is denoted as, ., N €quation (26) above, and the

demand of re-cooling this liquid at the evaporador
AH draplE] — W wrap[E)(t2) (hrl (Tr[E]har ) - hrl (Tr[E]buiId )) (40)

Predicting the URD of Re-cooling the Mass of VapourVented to the

Accumulator at the Beginning of the Re-Cooling SuliRreriod

At the beginning of the re-cooling sub-period, W&m harvesting vapour that is
trapped in the evaporator is vented, through tlggidivapour path, to the
accumulator and must be re-cooled to accumulatop¢eature. This URD is also
the final term in @sincluded in the investigation of Lorentzen and B@thd is

the ‘loss’ of gas due to venting to the accumulaidris vapour is assumed to
occupy 95 percent of the internal volume of thepevator, due to the assumption
made above that the liquid trapped behind the legglulating control valve

occupies the remaining 5 perc®ntThe mass of vapour remaining inside the

plates, M, ez (from equation (27)) at the beginning of the relow sub-
period is predicted as follows:
09V,

mrv.trap[ E](t2) = m (4 1)
v r.har

The trapped gas is vented to the accumulator, la@efore the URD associated

with re-cooling this warm gas should strictly beseat the accumulator. However

% The sensitivity analysis that justifies this assumptierstiown in Appendix A10.2, where
varying the volume occupied by liquid at the beginning ofréheooling sub-period from 0-5 % of
the internal volume of the module results in a changetal percentage URD of total refrigeration
demand for the CGPS of 0,18 %.

40 Based on the sensitivity analysis of Appendix A10.2 meetidn the previous footnote.
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M, waiezy FEIUMNS to the accumulator via the liquid-vapouthpand therefore

mixes with the return liquid-vapour mixture fromretbther seven modules that are
building ice. In re-cooling this trapped gas, @lsliamount of the returning liquid
will boil before it enters the accumulator. Nonéé#iss, the re-cooling of the
trapped vapour takes place simultaneously with ddhe trapped liquid, so it is
convenient to consider them simultaneously. ThiDUftherefore assumed to be
seen where it originates i.e. at the evaporatanduhe re-cooling sub-period and

is predicted as:

AH rv.trap[ E] = _rnrv.trap[E](tz) (hrv (Tr.har ) - hrv (Tr[ACC] )) (42)
Unavoidable URDs at the Evaporator During the Re-Coling Sub-Period

The URDs seen by the evaporator during the re-acgaub-period are:

(i) The re-cooling of the evaporator plates and tmdatiand outlet manifolds:
AHrsg) = _AUS[E] = "My g G (Tr[E]buiId )l_Tsat(Pr[E]har)_Tsat(Pr[E]buiId )J (43)

As mentioned in Section 2.1.3, all URDs manifesintselves as commensurate
quantities of refrigerant vapour arriving at thec@mulator, and hence at the
compressor inlet to be compressed. Therefore, withéthe URD of re-cooling the
evaporator steel (as well as that of the pumpemdind accumulator described in
later sections) arises due to a change in intenaigy of the steel and not as a
result of an enthalpy change of refrigerant, ieventually re-cooled through a
portion of refrigerant boiling to vapour. Therefaat URDs not associated with
heat exchange across a control volume are denstéHaindicating an enthalpy

gain of flowing refrigerant.
(i) The re-cooling of the liquid trapped behind theelenegulating control valve:

AH faraplE] — VW trap[EN(t2) (hrl (Tr[E]har) - hrl (Tr[E]buiId )) (44)

(iif) The re-cooling of the vapour trapped inside thepevator modules at the

beginning of the re-cooling sub-period:

AH rv.trap[ E] = _mrv.trap[E](tz) (hrv (Tr[E]har ) - hrv (Tr[ACC] )) (45)



8.3. Control Volume Energy Balances to Predict the URDst the

Accumulator

The control volume below is relevant for the enfte building and harvesting
cycle denoted by the red dashed block in the tindrggram of Figure 3.1,

comprising the timet{ — &) for Module 2.

m (I VIE-ACC]

— > mrv[(:R]i
ran[E—ACC] +ran[E—ACC] Control Volume
________________________________ Boundar_________________ o ___
5 ACCUMULATOR DRUM i
n."'rl{c} I".nrl .confE-ACC— | I"n'v.ven{ PD-ACC] n."lrl .rfi[ACC-PD]

Figure 8.7 Control Volume: Accumulator Drum

The energy rate balance equation for Figure 8.@fgrol volume is the same as

equation (10) above.

Neglecting changes in kinetic and potential ensrgting that there is no shaft

work W,

cv’?

naming the individual mass flows, and justifialslgsuming that the

liquid refrigerant in the accumulator is saturated,
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dE,, /dt = ch =My mpace-poyth (Pr[ACC])+ M wie-acattaw (Tr[E]buiId,Xr[E]buiId)
+ mn{c}hrl (Pr[E]har!TrI{c})+ m, .conl[E—ACC]hrI (Pr[E]harvTrI[E—ACC])+
rhrv[E—ACC]hrv(Pr[E] ’Tr[E—ACC])+ mn[E—Acqhn (Pr[E] 7Tr[E—ACC])
+ rhrv.ven[PD—ACC] hrv (Pr[PD] ) - rhrv[CR]i hrv (Pr[ACC])

(46)

Where my, 4 acc-pp; 1S the flow rate of liquid that refills the fillnpumper drum,

Mo and m, e acq are the liquid condensed and expelled respectifrety

one module during the warming sub-period as definesection 8.2.1 above, and

Mycry 1S the mass flow to the inlet of the compressdre Temaining variables

are defined below.

Referring to the timing diagram of Figure 3.1, thass flowrm, . e_acq Of the

remaining liquid in the evaporator that is expellkedthe accumulator at the
beginning of the warming sub-period, and that aduthé harvesting gas in another
module venting to the accumulator at the beginmhthe re-cooling sub-period,

Mye-acq» dO not overlap (from Table 3.1 there is a 22.6osd time lapse

between the beginnings of these tyoHowever, if the time period evaluated is
that of the entire ice building and shedding cythen all the mass flows that
occur at the accumulator during this cycle canvaduated.

Integrating over the time intervaks(— t;) of a complete ice building and

harvesting cycle of one module, and justifiablyuasig the enthalpies of (i) the

liquid refrigerant leaving the accumulator, and ffiie liquid refrigerant expelled

from each evaporator at the beginning of its wagrsnb-period, to be constant

over the periods where these processes Jeaur thaQ,, is negligible,

1 With the venting occurring first.
2 Those enthalpy flows whose properties (pressure, temperauaty, etc.) are not constant
over the periods where they occur within a complete ice-building harvesting cycle are

represented by definite integrals over(t,).
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AE,, = =AMy, 4 acc-roj h, (Pr[ACC] )+ J [rhr(l VIE-ACC] hr(l V) (Tr[E]buiId, X\ [E]build )]-dt

ty

ts ts
+ |:J. r.nrl{c} hrI (Pr[ E]har ’Trl{c} ):l dt + |:J rhrl .conf E-ACC] hrI (Pr[E]har ’Trl [E-ACC] ) dt +

ty ty

T[mw[ E-ACC] hrv (Pr[E] ’Tr[E—ACC] )]-dt + ]S.[rhrl[E—ACC] hrl (Pr[E] ’Tr[E—ACC] )]-dt

ty ty

ts 5
+ |:J. r.nrv.ven[PD—ACC] hrv (Pr[PD] )} dt - J. [mrv[CR]i hrv (Pr[ACC] ) dt

ty ty

(47)
Where the term

{5 ts

I[mv[E—ACC] h, (Pr[E] ’Tr[E—ACC]) Latt +I[mI[E—ACC] h, (Pr[E] ’Tr[E—ACC]) it

ty ty

is comprised
of the following liquid and vapour mass flows frahe evaporator:

1.The vapour vented to the accumulator at the beggnoif the re-cooling
sub-period, when the evaporator de—pressuf?’ses.

2. The two-phase component of incoming refrigeraotnfthe evaporator due
to the initial charge from the [pumping] pumper miruthat enters
evaporator as soon as it has de-pressurised, asedah Section 8.2.2
above. Some of the liquid, though, evaporates-coming the evaporator

and its prior refrigerant content down to ice-buntyl temperature. The

ts
liquid component is denoted afs[rhr,[E_Athr, (Pr[E],Tr[E_ACC] )] (dt, where,

Yy

due to the initial temperature of the evaporatordaoi®, it cannot be

43 As mentioned above, in reality, the incoming vapour from ékaporator module after

harvesting will mix with the incoming two-phase mixture frora tther 7 modules that are at ice-
building temperature, effectively annulling its heating effatthe accumulator. In re-cooling this
trapped gas, a slight amount of the returning liquid willl lb&ifore it enters the accumulator

Nonetheless, the URD of re-cooling this vapour is assumkeed seen where it originates i.e. at the
evaporator during the re-cooling sub-period
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assumed that the enthalpy at the outlet due toititigl charge is at
saturated evaporating conditioffs.

And where the variable

ts
J [mv,ven[PD_ACC]h,V(R[PD] )] [git is comprised of the following vapour mass flows

t,
from the pumper drums:
1. The flash gas vapour from the pumping pumper ditugm is vented at the
end of its pumping period.
2. The vapour from the filling pumper drum that is teshto the accumulator

as it is filled with liquid from the accumulator.

5
And where the Variablq[mr(l,v)[E—ACC]hr(l,v) (Tr[E]buiId’Xr[E]o)]mt is the two-phase

t
mixture returning from the 7 evaporator moduled #ra building ice at any one
time.

RepresentingAE., in more detail as the sum(AE)., of the internal energy

changes inside the control volume,
Z (AE)cv =AU gpcq + AU ace AU acq (48)

Over a complete ice-building and harvesting cy8I@AE)., = 0. Therefore, to
include the changes in internal energy at the aatator, it is useful to consider
the period during which harvesting gas is venteminfrone module (at the
beginning of its re-cooling sub-period), and 22&cands later when the
neighbouring (next) module expels cold liquid rgérant (at the beginning of its
warming sub-period). This period is referred totlaes “transient period” and is
denoted by the pink rectangle in the timing diagramFigure 3.2 above,
extending from when Module 3 vents its harvesting b when Module 4 expels

its cold liquid refrigerant. Included in the “traest period” is the changeover

4 This incoming two-phase flow is minor and would also beiasfitly cooled to accumulator

temperature in the liquid-vapour path before it reaches theradator.
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period where pumper drum 1 vents its high presgaeto the accumulator and
pumper drum 2 initiates its pressurization. Le# theginning and end of this
transient period be denoted by timg® andt;. The internal energy of the

accumulator at the end of a transient period is:

U 7 =U s[ACC] (Thea[ ACC] ) + (rnrl [ACC] )(ﬂ) urI (Tr[ACC] ) + (rnrv[ ACC] )(t7) urv (Tr[ACC] ) (49)

WhereV[Acq = (mr|[Acc1 )(17) Vi (Tr[ACC] )+ (mrv[ACC] )(17) Viv (Tr[ACC])

(49b)
andViacq is the internal volume of the accumulat®keaiacq is the temperature

that the accumulator steel is heated to by thenmieg refrigerant vapour vented
from the [pumping] pumper drum at the end of itsmping proces&’

The initial internal energy of the accumulatorthe beginning of the transient
period, is:

Us =Ugqacqs) (Tr[ACC] ) + (mrl [ACC] )(IB) Uy (Tr[ACC] )"' (mrv[A(:(:] )(16) Uy (Tr[ACC]) (50)

where it is assumed that at the start of everysteam period, the accumulator’s
refrigerant liquid and vapour are saturated andequilibrium, and that the
accumulator’s steel is at the corresponding tenpesdl;jacq)s)-

Now, over the transient peripdE,, =U, -U, and hence:

U s[ACC] (Thea[ ACC] )_ U s[ACCl(t6 (Tr[ACC] )+ (rnrl [ACC] ) t7 url (Tr[ACC] )
(t6) (t7)
- (ml [ACC] )(16) uf| (Tr[ ACC] )+ (ran[ACC] )(17) urv (-I—T[ACC] )_ (mv[ ACC] )(16) urv (Tr[ACC] )

> That is, it is assumed that a “transient period” sertamets.
“® The assumption th&@l,eatacq is due to the vented gas from the [pumping] pumper dsum i
justified in Section 8.7.1 below.



&
= _Arnﬂ .rfi[ACC-PD] hrl (R[ ACC] ) + j [rnl’ (I,V)[E-ACC] hr (Iv) (Tr[ E]build, Xr[ E]build )]'dt

te

ty 7
+ |:j I".nrl{c} hrI (Pr[E]har ' Trl{c} )} dt + |:J n."'rl .conf E-ACC] hrl (Pr[E]har 'Trl [E-ACC] ) dt +
. te te . (5 l)
j[mV[E—ACC] hrv (Pr[E] 7Tr[E—ACC] )]-dt + j[ml[E—ACC] hrl (Pr[E] ’Tr[E—ACC] ) dt

t te

t, b
+ {'. M, ven(pp-acc My (Pr[PD] ):l dt - J [rhrv[CR]i h, (Pr[ACC] )]'dt
tg ts

8.3.1 URDs at the Accumulator during the Transient Period

The URDs specific to the “transient period” arettbfaire-cooling the steel of the
accumulator and the vented pressurising gas aften @umping period at the
[pumping] pumper drum. However, as described inti8ec7.2.3, both these
URDs areinherentin that they would have been generated had themfliow of
refrigerant required to pressurise the pumper dexpanded, in one step, all the
way from condensed liquid receiver pressure to mcdator pressure. These
URDs are nonetheless addressed here, becausetipgedieem using test data
from the CGPS allows for the same URDs to be pteditor the HGPS - where
they becomeavoidable URDsS. Re-cooling the vapour trapped inside the
evaporator modules at the beginning of the re-ongo$iub-period as well as re-
cooling the liquid refrigerant expelled to the ameudator at the beginning of the
warming sub-period are not specific to the “tranigoeriod (i.e. they occur
continuously throughout the ice making cycle) areladdressed in equations (45)

and (54) respectively.

During a complete ice building and shedding penbdne module (15 minutes),
each pumper drum is pressurised 3 times and thrergémts 3 times, as shown in

the pumping schedule of the timing diagram of FegBirl.

" Due to the extra mass flow rate of hot gas requirguiéssurize the pumper drum, as shown in
Figure 7.1 above.
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The maximum temperature rise of the accumulat@l $igajaccwas measured at
the ERPM plant (point T3 of Figure Al.1). The temgtare change over time was
recorded and is presented in Figure 8.8 below, evBbrtemperature peaks occur

over the recorded 30 minute time interval.

From Figure 8.8, the first three temperature peaksir approximately every 150-
170 seconds, corresponding to the 130 second pgngeniod and 20 second
changeover period (during which the [pumping] pungreim vents its gas to the
accumulator), defined in Table 3.1 above. The teatpee peaks from 500
seconds onward do not however correspond with phenping] pumper drum
venting periods; for unknown reasons. Therefordy dne first three peaks of
Figure 8.8 are regarded as accurately measuringhtuege in temperature at the
accumulator during the venting period of the [pumgpipumper drum. Following
the time period of these first three temperatui@kpewhich as mentioned above,
correspond with the venting period of the [pumpipgmper drum, the change in
temperature at the pumper drum is conservativedyraed to occur six times per
ice building and shedding cycle (15 minutes), conding with the three

venting periods of each pumper drum in the corredjmg time.

T3: Temperature at the Accumulator Drum
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Figure 8.8 Temperature at the accumulator drum forthe first test at the ERPM plant



114

Finally from Figure 8.8 above, the maximum measuegdperature change is

0,9 °C. Therefore for the two pumper drums of Unit % ittherentURD of re-

cooling the accumulator per ice building and shegdiycle is:

AH rgaca — MyacqCs (Tr[ACC] )(Thea[ acq Tr[ACC] ) x3%x2 (52)

where T, acq ~ Tracq 1S €qual to 0,8C for the CGPS.

8.3.2 URDs at the Accumulator during the Complete Ice Buding and
Shedding Cycle of One Module

UnavoidableURDs at the accumulator over the entire ice bagdaind shedding

period of one module includfe

1. Re-cooling the liquid condensed during the warmsuodp-period of the
module:
AH, o =—My 4 (hy (Pr[E]har’-FrI{c} )_ hy (Pr[ACC])) (53)
As mentioned above, for the purposes of this ingasbn the mean
temperature of the condensed liqulg,, is assumed to be saturation
temperature at harvesting pressgP;gnar)-

2. Re-cooling the liquid refrigerant expelled to thecamulator at the

beginning of the warming sub-period of the module:
AH fl.con{E-ACC] — _Amn .conf E-ACC] (hrl (Pr[E]har ’TrI[E—ACC]) - hrl (Pr[ACC])) (54)

Inherent URDs at the accumulator over the entire ice bogdand shedding

period of one module include
3. Re-cooling the gas vented from the pumping pumpemdEach pumper
drum has level control sensors near its top antbbboas shown in the

figure below.

8 As these URDs are for one module, over the entire iddibgiand shedding cycle of one
module (15 minutes) the accumulator sees eight times tizsWU&ed in 1. and 2. below.
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Level control sensg

0.8 xDypp; 1 Pumper Drum

0.1 XD[pD]

Figure 8.9 Diagram of the pumper drum showing levetontrol sensors

During the filling period, the drum is filled withquid refrigerant by the
accumulator to 0,8 Mppp;, and during the pumping period, pumps its
contents out until the liquid level sensor registerdepth of liquid at 0,1 x
Dipp). The remainder of the volume of the pumper drunfilisd with
pressurizing gas, which must be vented to the aatator at the end of its
pumping period. The volume occupied by this gaspisdicted in

Appendix A8, and thenherentURD of re-cooling this volume of gas is:

AH ven{(PD+)-AcC] — My venf(PD+)-ACC] (hrv (Pr[PD+] )_ hrv (Pr[ACC] )) x3x2 (55)

where the subscrigPD+] denotes pressurised [pumping] pumper drum

conditions}® the mass flow of gas is denotet, ,..«pp.-acq . aNd it is

conservatively assumed that the vapour is at datlireonditions at the
pumping pressurd h, (P;pps;)- From the timing diagram and pumping

schedule of Figure 3.1, this URD occurs 3 timesguenper drum over the
entire ice building and shedding cycle of one medul

4. Re-cooling the gas vented from the filling pumpeund. During the
filling period, vapour is continuously vented frahe filling pumper drum
to the accumulator. The minor difference in pressuvesults in the

inherentURD of re-cooling this vapour to accumulator tenapere:

49 Conversely, the subscrifeD-] denotes [filling] pumper drum conditions as shown ibelow.

0 Measured at the plant as 200 kPa above filling pumper dressyre.
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AH ven{(PD-)-Acq] — My venf(PD-)-ACC] (hrv (Pr[PD—] )_ hrv (Pr[ACC] )) x3x2 (56)

where the subscrigPD-] denotes [filling] pumper drum conditions, the
mass flow of gas is denotetl, ..(pp--acq - @Nd it is justifiably assumed
that the vapour is at saturated conditions atitegf pressureh,, (P, 5 )

This URD occurs 3 times per pumper drum over thgesite building and

shedding cycle of one module.

8.4. Control Volume Energy Balance to Predict the URDsat the

Filling Pumper Drum

m, [ACC-BD} —
Control Volume
Boundan

I"n'v.ven( PD-ACC]

FILLING PUMPER DRUM 1

Figure 8.10 Control Volume: Pumper Drum {1} When Flling

At the end of the pumping period, the gas at présstl pumping temperature and

pressure in the pumper drum is vented to the aclaioru This is represented in



the dark pink rectangle of the timing diagram ajufe 3.3, which spang( k), a
complete filling period of pumper drum 1. Assumihgt as the vapour is vented,
the control valve to refill the pumper drum witlgudid is open, then the energy
rate balance equation for Figure 8.10’s controuxmé during this transient period
is the same as equation (10) above.

Neglecting changes in kinetic and potential enesrgmting that there is no shaft

work W

cv!?

dEcv/dt = ch + rhrI .rfl[ACC-PD] hrI (Pr[ACC] )_ ri]’v.ven( PD-ACC] hrv (Pr[PD]) (57)

and naming the individual mass flows,

Integrating over the time intervak (- tg) of a complete filling period, justifiably

assuming the enthalpy, (P;[ACC]) to be constant over time, and tha, is

negligible,

ty
AE, =AM, 4pp) h, (Pr[ACC] )_ I [mrv.ven(PD—Acq h, (Pr[PD] ) dt (58)

tg

ty
Where the variablef [mrv_ven[PD_AthN(P,[PD])]dt is comprised of the following

ts
vapour mass flows from the pumper drum 1:

1. The pressurising gas that is vented by de-pressgret the end of its
pumping period ats. This mass flow of gas is denoted, ... pp+)-acq »
and at pumping pressure has an enthalply B 5., - )

2. Once de-pressurised, the vapour that is ventedet@tcumulator during

the filling period. This mass flow of gas is dembt®, .« pp-y-acq and at

filling pressure has an enthalpy of (Rpp; - )

RepresentingAE;, in more detail as the sum(AE)., of the internal energy

changes inside the control volume,

> (AE),, =AU gppy + AU 1pp; + AU o, (59)
Then the final internal energy of the module is:

Us =U geo-y00 Tpor )+ (Mygeoy )(19) Uy (T oo )+ (Mygposy )(tg) U (T o) (60)
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where Vipp, :(ran[PD—])(tg)Vrl (Tr[PD—])+(rnrv[PD])(tg)vrv(tg)(Tr[PD—]) and Vipp) is the

internal volume of the pumper drum. The initigkimal energy of the module is:

U8 = U [PD+] (Thea[ PD+] )+ (ran[PD+] )(18) urI (Tr[ PD+] )+ (rnrv[PD+] )(18) urv (-ITr[PD+] ) (61)

Theatpp+] IS the temperature that the pumper drum is heatday tthe incoming
refrigerant liquid and vapour (during pumping). Theeighted average

temperature of the contents of the pumper drunr dffte pumping process is

denoted byT, ., and

Now, AE,, =U, —U,. Once the pumper drum has re-cooled to fillinggerature

Tipp-, temperatures of the refrigerant in the pumper dama the pumper drum
itself do not change during the filling period.

From equation (58), the rightmost integral, whickludes the vented gas from
both the filing and the pumping pumper drum, cam $plit into its two
components. Once split, the integral representigse two masses transforms
into the last two terms of equation (62) below, vehihe corresponding enthalpies

hy(Piros) @ndh, (P, ) are justifiably assumed to be constant.

From equations (58), (60) and (61):

U ypo-j9) (Tr[PD—] ) ~Ugpp4 (Thea(PD] )"' (My1po-1) kg Un (Tegpo-p) = (Mygpoag ) ey U (-ITr[PD+])
+(Myipog) o) Un (Trppor-) = (Muygposg) gy Un (Trpposg) =AMy apace-ror i (Priacq)

=My, vengcpo+)-acet My (Pien+1) = My vengcpo-)-ace My (Pripo-)
(62)

8.4.1 URDs at the Filling Pumper Drum

The only URD at the pumper drum seen during thiendil process is the re-
cooling of the steel of the pumper drum, which igrmved during its pumping
period. The rest of the URDs are seen at the aclatonuand listed in Section
8.3.2 above. However, as described in Section8 @&l 8.3.1, for the CGPS, this
URD is inherentin that it would have been generated had the miloov of



refrigerant required to pressurise the pumper dewxpanded, in one step, all the
way from condensed liquid receiver pressure to medator pressure. This URD
is nonetheless addressed here as it can be pekbdgitey test data from the CGPS,
and allows for the same URD to be predicted for @&@PS - where it is an
avoidableURD"’. The temperature of the pumper drum wall wassmesl at the
ERPM plant (sensor T6 of Figure Al1.1) and is plbite Figure 8.11 below. From
the timing diagram of Figure 3.1, pumper drum lamdes 3 pumping periods
every 15 minutes, and from Figure 8.11 below, tteximum temperature rise

during pumping is 1°C above filling temperattfe.

The inherentURD of re-cooling the steel of the two pumper dsuduring the
filling period, and for a complete ice making cyolel5 minutes which comprises

three filling periods per pumper drum, is:

AH | ¢pp; = ~Mgpp;Cs (Tr[PD—] )(Thea{PD] _Tr[PD—]) x3x2 (63)

T6: Temperature at Pumper Drum 1
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Figure 8.11 Wall temperature of pumper drum 1 for hie second test at the ERPM plant

*1 Due to the extra mass flow rate of hot gas requivqutéssurize the pumper drum, as shown in

Figure 7.1 above.
%2 The plot of Figure 8.11 is repeated in Appendix A6 asiféi A6.11.
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8.4.2 URD of Re-Cooling the Upper Portion of Circulating Liquid at

the Pumping Pumper Drum

The finalinherentURD for the CGPS is that of re-cooling the uppertipa of
warmed liquid in the pumper drum. During the iceking period, cold flash gas
throttled down from the expansion valve feeding plaenper drum (as well as a
small portion of warm gas from the condensed liqedeiver to boost the
pressure in the pumper drum to circulate a sufficfeow of quuid53) is used to
pump the liquid ammonia through the evaporator. ifiberaction of pressurising
gas and colder liquid refrigerant in the pumpemumesults in a major URD for
any hot gas pumped system (HGPS), and is the first ‘loss’ URD in the
terminology of this investigation, included in pietthg the total ‘refrigeration

loss’ of the system by Lorentzen and B&Ylo

From Figure 8.9 above, and based on test datectadlédrom the ERPM plant, the
pumping pumper drum expels 95% of its volume ofiitigto the evaporator in a
time of 130 seconds. The upper portion of thisitige heated by the incoming
pressurising gas td crcpp-g) (based on temperature measurements at sensing
point T7 of Figure Al.1). This URD is not seen la pumper drum, rather it is
seen at the entrance to the evaporator. Howeweingéhat this URD arises at the
pumper drum, it is considered here rather thandati8n 8.2 above. Predicting
Tu.cirejpp-g) from test data as well as the mass of liquid hetdetlis temperature
My.circrp-g] 1S Performed in Appendix A8.2.3. ThreherentURD of re-cooling this

portion of liquid is:

AI:'rI cire[PD-E] — ~ M circ[PD-E] (hrl (Trl.circ[PD—E])_ hrl (Tr[PD—])) (64)

Where it is assumed that the enthalpy of the uppetion of circulated liquid is

initially at [filling] pumper drum temperature.

3 This is necessary if the rate at which cold flash gasemg¢ed at the expansion valve is
insufficient (which can occur if condensing temperatulie fagnificantly below design value).
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8.5. Total PRD and URD for the Cold Gas Pumped Arrangerant
Per Module

8.5.1. Total PRD Per Module for all Pumping Arrangements

The total PRD per module is identical for all punmgpiarrangements, and from

equations (18) and (20), is:

zQPRD = QPRD[E] + QPRD{ PRC] (65)

8.5.2. Total URD Per Module for the Cold Gas Pumped Pumpig

Arrangement

All the URDs for the CGPS are eithenavoidableand/orinherent.Summing the
unavoidableURDs, the total URDOper module from equations (19), (40§42),
(43), (53), (54), and (56) is:

2AH yroreerg = Qurorer +AH g + BH i vaprey + AH  raprey

+AH (66)

rl{c} + AH rl.conf E-ACC]

8.6. Predicting the Average Recirculation Ratio and Corpressor
Work Input for the Operating Cold Gas Pumped SystemPer
Module

8.6.1 Predicting the Average Recirculation Ratio for the Operating
CGPS

From the control volume energy balance at the enaprs during ice building
(Section 8.1 above), the enthalpy at the outlethef evaporator is based on the

average recirculation ratioX,.,, , which is the inverse of the quality of

refrigerant. From equation (17) above:



(mn e ~ My )Un (Tr[E]buiId )"' (rnrv[E](tz) ~ My )urv (Tr[E]buiId )

4T
- ml b (_CWTW{E]i - th + Cl M)
= ‘Arnrl tro-g1 M (Tr[ E] ) =AM sie-acaMaw (Tr[ &1 % (10 Xbu”d an

The first four terms of equation (17) above congtise change in internal energy
of the refrigerant. As mentioned in Section 8.2bb\&e and based on the analysis
presented in Appendix A2, it is conservatively ased that each plate is filled by

30% of its inner volume with liquid ammonfaat the end of ice-building and at

the beginning of the warming sub-period. If it isther assumed that the mass of
liquid occupying the module at the beginning of tice building period is

negligible, then equation (17) simplifies to:

(mn [E](t2) )Un (Tr[E]buiId ) + (mrv[ et ~ Myvienw )urv (Tr[E]buiId )

(rr[ Elbuild T T,)
— 5 )

= ‘Aran[PD—E] hrI (Tr[E] )_ Arnr(I WV)[E-ACC] hr(l V) (Tr[E], )_<r[E]o lbuild (67)

=M,y (=C, Ty —hy €

Substituting into equation (67) the masses of idneid and vapour in the module

at the end of the ice-building period, equation) (@comes:

Sma{E]chl L[E] (0’3:0n (Tr[E]buiId )url (Tr[E]buiId )+ @-07)p, (Tr[E]buiId )urv (Tr[E]buiId »

(Tr ui + T .0)
=My, (=Cu Ty ~ Ny + 6, %

= ‘Arnrl[PD—E] hrI (Tr[E] )_ Arnr(I V)[E-ACC] hr(l V) (Tr[E], xr[E]o Xbuild (68)

The changes in internal energy, represented byntsses of liquid and vapour in
the module at the end of ice building, are accalifdein equation (68). The mass

flow rate at the inlet to the evaporator, ., ¢, remains constant throughout the

ice building period, and therefore the differencetwieen the inlet and outlet

(M yie-acq ) Mass flow rates is the rate of change of masdiseirevaporator. This

mass flow rate is predicted from a mass rate balamcAppendix A10.3 to be

** With the remaining volume occupied by refrigerant vapoireabuilding temperature.
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negligible compared to the inlet mass flow rat®ased on this assumption, and
since the evaporating temperature is assumed taimeconstant throughout the
ice building periodf, the mass flow of refrigerant at the inlet andletuof the

evaporator are assumed to be identical, and coesdgu

AMy o) =AMy ie-acq - EQuation (68) thus simplifies to

3ma{E]chI I‘[E] (07310“ (Tr[E]buiId )url (Tr[E]buiId )+ 073prv (Tr[E]buiId )urv (Tr[E]buiId »

Teiepuia T Tio X
([Lgl)) =AM, oo (hn (Tr[E] )- N (Tr[EL Xiteo )Xbuild
(69)

The thickness of ice sheet delivered, from measentsnat the ERPM plant, is

=m, , (=C, Ty —hy +€

sf

approximately 5 mm (from Table A6.3 of Appendix A@he thickness of ice
built however includes a layer of ice that is swjpsntly melted during the
warming sub-period. Both the thickness of the bigit layer and the melted ice
layer are predicted from the heat transfer modelsngd ice building and
harvesting presented in Section 9. befévn average built ice layer thickness of
6 mm is input into equation (8) above to obtainrieess of ice built during the ice
building periodm, Thus the only unknowns in equation (69) above aee t
enthalpy of the two-phase mixture at the outlethef evaporator, which is based
on the average recirculation ratio, and the madgjoid pumped to and through

the evaporator. By varying the average recircutatatio X, ,, in equation (69)

above between realistic limits, the mass flow wtiquid refrigerant through the

evaporators can therefore be predicted.

Based on Figure 8.9 and the analysis performedppeAdix A8, the mass flow
rate of liquid pumped through to seven modulesh(wite module harvesting) can
also be predicted from the change in liquid volwhéhe [pumping] pumper drum
over the pumping period. This predicted mass flete,rand subsequently, the

mass pumped to and through the evaporators ducegbuilding, is 0,30 %

%5 Appendix A10.3 predicts that the rate of change of mastained within the control volume is
5,90% of the predicted mass flow rate at the inléhefevaporator.
%% j.e. After the re-cooling sub-period the evaporator rettorise building temperature.

" From Table 9.2, the built ice sheet thickness varies G@# — 6,67 mm based on theactical
convective boiling heat transfer coefficients. From TabletBe8melted ice sheet thickness varies
from 0,786 — 1,149 mm based on firactical convective condensing heat transfer coefficients.
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smaller thanAm, ., ¢, predicted from equation (69) above- based on anage

recirculation ratioX ¢, of approximately 5. Therefore, as there is su#fitiy

accurate agreement between the two methods ofqpireglithe mass flow rate
through the evaporator for the cold gas pumpedngement, the average
recirculation ratio is predicted as 5. Hereafteor &implicity, the average

recirculation ratio will be denoted as.

8.6.2 Predicting the Average Electrical and Mechanical Cmpressor
Work Input for the Operating CGPS

Based on test data obtained from the ERPM planframad Appendix A6 (Section
A6.1), the electrical and mechanical work inpubittte compressor per module

can be predicted:

Wcricorgees = 18000 kW/module (70)

Assuming a compressor motor efficiengy of 96%, the mechanical power input

of the compressor for the CGPS is:

Wicriicopgmeeh = Wicriicargeied?m = 17280 kW/module (70b)

8.7.Total URD for the Hot Gas Pumped Arrangement Per
Module

The more conventional hot gas pumped system useass flow of warm gas
from the condensed liquid receiver (at receiver gerature and pressure) to
pressurise the pumper drum and circulate the exfig through the evaporator.
Therefore, although it has the same type of URDb@sold gas pumped system,
the URDs occuring at the pumper drum and accumufatahe hot gas pumped

system (HGPS) are larger due to the higher temyeraff the pressurising gas in
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the [pumping] pumper druth Based on the simplified control-volume
thermodynamic analysis described in Section 7.2t&se URDs are also
avoidable as they arise due to the introduction of extra mass flow of
pressurising gas into the pumper drum. The hanggtiocess is identical for all
arrangements, and so theavoidableURDs associated with the warming and re-
cooling sub-period at the evaporators remain tmeesa heavoidableURDs are

therefore addressed where they occur.
8.7.1 URDs at the Accumulator for the HGPS

As mentioned in Section 8.3.1 above, the URD spetdfthe “transient period” is
that of re-cooling the steel of the accumulatoeraiach venting period at the
pumping pumper drum. For the HGPS, this is amwoidable URD. During a
complete ice building and shedding cycle of one m®d15 minutes), each
pumper drum is pressurised 3 times and therefanés\@ times, as shown in the
pumping schedule of Figure 3.1. On the basis ofptieglictedinherentURDs at
the accumulator for the CGPS, the correspon@wvigidableones of the HGPS,
and hence the temperature rise at the accumulatahis arrangement, can be
predicted. It is recalled from Section 8.3.2 thet URDs seen at the accumulator
for the CGPS over the entire ice building and shegidycle of one module

comprise of:

AH rv.ven{(PD+)-ACC] + AH rv.ven{(PD-)-ACC]

ZAHURD[ACC]{CGPS} =AH r{c} +AH rl.con{ E-ACC] + 8

(71)
As the comparison is performed per module, the UBDe-cooling the vented
gas from the pumper drum during venting and filli@guations (55) and (56)
respectively) are divided by eight (modules). Refg to Figure 1.2, since the
pumping pumper drum is filled with gas through gimessure reducing valve from

the condensed liquid receiver, the venting gashlht a higher temperature than

8 Assuming that the dimensions of the pumper drums, accumuaatbevaporator remain the
same and that the only difference in operating pressuretigsto the higher pressure of

pressurising gas which now comes from the condensed liquideece
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that of the CGPS. Assuming that the level contmisers at the pumper drum
regulate the mass of liquid pumped in the same eraand within the same time
as the CGPS:

AH rv.ven{(PD+)-ACCI{HGPS — _rnrv.ven[(PD+)—ACC]{HGPS} (hrv (Pr[ REC] )_ hrv (Pr[ACC] )) x3x2

(72)
where the subscrigREC] denotes conditions at the condensed liquid receive

This URD occurs 3 times per pumper drum over theresnce building and

shedding cycle of one module.

From the control volume at the accumulator drunfrigiure 8.7, all the values of
mass in-flows and out-flows are identical for th@ S and HGPS except for that
from the [pumping] pumper drum that is vented te #tcumulator at the end of
its pumping period. From the plotted temperaturesha accumulator for the
CGPS of Figure 8.8, temperature peaks were obs¢ovedcur six times over the
measured period of 1800 seconds. Although as madiin Section 8.3.1, the
temperature gauge at this position was deemedunaie; the gauge was regarded

as accurately predicting tlthangein temperature at the accumulator.

From the timing diagram of Figure 3.1, the stagdesperation of all 8 modules

of Unit 5 allows for maximum smoothing of load dretcompressor, as well as
evening out re-cooling loads at the accumulatortl@f four URDs seen at the

accumulator during the entire ice building period,
AH r{c} ’AH rl .con{ E-ACC] ’AH rv.ven{(PD+)-ACCH{HGPS ’AH rv.ven{(PD-)-ACC] ! AH r{c} and

AH | conge-acq OCCUr 8 times per ice making cycle of 900 secomads, so cannot

be responsible for the three peaks in temperatoserved during this period at

the accumulatg?. AH po-)-acq IS justifiably assumed to occur continuously

rv.ven{(
throughout the ice making cyéfe and so onlyAH | .«posy-acqierg . Which

from Figure 3.1 occurs 6 times per ice making cyateuld possibly be

*¥ From Figure 8.8.

% As filling takes place steadily whilst the other drum isnping..



responsible for the changes in temperature atabenaulatof. Thus per module,

the change in temperature at the accumulator fore tHGPS,

Theatacciiners ~ Tiiacq » IS assumed to be predicted by the ratio of th©&Bf re-

cooling this vented pressurising gas for the HGR& @GPS, multiplied by the

change in temperature measured for the cold gasp@dmarrangement,

Thea[ ACC] _Tr[ACC] :

H rvi/en[( PD+)-ACCH{HGPS (73)

[Thea[ACC]{HGPs} _Tr[ACC]] = [Thea[ACC] _Tr[ACC]] =

AH rv.ven{(PD+)-ACC]

Finally, the URD of re-cooling the accumulator ftme hot gas pumped

arrangement is:
AH r. S ACC{HGPS — ~Mg acqiCs (Tr[ACC] )(Thea{ ACCH{HGPY — Tr[ACC]) x3x2 (74)

8.7.2 URDs at the Filling Pumper Drum for the HGPS

As mentioned in Section 8.4.1 above, the only URDha pumper drum seen
during the filling process is the re-cooling of #teel of this drum at the end of its
pumping period? It is assumed that the URD of re-cooling the residiquid that
is left in the pumper drum at the end of its purgpprocess is included in the
URD of re-cooling the vented pressurising gas &abcumulator (equation (72)),
as well as that of re-cooling the steel of the pengyum.

The URD of re-cooling the steel of the pumper dduming the filling period is:

AH | gpoyrerg = ~MgppiCs (Tr[PD—] )(rhea[PD]{HGPS ~Tppy) X3%2 (75)

61 Although as mentioned in Section 8.3.1, the time pebigisveen temperature peaks for the last
three peaks do not match up with the periods of the ventinggudnum. Thus only the first three
peaks of Figure 8.8 are regarded as accurately measiimnghange in temperature at the
accumulator during the venting period of the [pumping] pumper drum

%2 From the timing diagram of Figure 3.1, this occurs snes per ice building and shedding cycle

of one module (15 minutes).
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The pumping period for the HGPS is assumed to éstical to that of the CGPS,
except that now gas at pressurized liquid receeperature is introduced into
the [pumping] pumper drum. It is therefore assuntbdt the maximum

temperature difference reached by the pumper dmi}ppynerg ~ Tipo-y IS

predicted by the ratio of pressurising inlet gasperatures for the HGPS and the
CGPS multiplied by the temperature difference messiat pumper drum 1
(Figure 8.11 above) for the cold gas operating tplanrAs the change in
temperature is a measure of the energy gained éyuimper drum by sensible
heat, it is justifiably assumed to be proportiotathis ratio of pressurising gas

temperatures.

Tr
_ [PD+K HGPS |63
Thea{PD]{ HGPS _Tr[PD—] = (rhea{PD] _Tr[PD—])|:—T (76)

r[PD+]

8.7.3 URD of Re-Cooling the Upper Portion of Circulating Liquid at
the Pumping Pumper Drum for the HGPS

From Figure 8.9 above, and based on test datectadlédrom the ERPM plant, the
pumping pumper drum expels 95% of its volume ofiitigto the evaporator in a
time of 130 seconds. The upper portion of thisitige heated by the incoming
gas toTy cirerp-EHGPs; Which is predicted based on test data for the Eiting

temperature of the cold gas pumped arrangeni@giqro-;. Predicting the

increased temperature for the HGPS as well as tes rof liquid heated to this
temperaturen, circjpp-efHepsy 1S performed in Appendix A8.2.4. The final URD of

re-cooling this circulated liquid is:

AH 1l circ[PD-E{ HGPS — rnrI .circ[PD-E{ HGPS (hrl (Pr[PD—] ’Trl .circ[PD-E HGPS )_ hrl (Pr[PD—] ))
(77)

&3 Tirp+ iS saturated temperature at 200 kPa above filling puntpen gressure for the CGPS,

and T ppyHops\}iS Saturated temperature at condensed liquid receressure.



8.7.4 Total URD for the HGPS

Summing the URDs for the HGPS, and assuming teatUtRDs of re-cooling the
steel of the accumulator and pumper drums, plugaalvented from both drums
to the accumulator, are shared equally amongseitite modules, the total URD
per modulefrom equations (19), (4042), (43), (53), (54), (56), (72), (74), (75),
and (77) is:

AH,
_ S ACC{ HGPS
2AH URD{HGPS — QURD[ E] +AH r.s[E] +AH 1l trap[E] +AH

rv.trap[ E] 8
+AH +AH + AH rv.ven{(PD+)-ACC|{ HGPS 78
ri{c} rl.con{ E-ACC] 3 (78)
+ AH rv.ven{(PD-)-ACC] | AH rs[PDKHGPS AH
8 8 rl .circ[ PD-E}{ HGPS

8.8. Total URD for the Mechanically Pumped ArrangementPer
Module

For the mechanically pumped arrangement, the URIXs td pressurizing gas
circulating the liquid in the pumper drum to theapurators for the gas pumped
arrangements are essentially replaced byawwidable URD of increasing the

pressure of the same amount of liquid refrigeranbss the mechanical pump. As
there is no pressurizing gas vented to the accuorular this arrangement, it is
assumed that the accumulator temperature remaimstacd throughout the ice
building and shedding cycle. Therefore there is WRD of re-cooling the

accumulator for this mechanically pumped system$MP
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8.8.1 URD of Re-Cooling the Circulated Liquid at the Mechanical

Pump
EVAPORATORS
ACCUMULATOR
A
A
—
—=
45m —=
. . 3m
My p_g My acc-p)
MECHANICAL i
! PUMP AND ! v
v M '
. PIPING
Prplo=Prppy | | VN Prei = Pracc)
! Tiri = Tracq

Figure 8.12 Control Volume: Mechanical Pump and Pipg

It is normal practice that the mechanical pump lsced directly below the
accumulator, and that the pressure rise requiradr¢alate the liquid refrigerant
through the evaporator is the same as the pregsusase recorded at the pumper
drum of the ERPM plant.

As one mechanical pump would be used to circutadiguid refrigerant through
the 7 ice-building modules of Unit 5, it is inappriate for sizing purposes to
assume that each module possesses its own puniferRatvill be assumed that
one pump circulates the required amount of liquidlt the ice building modules,
and the final URD due to the mechanical pump wél dplit evenly amongst

theses 7 modules. All variables of friction ancetrdnd outlet pipe diameters and
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lengths are based on the current configuratiomefoperating plant (summarised
in Table A9.1 of Appendix A9).

The energy rate balance equation for Figure 8.d@@rgrol volume is the same as
equation (10).

Assuming the control volume of Figure 8.12 is &asly state and ignoring heat
transfer between the control volume and the sudimgs, naming the individual

mass flows, and justifiably assuming that the ligrefrigerant at the inlet to the

pump is saturated, equation (10) simplifies to:

o V2 . A
W, =My accr (N (Pr[ACC] )"'7 +9z) - My p_g (hy (Pr[PD+] ’Tr[P]0)+ 3 +97,)

(79)
where naturallym, ,cc p; = M p_g; -

To obtain the mechanical work input of the pump.eaergy balance analysis is

performed in Appendix A9. The final mechanical warkgut from the pump is:

W — IOrI (Pr[PD+] )gvrI[P—E] H '[P]
[PK MPSt mech
10007,

(80)

The work input from the pump increases the enthafhe liquid refrigerant as it
increases its pressure. The URD of re-cooling thenved liquid refrigerant per
module at the evaporator, over a complete ice imglderiod of {; — t;), is simply
the integral of the mechanical work input over tiise divided by 7 ice building
modules.

t 7 [
. P (Pr[PD+] )erI[P—E]H (P]
DH o1 = = (W v et = t, -t,) (81)
1(P] ;l; [Pl MPS} mect 10007, (7) 27l




8.8.2 Total URD for the MPS

From equations (19), (4042), (43), (53), (54) and (81) the URDs for the MPS

per moduleare:

2AH jrpmpy = Qurore; T AH, gg) ¥ AH ) yapey T AH  apey +AH

rl{c} (82)
+AH rl.con{ E-ACC] +AH r[P]

8.9. Total URD for a Fully Mechanically Pumped Arrangement
Per Module

A theoretical model for a completely mechanicallyrped system, based on a
proposal by Bailey-McEwall® is developed. The system, utilising two pumps —
a pump to circulate the refrigerant through the pevators and one to
discharge/recharge the evaporators with liquid feeémd after harvesting — would
eliminate the URD associated with harvesting gasehlixg cold ammonia liquid

to the accumulator at the beginning of the warngiag-period,AH | ., e-acq - It

would also eliminate the URD due to the warm ammadrefrigerant) liquid that
is trapped behind the level-regulating valve atehd of the warming sub-period,

AH The following is a description of this fully meatically pumped

rl trap[E] *

system, denoted FMPS.

The mechanical pump required to circulate the gefant through the evaporators
for this arrangement is shown in Figure 8.12 abave is identical to that of the
mechanically pumped arrangement. Figure 8.13 belmws the added pump and
discharge/recharge vessels of the FMPS, which &ddition to the pump of the
MPS.

Once the ice building period is completed, a cdleo valve below the
evaporators opens, allowing the liquid refrigerdoa@rein to flow via gravity to a
‘discharge’ vessel situated below the evaporatodutea The contents of the

discharge vessel are then pumped using a ‘rechpugep (the discharge vessel is



constantly vented to the accumulator) to a ‘reckaxgssel situated above the

evaporator.

Referring to Figure 8.13 below, a float valve oe tlischarge’ vessel controls
operation of the ‘recharge’ pump. During the icélding period”, the recharge
pump shuts down, and only restarts once harvestiogmmences. Alternatively,
the cost of the pump can be reduced by allowing dperate continuously to fill
the recharge vessel by 100% of its volume in 13uteist° This would reduce the
volumetric flow rate required and thus the sizetted pump, as well as reduce

general wear, as the pump would operate continyoagier than cyclically.

Gas vent line

to accumulator,
— >

Recharge Vessel
100% Volume of
evaporator

A
& Controlled valves
raa Y

Evaporator Module

Accumulator

A 4

A 4

to accumulator

% """""""""""""""""""" Gas vent line Eﬂ

Discharge Vessel
40% Volume of
evaporator |

Recharge <N Make-up liquid
Pump refrigerant line

Figure 8.13 Recharge/discharge vessels and pump fitve fully mechanically pumped
arrangement

64 And whilst refrigerant is circulated through the evaporabyrshe large mechanical pump as

shown in Figure 8.12 above.
% A full ice building cycle of one module lasts for 13.5 masut
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At the end of the warming sub-period, once the ratled valve above the

evaporator vents the uncondensed harvestingrgas, ¢, to the accumulator,

another controlled valve at the bottom of the regbharessel opens to recharge the
evaporator with liquid within 25 seconds. Level tohvalves at the discharge
vessel refill it with liquid from the accumulatof the liquid level is too low.
Appendix A4 outlines the analysis to determinertrexhanical power required by

the recharge pump, as well as the basic desigmeofdssels and piping.

The final mechanical work input for the rechargenpus:

W _ Py (Pr[ACC] )erI[DV—RV] H ey rwps
[P}{ FMPS}mech —
10007,

(83)

The work input from the pump increases the enthafhe liquid refrigerant as it
increases its pressure. The URD of re-cooling thenved liquid refrigerant per
module at the evaporator, over a complete rechamge of 13 minutes, denoted

(t2 — t), is simply the integral of the mechanical workuh over this time.

f e (Pr )gvr rvH’
AH ipyrvpy = _J.VV[P]{ FMPS}mechdt =~ 1 1038\; RV [PHEMPS (t,-t) (84)
[P]

4

8.9.1 Total URD for the FMPS

From equations (19), (43), (53), (54), (81) and) (8% URDs for the MPS per

modueare:

ZAH URD{FMPS} = QURD[ E] + AH r.s[E] + AH rI{c} + AH rv.trap[ E] + AH rl[P] + AH I[P FMPS}

(85)
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8.10. Comparison of Results for the Four Arrangements

Graphs, based on the models described above, comgghe different pumping
arrangements at various performance quantities gpetating parameters are
presented in this section. As discussed in theyaisapresented above, the PRDs
andunavoidableURDs for all arrangements are identical. Theretbeavoidable
URDs - those specific to each arrangement - arethemeans of comparing the
energy efficiency of the different systems. By vagyperformance quantities for
all four arrangements, such as the average reatronlratio, as well as operating
parameters such as the evaporating temperaturegldtese energy efficiency of
each arrangement can be predicted. By comparingebelts of the analysis
presented above, the most energy efficient and eyethe most cost effective

batch-type ice making pumping arrangement can éeigied.
8.10.1Results for Different Average Recirculation Ratios

The first performance quantity to be compared & dlierage recirculation ratio.
This quantity affects anyvoidable URDS® of circulating the liquid to and
through the evaporators, as cold liquid refrigeianinavoidably warmed by the
pumping mechanisms for all arrangements. Furthera aesult of the pressure
required at the pumper drum to circulate the ligtedthe evaporators, the
avoidableURDs of re-cooling the refrigerant at, and thesktd, the accumulator
and pumper drums for the HGPS, are directly rel&tetthe mass flow rate at the
evaporator, which in turn is dependent on the @eeracirculation ratio. Graphs
comparing the four arrangements at different averagirculation ratiosy, are

plotted, and the results are discussed below.

The first graph of Figure 8.14 compares the peegtJRD of total refrigeration
demand per module over one ice building and shegddycle of 15 minutes. A
magnified scale is shown below in Figure 8.15 tgkasize the slight differences

in percentage URD for the different pumping arrangets.

% Specifically, those of the HGPS, MPS and FMPS. Thezama avoidable URDs associated with
the CGPS as they are all inherent..
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Percentage URD of Total Refrigeration Demand per

100 Module vs. Average Recirculation Ratio
95 -
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Figure 8.14 Percentage URD of total refrigeration dmand per module versus average

recirculation ratio for one ice building and sheddng cycle of 15 minutes
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Figure 8.15 Magnified scale of Figure 8.14 above



From Figure 8.14 above, the changes in percent&je fdr all arrangements as
the average recirculation ratio increases are ¢edisble. The magnified portion
of the graph as shown in Figure 8.15 reveals thiat iatio has a more marked
effect on total URD for the HGPS than for the metbaly pumped
arrangements. Although the URD due to the work iripam the pumps warming
the circulating refrigerant is only present in theechanically pumped
arrangements, it is relatively small when compacethe interaction between the
warm pressurising gas and the cold circulated digeifrigerant for the hot gas
pumped arrangement. The URD due to this interadhioreases as the average
recirculation ratio and mass flow rate increaseswiprisingly, as the CGPS
eliminates allavoidable URDs associated with circulating refrigerant to the

evaporators, its overall URD is independent ofaherage recirculation ratio.

Although the percentage URD of total refrigeratdemand per module for each
arrangement does not differ significantly from titker (the maximum difference
between two arrangements is less than 3 %), simedotal refrigeration demand
of the system is large, small percentage differenaee significant when

comparing the overall efficiency and cost effeatiees of the different pumping

arrangements.

Figure 8.16 below illustrates the increase in tatafrigeration demand at
increasing average recirculation ratios. It is etee that this graph should follow
the same pattern as Figure 8.15 above, howevevdais that the small changes
in percentage URD of total demand per module fragufeé 8.15 above result in

substantial increases in refrigeration demand,aaibefor the HGPS.
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Total Refrigeration Demand per Module vs. Average
Recirculation Ratio
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Figure 8.16 Total refrigeration demand per module pr 15 minute ice building and shedding
cycle versus average recirculation ratio

As in Figure 8.14 above, the total refrigeratiormd&d for the mechanically
pumped arrangements are less affected by the B&neaaverage recirculation
ratio than the hot gas pumped arrangement. As Yieeage recirculation ratio
increases, more liquid must be pumped to and thrahg evaporators. As a
result, a greater volume of liquid comes in conveithh the warm pressurising gas,
which must be re-cooled. This is because, as tkeage recirculation increases,
the volume of the pumper drums must commensuraiehgasé’ to maintain the
pumping rate as defined in Table 3.1, which resalts larger URD of re-cooling
the warmed steel walls of pumper drum. The incréasdume at the pumper
drum in turn results in more pressurising gas ventto the accumulator,
increasing the URD of re-cooling the walls of tlee@mulator.

®" This increase in volume is achieved by increasing thetHenfj the pumper drum whilst
maintaining its cross-sectional area. Appendix A8 Section.A8l2scribes mathematically how
the varying average recirculation ratios affect the volofrthe pumper drums.



Therefore, the greater rate of increase in tofaigeration demand for the HGPS
is due to theavoidable URDs related to the increased volume of warm
pressurising gas admitted at the [pumping] pumpaermd as the average
recirculation ratio increases. The mechanically pedh arrangements are
therefore more energy efficient at all probablerage recirculation ratios when
compared to the HGPS. By eliminating alloidableURDs due to pumping, the
CGPS is slightly more energy efficient than the MIP®wever the FMPS, by
eliminating the URDs associated with harvesting gapelling cold ammonia
liquid to the accumulator at the beginning of thearming sub-period,

AH | onge-acq » @S Well as that due to the warm ammonia (refaiggriquid that is

trapped behind the level-regulating valve at thd ehthe warming sub-period,

AH is the most energy efficient pumping arrangement.

rl .trap[E] ?

Figure 8.17 below is based on equations (4), (5 &) and is the final
comparison between the pumping arrangements aingagwerage recirculation
ratios. This graph confirms that the HGPS is thesteenergy efficient of the
pumping arrangements. The CGPS is more energyezftithan the MPS, whilst
the FMPS is the most energy efficient of the foumping arrangements at all

practical average recirculation rafiis

%8 Although the COP for the CGPS is larger than the FMP&verage recirculation ratios larger
than 9 as shown in Figure 8.17, this is an impractically hagjo and would not be encountered in

a working overfeed batch-type ice making plant. This phemmwn is explained in detail below.
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COP per Module vs. Average Recirculation Ratio
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Figure 8.17 COP per module versus average recircutian ratio over a complete 15 minute
ice building and shedding cycle

As mentioned above, as the average recirculatitosrancrease, URDs associated
with pressurising the pumper drum and circulating tiquid refrigerant to the
evaporator for the hot gas pumped arrangementasese From equations (4), (5)
and (6), the numerataQ., is identical for all pumping arrangements, and the

mechanical work input of the compressor in the denator is dependent on the
total refrigeration demand for each system. Asigufe 8.14 above, the COP of
the hot gas pumped arrangements is more noticedfdgted by the increase in
average recirculation ratio and mass flow rate ttiasse of the mechanically

pumped arrangements.

Although the COP of the CGPS approaches that oFMES, this only occurs at
impractically high average recirculation ratios%). The reason why this ratio is
considered impractically high, and why it does sighify that the CGPS is more

efficient than the FMPS, is now described.
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It is recalled from equation (4) that the COP fue CGPS is

2Q
COF{)CGPS = e

[CRI{ CGPS§ mech

which only includes, in the denominator, the enengyt into the system from the
compressor. Equation (63) which predicts the COP for the mechanically
pumped arrangements, includes the energy input ih& system from the

compressor and the mechanical pump.

—_ Z(?PRD

CORves =5y +3W
[CRK MPS} mech [PK MPS} mech

Here, the energy input from the compressor folMRS is

2AH

— {MPS}
zVV[CR]{ MPS}mech — zVV[CR]{ CGPS mech SAH (6b)
{CGPS

In equation (6b), the energy input from the comgoess assumed to be smaller
than that for the cold gas pumped system by the ditthe total refrigeration

demand<AH of the two arrangements.

From the COP equations above, although the totaD,U&hd consequently the
compressor energy input, for the CGPS may be latger that of the FMPS (as
shown in Figure 8.16 above), the gas pumped COPB dokinclude a term in the
denominator resulting from the additional work ihpequired for the mechanical
pump. From Figure 8.16, the small difference inakatefrigeration demands
between the CGPS and the FMPS results in the oattguation (6b) being close

to one, even at high average recirculation ra#aghese high ratios (> 9,5), the

% As mentioned above in Section 7.2, the assumption that ceseprésentropic efficiency
changes negligibly for small changes in slide valve positiod, that for small changes in URDs
the condenser pressure remains constant, allows for tRef@Q@ll arrangements to be predicted

from the electrical work input measured at the opega@GPS plant.



sum of the energy inputs from the compressor andharecal pump for the
FMPS is slightly larger than the energy input fréme compressor alone for the
CGPS. lt is recalled from Section 7.2.4 above #idtough thepumpingwork
required to circulate refrigerant through the evapwrs is the same (for identical
recirculation ratio), the CGPS does not requireeedl work input for this
pumping work — it comes internally from the lastg# of expansion to
evaporating pressure. As the average recirculatiio increases, more energy
input is required from the mechanical pump to haritde higher refrigerant mass
flow rate through the evaporators. It is this plraeoon that results in the slightly
larger COP for the CGPS at high average reciranatatios. This is intuitive, as
the URDs for the CGPS remain constant as averageutation ratio increases,
whilst those of the mechanically pumped arrangemesiowly increase.
Eventually, at high average recirculation ratibg, increasing work input from the
mechanical pump for the FMPS nullifies any advaatagined by eliminating
those URDs during the harvesting process desciib&ection 8.9. Therefore, the
assumption of equation (6b), that the ratio of lt@teamands can predict the
compressor energy input for all pumping arrangemappears to be valelenat

higher average recirculation ratios.

Furthermore, as mentioned in Section 2.2, Lorengreh Bagl® predict that an

efficient cold gas pumped arrangement would litmé total URD to match that of
the mechanically pumped arrangement, resultingse total refrigeration demand
and a larger COP - due to the absence of the meethgoower required by the
pump. From the predictions of this investigatioerdiore, as shown in Figure
8.14 above, the total URD for the CGPSwayssmaller than the MPS. This is

therefore in agreement with the suggestion of Le@mand Bag|®

Finally, although Lorentzen and Bafflsuggest that the “pumping rate should be
made as high as possitfPé”for an efficient CGPS, the actual rate is never
quantified. Both ASHRA and Wright'? state that common recirculation ratios
for mechanically pumped arrangements are betweamd47. Therefore ratios as

high as 9,5 would not be encountered in a workiggid refrigerant overfeed
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pumping arrangement, and are included in this amalyerely to illustrate the

trends at extreme average recirculation ratios.

It can be concluded therefore from the above grapsed on the analysis
presented in this Section 8., that there is noaaeerecirculation ratio that favours
the HGPS over its mechanically pumped counterp&usthermore, there is no
average recirculation ratio that favours the MP8&rdlie CGPS.

This is in agreement with the conclusions of Widhthat a “cold” flash-gas
pressurised recirculation arrangement may operatewser energy cost than a
mechanical pump at the same recirculation ratiod“aven lower if the pump is
operated at their more common recirculation rated:d to 6:1.€ This also
agrees with the suggestion of Lorentzen and Bdfletst a cold gas pumped
arrangement would minimise the URDs to the poiat thwould be more energy

efficient than a conventional mechanically pumpgstem.

The results also confirm the conclusions of Wifghtand Lorentzen and
Baglo's® that conventional (hot) gas pumped systems yieldnsiderable loss of

refrigeration capacity and power compared to meichdy pumped systems.

8.10.2Results for Different Evaporator Pressures

A key operating parameter that was measured apltre is the pressure at the
evaporator during the ice building period. The poess at the accumulator and
pumper drum are obviously dependent on this pressamd from Worthington
Smith & Brouwef'® the [pumping] pumper drum pressure as well as the
harvesting pressure are specified in relation i phessur€. Data obtained from
the plant confirmed the pressure differences radatd evaporator pressure as
cited in Worthington Smith & Brouwét® Table 8.1 below summarises some

relevant pressures recorded at various locationseaERPM operating plant as

"0 For example, the harvesting pressure is referenced asP258bove evaporating pressure, and
the [pumping] pumper drum pressure as 220 kPa above etiagqueessure.
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shown in Appendix Al Figure Al.1 and listed in Apdex A7, as well as the

difference in pressure relative to evaporator pness

Table 8.1 Pressure recorded at the ERPM plant (Abgate, P, = 83,5 kPa)

Pressure | Temperature | Difference in
[kPa] [°C] Pressure to
Position Evaporating
Pressure

[AkPa]
Evaporator during Ice Building Period| 343,50 -5,83 -
(Pns on Figure A1.1)

Evaporator during Harvesting Period | 593,50 8,96 + 250
(Pns 0on Figure Al.1)

Condensed Liquid Receiver 1133,50 | 29,01 + 790
(Pn10n Figure A1.1)

Pumper Drum 1 during Filling Period | 357,80 -4,79 + 14,3
(Pn2 0n Figure Al1.1)

Pumper Drum 1 during Pumping Perio®63,50 7,48 + 220
(Pn2 0on Figure Al1.1)

Accumulator 303,50 -8,94 -40

(P4 on Figure A1.1)

Maintaining the pressure differences listed in tiddgle above and assuming that
they remain constant, the evaporator pressygrPFigure A-1.1, is varied, and
graphs are plotted to compare the four arrangemantdifferent evaporator
pressures. The condensed liquid receiver pressaesumed at the plant,;Pon
Figure Al.1, is however maintained at its consteaitie (1133,50 kPa absolute).
The average recirculation ratio is also maintaioedstant for all arrangements at
the predicted value of 5 for the operating ERPMnplavith the dashed line
indicating saturated evaporator temperature medsatethe operating ERPM
plant. Saturated evaporator temperatufeg;ouid at the corresponding evaporator
pressures are plotted on the x-axis to allow foammegful comparisons to be
made between the different arrangements and iritite the differences between

the four pumping arrangements at extreme evapadi@tgperatures.

Figure 8.18 below is a plot of percentage URD d¢éltoefrigeration demand for
one module over a complete ice building and shegperiod at varying saturated

evaporator temperatures. This graph indicateselagive energy efficiency of the
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four pumping systems at probable and extreme ewapotemperatures and

whether there is a point of overlap amongst thieiht pumping arrangements.

Percentage URD of Total Refrigeration Demand vs. E  vaporator

o8 Temperature during Ice Building
27.5
27 \

26.5
- 26 \

——CGPS

—=— HGPS
MPS

& FMPS

Percentage URD of Total

CGPS

19 T T T T T T T T T
-16.7 -14.6 -12.7 -109 -9.2 -76 -61 -54 -39 -1.9

Evaporator Ice Building Temperature T [gpuild [OC]

Figure 8.18 Percentage URD of total refrigeration dmand per module over one ice building
and shedding cycle versus saturated evaporator terepature during ice building. Average
recirculation ratio is maintained constant at 5.

From Figure 8.18 above, the percentage URD of tatfrigeration demand per

module decreases as evaporator temperalgfigiq increases. This arises directly
from the evaporator temperature, since the URDseetooling the trapped

refrigerant liquid and vapour in the evaporatorwedl as the evaporator steel at
the end of the warming sub-period, decrease asoestap temperature increases.
From Table 8.1, as the pressures at the pumpersdromachanical pumps and
accumulator are dependent on evaporator pressueecliange in evaporator
temperature affects all thevoidable URDs of the four pumping arrangements.
Therefore as evaporator temperature decreasesjRalis increase at the same

rate.
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From Figure 8.18, the URD due to the mechanical ppisnresponsible for the
slight difference in percentage URD between the M@ CGP$ for all

probable evaporator temperatufes.

The sharp rise in percentage URD at the lower ezapotemperatures for the
HGPS is due to the URD of re-cooling the pumpemdmifter every pumping
period. Recall from equation (75) of Section 8.7kt for the HGPS, the
maximum  temperature difference reached by the puompdrum

TheagroyHorg ~ Tipo 1S @ssumed to be proportional to the ratio of suezging gas

)
temperatures multiplied by the temperature diffeeemeasured at the cold gas

operating plant:

Tr[PD+]{ HGPS
Tr[PD+]

Thea[PD]{ HGPS _Tr[PD—] = (Thea[PD] _Tr[PD—])|:
As the condensed liquid receiver pressure is maietiaat its constant value as in

Table 8.1 aboVeT, pp.y nepg IS CONstant. However the denominaigy.,;, which

is based on the pressure in the [pumping] pumpendor the CGPS, approaches
zero as evaporator pressure, and consequently,ipgrppessure for the CGPS,

decreases. Therefore, at lower pumper drum pressgriemperatures, ., for

the CGPS, the temperature change at the pumperfdruimee HGPS, predicted by
the equation directly above, drastically increaies URD of re-cooling the
pumper drum, and consequently, its percentage URIR. assumption that the
change in temperature for the HGPS, which as siat&kction 8.7.2 above is a
measure of the energy gained by the pumper drumsdmysible heat, is
proportional to the ratio of pressurizing temperasuis therefore unreasonable at
low evaporator temperatures (lower than °C). For the following graphs, the
points where this assumption for the HGPS is ngédorvalid is indicated by a

dashed line.

"L With the percentage URD of the CGPS slightly less tharMRS.

2 Obviously the evaporating temperature of -3.2 and’c.&re impractical as sufficient ice could
probably not be built at these temperatures. However tloeiliubtrate extreme ends of the
temperature spectrum.



The plot below is of the total refrigeration demafat all four pumping
arrangements per module for a complete ice buildimg) shedding cycle, and for
an average recirculation ratio of five. This graplieals that the seemingly small
changes in percentage URD at varying evaporatopeeatures from Figure 8.18
result in large changes in total refrigeration dechdor all four pumping

arrangements.

Total Refrigeration Demand per Module vs. Evaporato  r
Temperature during Ice Building
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835000 \
SAH 825000 N
kIl 815000 \ —— CGPS
—= HGPS
805000 MPS

795000 m%m\ \ —m- FMPS
785000 \
775000 i -
765000 m\“\m\\
< CGPS
~,
755000 u\m\“\

-16.7 -14.6 -12.7 -10.9 -9.2 -76 -6.1 -46 -3.2 -19

Total Refrigeration Demand

Evaporator Temperature T gbuild [OC]

Figure 8.19 Total refrigeration demand per module @rsus evaporator temperature at an
average recirculation ratio of five

As in Figure 8.18 above, the total refrigeratiomdad for all four arrangements
decrease at the same rate with increasing evapgrimperatures, except where
low temperatures affect the URD of re-cooling themper drum for the HGPS
(indicated by dashed lines). For the predictedayerrecirculation ratio of 5, and
assuming the pressure differences listed in Taldleénain constant, there is no
evaporating temperature, at identical average a@etion ratios, for which the
total refrigeration demand of the MPS is lower thizatt of the CGPS.



14¢

As a final comparison, the COP of the four pumpargangements is plotted

below at varying evaporator temperatures.

COP per Module vs. Evaporator Temperature duringlc e
Building

4.05 ~

COP

3.65 /
36 1 T T T T —* T T T 1

-16.7 -14.6 -12.7 -109 -9.2 -76 -61 -46 -3.2 -19

Evaporator Temperature T r[gbuild [OC]

Figure 8.20 COP per module versus evaporator tempature at an average recirculation
ratio of five

As expected, with increasing evaporator temperatwed consequently less
overall URD, COPs for all arrangements increasee FIMPS has the lowest
percentage URD of total refrigeration demand anghdést COP of all the
pumping arrangements and is therefore the mostggrefficient arrangement.
Whether it is also the most electrical cost effextis predicted in Section 8.11

below.

8.10.3Results and Comparison of the Avoidable and Unavoable

URDs for each Arrangement

From the graphs of Sections 8.10.1 and 8.10.2 alatv&lentical performance
guantities and operating conditions, there is racfical point of overlap where



the MPS is more energy efficient than the CEPSherefore an analysis of the
individual avoidable and unavoidableURDs of the various systems, presented
below, may identify the URDs that have the largesttribution to the overall
URD of each arrangement. The average recirculaitio is maintained constant
for all arrangements at the predicted value ofr3He operating ERPM plant.

The first graph presented below illustrates theltoefrigeration demand per
module for all four pumping arrangements over a lete ice building and
shedding period. This chart identifies the contitms of the PRDs, and each

avoidableandunavoidableURD, to the total refrigeration demand.

Total Refrigeration Demand per Module B AH_[PKFMPS}
B AH [l[P]
M AH rl.circ[PD-E]
800000 O AH_r.s[PD]
sl 5 M S ey
] rv.vent +)-
ZAH 200000 | A eomEACT
[kJ]' 400000 | ® AH )
388888 1 @ AH_r.s[ACC]
200000 B AH_rv.trap[E]
%88888 ] O AH_rl.trap[E]
20008 ] B — 0 Q_URDIE]
B Q_PRDIE]
CGPS HGPS MPS FMPS BQ_PRD[PRC]

Figure 8.21 Total refrigeration demand per module ér the four pumping arrangements over
a complete ice building and shedding period

From Figure 8.21 above, the productive ice buildmad ZQprp Which includes
the PRD of building the delivered ice layer, as Iwad that of chilling the
incoming feed water at the evaporator constitupgsaximately 80% of the total
refrigerating demand for all the arrangements, wita PRD at the pre-chiller

alone,Qeroiprey CONstituting approximately 7,7 — 8,0 %.

As the PRDs are identical for all pumping arrangetsiconly their distinctive

avoidable URDs distinguish the energy efficiency of one ageament from the

"3 Similarly, there is no practical point of overlap whére EMPS is less energy efficient than the
CGPS.
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other. The next chart illustrates the percentageritmtion that these individual

URDs make to the overall URD for each arrangement.

Percentage that each URD Comprises of the Total URD  per Module

100%

90% = i: B AH_rl[P{FMPS}

O AH _rl[P]

80% i O AH _rl.circ[PD-E]

70% — B AH r.s[PD]
60% I B AH rv.vent[(PD-)-ACC]
O AH_ rv.vent[(PD+)-ACC]
M AH_rl.cont[E-ACC]
40% | @AH _ric}
30% — B AH r.s[ACC]
O AH rv.trap[E]
O AH rltrap[E]
W AH r.s[E]
0% B Q_URDIE]
CGPS HGPS MPS FMPS

50% —

20% —
10% —

Figure 8.22 Percentage that each individual URD copmises of the total URD per module for
the four pumping arrangements

From the Figure above, as the URDs for the HGPSlanger than for the
mechanically pumped arrangements, their individu&Ds occupy a smaller
percentage of total URD. The percentages thatrttiwidual URDs comprise of
total URD are outlined in Table 8.2 below. The attualues of the individual
URDs are shown in Figure 8.23.
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Total Avoidable and Unavoidable

]
URD per Module AH_r[P{FMPS}
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170000 = Ll _]
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Figure 8.23 Total avoidable and unavoidable URD pemodule for the four pumping
arrangements

Table 8.2 Percentage of total avoidable and unavatle URDs for the four pumping
arrangements over a complete ice building and hanating period, at ERPM operating
conditions and at an average recirculation ratio ob

URD CGPS HGPS MPS FMPS
Total URD [kJ] 159715,27) 176144,33 160031,97| 154339,24
QuRDIE] 75,37% | 68,34% 75,22% 78,00%
AH; g 15,47% 14,03% 15,44% 16,01%
AH1 traple] 1,11% 1,00% 1,10% -

AHu trapl] 0,04% 0,04% 0,04% 0,04%
AH; siaccy - 4,44% - -

AHyg 5,52% 5,01% 5,51% 5,72%
AHy confE-AcC] 2,48% 2,25% 2,48% -
AHrv.vent[(PD+)-ACC] - 0,740/0 - -
AHrv.vent[(PD-)-ACC] - 0,040/0 - -

AH, 5p0] - 2,15% - -
AHrI.circ[PD-E] - 1,960/0 - -

AHypp - - 0,20% 0,21%
AHyipirmps) - - - 0,02%

Unavoidable URDs Common to All Pumping Arrangements

Referring to Figure 8.23 and Table 8.2 above, mgjdhe subsequently melted

ice layer, as well as sub-cooling the entire igel&urpig. is the largest URD for



all four pumping arrangements, constituting 68 24®f total URD. The second
largest URD is that of re-cooling the steel evapmrplates after the warming
sub-period, AH; sg;, which constitutes 14 — 16 %. The third major URD,
unavoidable and common to all arrangements, isdfmoling of the condensed
liquid during the warming sub-period at the evapataAH.; (5 — 6 % of total
URD),

URDs Specific to the Gas Pumped Arrangements

As expected, for both gas pumped arrangementsURBD of re-cooling the
trapped liquid in the evaporator at the end ofvila@ming sub-periodHy iapg IS
more significant than re-cooling the trapped vapdat is vented to the

accumulator during the same peri «rap(e)-

For the HGPS, the re-cooling of the vented gas fthen pumper drum to the
accumulator during the filling and pumping periodH ventEo+-acc) and
AHuv.venyPp-)-Acc respectively), are relatively minor avoidable UR{ess than 1
%). However, re-cooling the pumper drumsd,spp; and the accumulator
AH; sjaccy, both occurring six times per 15 minute cycle,large avoidable URDs
for the HGPS. Finally, for this system, the avbigaURD of re-cooling the
circulated liquid refrigerant that comes in contagth warm pressurising gas at
the pumper drumaH; cicpo-g appears relatively small (less than 2 %). However,
when compared with the URD of circulating the saangount of liquid using a
mechanical pumpAHyp; (less than 1 %), it becomes apparent why the
mechanically pumped arrangements are predictetlibyrivestigation to be more

energy efficient than the HGPS.

URDs Specific to the Mechanically Pumped Arrangemen

As mentioned above, by eliminating the URDs of oeting the accumulator and

pumper drums AH, sjacc) and AH, gpp) respectively), as well as the interaction
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between warm pressurising gas and cold circuldimgd at the pumper drums
(AHu cirro-g1), the mechanically pumped arrangements are cleadge energy
efficient than the HGPS. However, as the aboveimeat URDs are part of the
inherentones for the CGPS, its total URD is slightly lovlean that of the MPS.
The avoidableURD of re-cooling any circulated liquid that is mvaed due to the
pressure increase imparted to it at the mechapioapsAHp is greatly offset
by the savings in such URD (compared to the HGBEG)hese arrangements. The
FMPS, the most energy efficient of the four pumpamgangements, eliminates an
additional 3.5% URD (on average) by recharging and discharging the laqlid

refrigerant prior to, and after, the warming suloiqek

By ignoring the commominavoidableURDs of building the subsequently melted
ice layerQurpigj, as well as re-cooling the condensed ligiid; and evaporator
steel AH, sig; during, and at the end of the warming sub-pericpeetively, the
“smaller” avoidableURDs that distinguish the relative energy efficigrof each

arrangement can more clearly be identified.

Total Avoidable and Unavoidable URD per Module B AH_r[P{FMPS}
ignoring QURDIE] and DHr.s[E B AH fP]
B AH _rl.circ[PD-E]
24000
22000 0 AH_r.s[PD]
20000 . . (PDIACK]
18000 - AH rv.vent[(PD-)-ACC
2AHurp 16000 -
[kJ] 14000 I B AH_rv.vent[(PD+)-ACC]
12000 -
10000 - O AH_rl.cont[E-ACC]
8000
6000 - O AH_rS[ACC]
3888 : M AH_rv.trap[E]
0 - \ \

M AH_rl.trap[E]
CGPS HGPS MPS FMPS

Figure 8.24 Total avoidable URD per module ignorindQurpig; and AH, g

" That due to re-cooling the cold liquid that is expelled byésting gas to the accumulator at the
beginning of the warming sub-periatH, conge-acc;, @s well as re-cooling trapped liquid in the

evaporator at the end of the warming sub-pedt}; ;g
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From Figure 8.24 and Table 8.2 above, the @taidableandunavoidabledJRDs

of the HGPS are 10,3 % larger than the CGPS. Bhiie¢ to the URDs resulting
from using warm gas at condenser pressure to ateuhe refrigerant to and
through the evaporators. This warm gas comes irtacorwith cold liquid

refrigerant in the pumper drum, resulting in thermig of a portion of this
liquid. The walls of the pumper drum are also wadmey the incoming

pressurizing gas. At the accumulator, the ventedfgan the [pumping] pumper
drum at the end of its pumping period warms thelsvafl the accumulator. The
subsequent URDs of re-cooling the refrigerant aedlsvalls during and at the
end of the pumping period are what cause the HGP8et the least energy

efficient of the four pumping arrangements.

The mechanical pump of the MPS causes its total tiRie 0,2 % larger than for
the CGPS. However, this arrangement obviously aaésequire a pumper drum
to circulate the liquid to and through the evapansit Moreover, as mentioned
above, theavoidable URD due to the pressure imparted to the liquicthet
mechanical pump is minimal when compared to dkeidable URD of using
“hot” gas as the means of pumping.

Finally, the FMPS, which eliminates the significa$iRD of re-cooling the cold
liquid that is expelled by harvesting gas to theuaculator at the beginning of the

warming sub-periodH cone-acc), has 3,4 % less total URD than the CGPS.

As mentioned above, the predictions of this ingzdion that at similar operating
conditions, there is no recirculation ratio or emaor pressure that favours the
MPS over the CGPS agrees with both the conclusang/right*” and the

suggestion of Lorentzen and Badfib.

The major assumption of the above model is thathalarrangements analysed
operate under similar performance quantities (faneple average recirculation
ratio) and operating parameters (for example ewpor pressure and
temperature). Modifying the average recirculatiatior and/or evaporator pressure
for each pumping arrangement may yield results tmatfavour one pumping

arrangement over the other. However, predictingseh&ptimal conditions’,
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especially for a large plant such as ERPM, is caraf#d and is beyond the scope
of this investigation, which is focused primarilp @erifying theoretical models
and comparing key aspects of the different arramgesnat similar operating

conditions.

It should be noted from the results of the datsgméed above that the total URD
and COP for the four arrangements do not diffenificantly, as the larger
unavoidable URDs are common to all pumping arrangements. Toeye a
meaningful comparison between the different pumpgimrgngements would arise
from predicting the annual electrical cost, thevaht capital costs as well as the
maintenance costs for each system. The former ésliggied below for the
operating conditions at the ERPM plant, whilst tger two are more difficult to

predict, and would require further work beyond slkiepe of this investigation.

8.11. Operating Cost Analysis for the Different Pumping

Arrangements

8.11.1 Results for Different Average Recirculation Ratios

From Section 8.6.2 above, the electrical work inpib the compressor per

module, based on test data from the operating ERRNt, is predicted as:
Wi cricapgeie =180 kW/module (70)

For the mechanically pumped arrangements, and asguan motor efficiency

n,,0f 96%, the electrical power input to the pump is:

Vv[P]eIec = VV[ neire (7OC)
T
. P V,ipgH'
where from equation (80) above/,v[p]{MPS}mech:p”( 100 J8Vige-eH per
10007,
module.

Similarly, for the FMPS, the electrical power infot the recharge pump is:
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Wi, = PHEPS e (70d)
e
. T o JaV. H'
where from equation (83) abOWY,; rypsmeen = 2u{Te))Varexewes H iy rars :

10007,

As mentioned in Section 7.2 above, the ratio oftthal refrigeration demands in
equations (5) and (6) allows for the mechanical @edtrical work input into the
compressor to be predicted for all arrangementsed@n test data obtained for

the operating cold gas pumped arrangemEIriNI{,CRHCGPS}mech.75 Therefore for the

HGPS, the mechanical work input of the compressor i

2AH
W, =W —ICE (5)
[CR{ HGPS mech [CR CGPS mech
2AH g
Similarly for the MPS and FMPS:
2AH
zVV[CR]{ MPS} mech = ZVV[CR]{CGPS mechﬂ
ZAH{CGPS}
2AH (6b)
{FMPS}

2 Wi cry pvpsymech = = Wicri(capg mech SAH

{CGPS

The annual operating cost for the different pumpamgangements can then be

predicted from equation (7) above as follows:

Cents hr
X—

ElectricalOperatingCostperYear= (W +3W ==
p g: p ( [CR]elec kWh year

[P]elec) X

()

s As mentioned above in Section 7.2, the assumption that ceseprésentropic efficiency
changes negligibly for small changes in slide valve positiod, that for small changes in URDs
the condenser pressure remains constant, allows for tRef@Q@ll arrangements to be predicted
from the electrical work input measured at the opega@iGPS plant.



As opposed to Section 8.10 above, where a compaoithe energy efficiency of
the different pumping arrangements is performed pedule, for the annual
electrical cost analysis presented below, the coisgais performed per unft.

The average industrial rate per kWh is presentebhainle A6.2 of Appendix A6.
The results of the annual electrical operating pestarrangement for an average
recirculation ratio of 5, and based on operatingpeeters measured at the ERPM

plant, are summarized in the table below.

Table 8.3 Annual electrical power consumption andast for the different pumping
arrangements, at an average recirculation ratio ob. Annual cost rounded to nearest R1,000.

Electrical Difference Compared
Pumping \/\'/[CR]elec ZVV[P]eIec Operating | to Operating CGPS of
Arrangement [KW] [KW] Cost/ Year ERPM plant
CGPS 1440,00] - R4,549,000 -
HGPS 1470,40| - R4,646,000 + R97,000
MPS 1440,80| 3,26 R4,561,000 + R12,000
FMPS 1429,60| 3,64 R4,528,000 - R21,000

From Table 8.3 above, the annual electrical opsgatiost of the CGPS is
significantly lower than for the HGPS. Considerititat the CGPS does not
require any more vessels, piping or equipment (@xder the additional
expansion valves) than the HGPS, it is predictebdetanore energy efficient and
cost effective than a conventional HGPS. This isagreement with the both
Lorentzen and Bag{8 and Wright' who both concluded that hot gas pumped
systems are the least energy efficient (and sulesgiguthe least cost effective) of

all probable overfeed pumping arrangements.

The MPS, which appears to be less cost effectiar the CGPS, does not require
pumper drums; however, the capital cost of the rmeickal pump as well as
annual maintenance costs should be investigateccamgared with that of the
pumper drums before it can be concluded whetheratrangement is indeed less
cost effective than the CGPS.

The FMPS would require an additional recharge pamg a recharge/discharge

vessel per module. As for the MPS, the capital arantenance costs of this

8 Each unit consists of eight modules.
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additional equipment require further investigatimefore concluding whether this
arrangement is more cost effective than the CGBSpite its substantial annual

electrical cost saving over the cold gas pumpeahgement.

By varying the average recirculation ratio as shawirigure 8.25 below, whilst
maintaining the evaporator pressure measured &RRM plant as constant, the
annual electrical operating costs for the four pimgparrangements at the

different ratios can be compared.

From Table 8.3 and Figure 8.25, when comparingatimeual electrical operating
costs, there is no practical average recirculatiio’’ for which the CGPS is less
cost effective than the MPS. This is in agreemeith Wworentzen and Bagfd
who suggested that at high recirculation ratiosygroconsumption for a cold gas
pumped system would be lower than a mechanicallygad system. It is also in
agreement with Wright who concluded that at low recirculation ratios J24
gas pressure recirculation system (CGPS) “may ¢peatalower energy cost than
a mechanical pump at the same recirculation f&te.” Furthermore, the cost
analysis presented above agrees in principle with following statement in
ASHRAE® : “Moreover gas pumped systems offer no advantager their
mechanically pumped counterparts when the oveaglital and operational costs

of both systems are comparéd.”

Although as mentioned above, this investigationsdoet predict the capital and
maintenance costs for the different pumping arrareggs, based solely on the
annual electrical operating costs, the MPS is test effective than the CGPS.
This analysis should therefore be expanded to diectbe capital and maintenance
costs of each pumping system to predict conclugivelhich pumping
arrangement is the most cost effective. A rigoneay of so including the capital

and maintenance costs would be through a Net Rr¥sdue (NPV) analysis.

" As mentioned in Section 8.10.1, although the annual operatingpcabe CGPS is less than the
FMPS at average recirculation ratios larger than 8j5,i$ an impractically high ratio and would
not be encountered in a working liquid refrigerant overfeadtplt is therefore only included in

the plot to illustrate the trends at extreme averagiectdation ratios.
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Figure 8.25 Annual electrical operating cost for tle four pumping arrangements versus
average recirculation ratio

8.12 Remark: Accuracy of Predicted URDs and COPs

The model presented in this section predicts amdpeoes the URDs, COPs and
energy consumption of four different pumping aremgnts. For the CGPS, these
predictions are based on operating parameters mezhati the ice-making plant.
Based on these measured operating parameters,rsajpeassumptions are made
to predict those same parameters for the othere thiheoretical pumping
arrangements. These major assumptions as wellea&eth limitations on their

accuracy are discussed below.

Referring to equations (5b) and (6b) of Section 7o2predict the COP foall
pumping arrangements, it is assumed that compressmtropic efficiency

changes negligibly for small changes in slide vgbesition, and that for small
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changes in URDs the condenser pressure remainsaobn$his assumption is
reasonable for the results of the model preserttedea as shown in Figure 8.14
through Figure 8.16, where the maximum variatiopéncentage URDs and total
refrigeration demand between the pumping arrangeme@approximately 3 %.
From Figure 8.17, at higher average recirculat®®,6), the COP for the FMPS
is slightly larger than that of the CGPS. As disagsin detail in Secion 8.10.1,
this is intuitive, because the increasing totatigefation demar/d for the FMPS
as the average recirculation ratio increases sheuthtually match and then
surpass theonstantdemand of the CGPS. Therefore, the assumptionuteon
(6b) (and hence that of equation (5b)), that thi® maf total demands can predict
the compressor energy input for all pumping arramg@s appears to be valid

evenat higher average recirculation ratios.

Referring to Section 8.7, three assumptions areemntadpredict three critical
URDs for the HGPS.

Firstly, in equation (73) of Section 8.7.1, the mia in temperature and
subsequent re-cooling of the accumulator for thePBGis assumed to be
proportional to that of the CGPS. Secondly, in ¢igma(77) of Section 8.7.3, at
the pumper drum of the HGPS, the upper portionigufid that is heated by the
incoming hot gas is predicted through rigorous matitical modelling in
Appendix A8.2.4, based on test data from the CG##SHe same performance
guantity.

From the results of the model presented in Figut®& &nd Figure 8.18, the URDs
for the HGPS increase proportionally to those of tBGPS with increasing
average recirculation ratios and evaporator presstgspectively. Therefore both
assumptions appear to remain reasonably valichforange of recirculation ratios

considered above.

However, the third assumption of predicting the UBDre-cooling the steel of
the pumper drum during the filling period (in eqaat (76) of Section 8.7.2)
based on data from the CGPS does have limitatidesdiscussed in Section

8 Due to the increasing work input required from the meitfad pump to circulate the larger
volume of liquid.
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8.10.2, the denominator in equation (7%)(.,), which is based on the pressure

in the [pumping] pumper drum for the CGPS, appreachero as evaporator
pressure, and consequently pumping pressure faZ@fS, decreases. Therefore,

at these lower pumper drum pressurizing temperat(re,;,,) the change in

temperature at the pumper drum for the HGPS, predliby equation (75),
unrealistically increases the URD of re-cooling thamper drum for this
arrangement, and consequently, its percentage URi&refore, evaporator
temperatures where equation (76) of Section 8s/uhacceptably invalid for the
HGPS are indicated by a dashed line in Figure 8riBFigure 8.19 (at evaporator

temperatures lower than -1@).

As a result of the limitation of validity of thisast key assumption, major
comparisons between the four pumping arrangemeunst be confined to where
all assumptions are valid. As all assumptions arenddevalid at (and close to)
the performance quantiti€predicted for, and operating parameteémseasured at

the ERPM plant, comparisons between the pumpirengaments are performed

in this region.

Brief Review of Section 8.

This Section identified the major URDs and PRDs flaur different pumping
arrangements, based on operating parameters &RR& ice-making plant. By
predicting the refrigeration demands for each puggirrangement, their relative
energy efficiency and electrical cost effectivenessild be compared. It was
predicted from the model that the HGPS is the |easd the FMPS is the most,
energy-efficient and electrical cost effective pumgparrangement at all probable
performance quantities and operating parameterss Tbservation is in

agreement with the conclusions of both Lorentzed Bagld® and Wright'V

" Such as average recirculation ratios and mass fl@s thtough the evaporator.
8 Such as evaporator, accumulator and pumper drum temperaaresessures.



regarding the inefficiency of hot gas pumped areamgnts when compared to

their mechanically pumped counterparts.

The CGPS is predicted to be more energy efficient eost effective than the
MPS, an observation which is in agreement withsihggestion of Lorentzen and
Bagld® and the conclusions of Wright for cold gas pumped systems. Further
work is required to predict whether this investigatagrees with the conclusions
of ASHRAE® regarding the relative cost effectiveness of ga$ mechanically
pumped arrangements. Finally, the major assumptiasiswell as the key

limitations of the theoretical models presentethia Section are discussed.
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9. HEAT TRANSFER MODEL TO CORROBORATE
THE AVERAGE RECIRCULATION RATIO AND
MASS FLOW RATE PREDICTED BY THE MODEL
OF SECTION 8

This Section presents two heat transfer models hiaat been developed to
predict the thickness of ice built and shed dutimg ice building and harvesting
cycle of one module. The inputs to the models &ee dperating parameters
measured at the ERPM plant, as well as the mass faie and average
recirculation ratio predicted in Section 8. abo®s. mentioned in Section 2.4,
knowledge of performance quantities such as thesrfias/ rate of refrigerant

through the evaporators and average recirculattio are vital when modelling
any overfeed refrigeration system. The mass flae through the evaporators in
particular affects all the URDs associated with bedding for the four pumping

arrangements modelled in Section 8.

Since the operating ERPM plant did not have flomerse and installing any
invasive equipment to predict the mass flow ratéhatevaporators was prohibited
for safety reasons, the only means of predicting plerformance quantity is by
theoretical modelling of the ice making cycle bas&doperating conditions and
parameters that were available to be measuredeagpltint (evaporator pressure

and temperature, dimensions of the pumper drum etc.

As the mass flow rate through the evaporatorsd sun important input variable
to the model of Section 8. above, and despite #w that two independent
methods of predicting this variable are presentedSection 8.6.1, a third
independent theoretical model to predict this niéms rate is developed and
presented in Section 9.1 below. In addition, a tb&oal model to predict the
thickness of ice that is subsequently melted duthmg warming sub-period is
developed in Section 9.2 to further substantiagepttedicted thickness of ice built

from Section 9.1. The thickness of the ice layat th subsequently melted is also
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an important performance quantity in the model efti&n 8. when predicting the
URD of building this layer. Therefore any meanscofroborating performance
guantities such as the mass flow rate, averagectéaiion ratio and thickness of
ice layers built and melted would lend further gation to the results of the

model developed in Section 8.

9.1. Heat Transfer Model during the Ice Building Period

To corroborate the average recirculation ratio jgted in Section 8. above for the
operating ERPM plant, a heat balance model at vhparator plates during the
ice building period and the warming sub-period bé tharvesting period is
developed. The mass flow rate of refrigerant cating through the channels in
the plates, as well as the average recirculatita pgedicted in Section 8. above,
are inputs to the model, and the thicknesses obugk and shed in the requisite
time are the outputs. These thicknesses can theroreborated with measured
data from the operating plant, as well as from \Wagton-Smith & Brouwef*®
van der Walt & de Kodk®®*and Rankirf** Corroboration of the thickness of ice
built and shed would therefore also corroboratentiass flow rate and hence the

average recirculation ratio predicted in Sectioat®ve.

As Senator® summarises, “The aim of the heat balance methtal isovide an

approximate solution to non-linear, transient heanduction problems.”
Linearising the transient heat conduction equatity, assuming thermal
properties to be independent of temperature andthieasubcooling of the ice is
negligible compared with the latent heat of fus@fice formation, leads to a
simplification of the numerical solution. This asstior? is justified when it is

considered that the variation in ice thermal comditg between 0° C and -20° C
is only 1.1%(Senatore’s Appendix A pp. 69-73

81 Who, as mentioned above, meraiiate typical figureand therefore offer no experimental
validation for the thickness of ice built.

82 The specific heat of ice at 0° C, from Ef¥5is 2,041 kJ/kg.C. Even if it is conservatively
assumed that the entire ice layer is subcooled to ewapdesnperature (-5,833° C), this would
result in 11,91 kJ/kg of subcooling, which, when compared toatieetl heat of ice formation of
335 kJ/kg, is negligible.
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A heat balance across the phase change interfeltisyi

PRALRCANA

1) 1) ot

+ :Freezing -:Melting

Subscript 1 liquid Subscript 2 solid”

Here,L is the latent heat of ice formatidn,andk, are the thermal conductivity of
water and ice respectively, is the density of iceT is temperature andis the
thickness of ice bufit. Thus the difference between the heat flux engesumd that
leaving the interface where a change of phase sdsuequal to the latent heat

absorbed or released.

The thermal resistance of an ice layer varies d#ipgnon its layer thickness:
“...this results in the heat flow to the colder meadi{refrigerant) being in excess
of that required to maintain freezing, by the antafrthermal energy abstraction
required to subcool the ic&”A linearised temperature profile within the icgda

being built, based on the assumptions mentionedeaisoillustrated in Figure 9.1

below.

8 This nomenclature is that of Senat8rand is different from this investigation’s nomenclature.



[

16¢€

THEbuild

A

______________________________________________________________________________________

Figure 9.1 Linearised temperature profile for ice ing built on one side of an evaporator
plate. The actual temperature profile within the i@ layer is shown in dashed lines, and the
entire system is treated as a control volume. Adapt from Senatore’s Fig. 4.3, p. 28

The freezing process consists of the solidificawbrwater, flowing downwards,
on the outside of a steel plate. Two-phase ammadigiaid and vapour, flows
upwards in channels inside the plate. It is assurbased on observations at the
plant, that along the length of the plate there 3echannels within which the
refrigerant flows, and that each channel acts iaddpntly i.e. the refrigerant
flows through each separate channel and does notwith the fluid in other
channels of the plate. A detailed diagram of orgepand its channels is shown in
Figure 9.2 below. As each channel of the evapomgtpears to be semi-elliptical
as shown in Figure 9.2, it is approximated as autar tube, with a diameter

based on the channel’s cross sectional area.
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Figure 9.2 Front and top view of evaporator platesvith dimensions and details of the
channels within which the refrigerant flows.

The water-ice interface moves outwards over time tduthe increasing thickness
of ice forming on the plate. Thus it can be apprated as a “Stefan problem”
whose definition is “heat transfer problems withap&-changes such as from the
liquid to the solid.®? Heat is transferred from the falling water aemperature
of Ty by convection, through the ice outer layer &) to the plate wall (at
Tsie1.0) Dy conduction, and by convective boiling heahsfar to the refrigerant at
saturated evaporating temperatuligspuid - At the plate wall/ice interface, the ice
is sub-cooled, and at the water/ice interface scatifreezing temperature’(@).
As mentioned above, in order to model the tempezajpuofile within the ice
layer, it is assumed that the heat extracted dwsibecooling is negligible when
compared to the latent heat of fusion extractednfitbhe water. Applying the
principle of energy conservation to the controlwoé of

Figure 9.1 above, and assuming that all thermophy/properties are independent

of temperature, the heat flux from the water/ideriace to the refrigerant is

< Thickness = 1,5 mm
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T o = Toiep
ql - l.o r[ E]build (86)

1 . Yem Y

hlr[E] I(S[E] (Tr[E]buiId ) I(I (Tr[E]buiId )

And the heat flux at the ice/water interface, basedthe average external

convection heat transfer coefficient for free-fagliwaterh,, is

2 Twi _T o
0, :'Tl' (87)

Hn

w

The difference betweed, and ¢, is equal to the rate at which latent heat is

removed from the water per unit area, and is ptedias

oy D= -q, (88)
To predict the average external heat transfer woerfit of water flowing over the
plate, the External_Flow_Plate procedure of the EE@rnal library is used”
Inputs to the procedure include the free streaid fiemperature (determined from
tests performed at the ERPM ice plant and showAppendix A6 Table A6.3),
the outer ice surface temperature and pressuseelhss the free stream velocity,
which is predicted to be 0,274 m/s based on test®mned at the plant (refer to
Appendix A3 for this calculation). A brief desciigmh of the EES procedure is

presented below:

“This procedure determines the property data oflthd specified and calculating
the Reynolds and Prandtl number. The Prandtl, Rdgrend Nusselt number are
based on film temperature, which is the averaghefree stream and the surface
temperature. This procedure then passes the Resyaaldl Prandtl number to the
non-dimensional procedure External_Flow_Plate_N[Che Tnon-dimensional
procedure then returns the values for friction fioeiht and Nusselt number.
From the friction coefficient and the Nusselt numb&xternal Flow Plate
calculates the average shear stress and the haasferr coefficient for

convection.®V



9.1.1. Brief Overview of the Heat Transfer Correlaions used to Predict

the Refrigerant Side Convective Boiling Heat Trangdr Coefficient

Although “ammonia has been used for more than &ucems a refrigerant?,
“no formal database is currently available on amiadeat transfer® Thus, the
“great majority of the known correlations for heetnsfer in forced convection
boiling have not been experimentally validated fioe case of ammonia flow
boiling in vertical tubes® However, due to the global trend of environmental
and energy awareness, “the industry is now segousliewing options for
expansion of ammonia into areas other than indugstirigeration, where it has
been successfully used for decadé¥.Ohadi et al*® have performed “a critical
review of the available correlations in the opeteréiture for prediction of

ammonia two-phase heat transfep”

Zamfirescu and Chiri&® havedeveloped a data bank to check the applicability
of the available correlations to the heat trangiesubcooled and saturated flow
boiling of ammonia in two 0,032m diameter vertitabes, based on correlations
for ammonia found in the literatufé.The mass flow rate of the gravitational
ammonia floW® was obtained using an ultrasonic flowmeter, witlhd 1
thermocouples placed along the length of the tub@réedict the heat transfer
coefficient. Results showed that “for a +20% barattvithe Shai® correlation
predicted 52% of the (experimental) data (collecteqcompared to) the Gungor-
Wintertorf®® correlation (which predicted) 85%2 Thus it appears that the
Gungor-Winterton correlation predicts experimerdata more accurately than
that of Shah. An important conclusion from the aroentioned results is that the
accuracy of predictions decrease the more genbermlcbrrelation used. For
specific operating parameters (hydraulic diametdrigerant, orientation of tubes
etc.), the only means of accurately predicting heat transfer coefficient is by

performing tests on the working plant. However, ilasstrated in Figure 9.6

8 The equivalent hydraulic diameter of one channel of RREM plant is 0,012 m.
% Pressurised gas pumps the cold liquid refrigerantutiirothe diameter channels of the
evaporator plates at the ERPM plant. Nonetheless,dsssimed that the SH&h and Gungor-

Wintertorf?® correlations are applicable to this arrangement.
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below, accurate predictions of the heat transfesffment may not lead to

commensurately more accurate results.

An interesting point from the conclusions of Zamgicu and Chirid®is that “the
influence of thermodynamic quality, heat flux andgs velocity on heat transfer
is qualitatively the same for ammonia boiling arien refrigerants (i.e. freons,

hydrocarbons, waterf?

Both the Shaf® and Gungor-Wintertdff heat transfer correlations are used to
model the refrigerant side convective boiling hieahsfer coefficient during ice

building. These correlations are outlined below.

The Shah Correlation

Shalf® estimated “the heat transfer coefficient duringussted boiling at
subcritical heat flux in tubes and anndff” Shatf® developed his correlations
“using data that included eight fluids and a widenge of parameter$®,
including horizontal and vertical orientations, yiag diameters of tubes and mass
flow rates, as well as ammonia boiling experimedtth. “Starting with research
on heat transfer and pressure drop characteristiesnmonia evaporators, Shah
developed a Chart correlation for generalized appbns in flow boiling in pipes.
Later Shah proposed equations expressing his widedferred Chart
correlation.®?)

Shat?® predicts that using the average mean quality actbe tube, and by
applying four dimensionless parameters, the boiliegt transfer coefficient can
be predicted for a wide range of hydraulic dianetard mass flow rates within
14% accuracy. These equations agree with the Cbamlations within 6% over
most region$™ The following is a brief summary of the methodologsed to
predict the Shah coefficieff
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The Shah coefficient employs four dimensionlessffaoents. The ratio of the

heat transfer coefficients of the two-phase flb'ygh[sﬂ and the superficial liquid

flow h’ is denoted as:

Y =hyen 1 (89)

Where the superficial heat transfer coefficienthaf liquid phaseh, is calculated

by the Dittus-Boelter equation as:

G(l X' )D )krl (Tr[E]bUI|d)

- 0023 )0 SPr 04( r uid/ ™~ (90)
Hy ( r[E]bund) (b D

WhereG is the mean mass flux on the cross-section ofuhe,D is the internal
diameter of the tubey, is the dynamic viscosity of liquid ammoniaTagpuid, X

is the vapour qualityk, is the thermal conductivity of the liquid, afdy is the
Prandtl number, both akgpuiia. The ratioy is dependent on the convection
numberCo, and the boiling numbeBa:

CO: (i 1)08(10rv( r[ E]build ))
X P \Ti(egbuia 91)
Bo= %
thg Tr[E]buiId

Finally, the value ofy in the bubble suppression regime based on, andrimtus

values ofCois:

Y, =1543B0*°exp(247Co ) (92)

And in the convective boiling regime:

18

Y, =W

(92b)



The larger ofy,, or ¢, is substituted into equation (89) to obtdn, ¢, -

Shah’s data was compared with “a large amount &f & boiling in tubes®®
and correlation with all experimentation resultsbaftween 23 % - 30 % was
achieved. Owing to the fact that the model wasfieeriwith some 3000 data
points, and for various fluids (including ammonia)tubes of various diameters,
“‘one can feel considerable confidence in its rdiigb and general
applicability."®® As mentioned above, although the shape of thergsrof the
plate through which refrigerant flows is ellipticthey are modelled as a vertical

tube with the same cross sectional area, and sebath sides of the plate.

This model is compared to the flow boiling in atieal tube procedure in EES),
which is based on the SH#h correlation and considers both nucleate and
convective boiling conditions. The governing ecoiasi of the EES® procedure
are not provided: however, this procedure is use@ @omparison to the Shah

correlation as well as to the Gungor-Winterton elation now described.

The Gungor-Winterton Correlation

A third model used to predict the refrigerant scdavective boiling heat transfer
coefficient is that of Gungor & Wintertdf who calculated the boiling heat
transfer coefficient for various fluids at satuchtend subcooled boiling
conditions. This correlation aims to be as genasabossible whilst attempting to
be a close fit to the data accumulated. The cdroalaovers a large range of
fluids in horizontal and vertical orientations ambe diameters ranging from 3 —
32 mm. This correlation is therefore similar tottbé Shah in that it provides a
general procedure for predicting the convectivditpiheat transfer coefficient

for many fluids (including ammonia) in vertical e&of various diameters.

Gungor & Wintertoff® divided the heat transfer into two parts, a mioro@ctive
(nucleate boiling) contribution based on pool bwli and a macroconvective

contribution (non-boiling forced convection), basedthe famous Dittus-Boelter
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equation (equation (90) above). The following is fiorm of the correlation to
predict the convective boiling heat transfer ca#$it of ammonia and other

refrigerants in vertical tubes:

h',pne; = ENY +SH, (93)
where
G(1-X')D \pgn. 04 K, (Tr[E]bund)
1= 0023 S5 P, U
r r[E]bU|Id (Elbuld D
h =55p 0_12(T )[| p (T )]—055 -05 . 067 94
p— Il rigbuild 10910 F i \ v (e1puite m, q, (94)

Here, my is the molecular weight of the fluid, which in thase of ammonia, is
17.03® In equation (93) above, the enhancement faBatakes into account the
two-phase nature of the refrigerant. The final ealdor E and S (suppression
factor) make use of the boiling numbdp from Shalf® and the Lockhart-

Martinelli parameteXy in equation (95b) below:

E =1+24000B0™® + 137* (1/ X, ) °*°

_ 1
>= 2, G(1-x")D )27 (59)

1+ 1,15* 10_6 E (ﬂp—)
rl \" r[E]build

X, =|(Eyos by =X s (95b)
0 X

rl v T (E]build

Gungor & Winterton state, “Only the equations depeld in the present paper
Gungor et. af® and those of Shah give reasonable agreement Withf she
saturated boiling data. If a more detailed compariss made with data of
individual authors the disagreement (on mean deviptdoes not exceed 58%
(present study) or 65% (Shah3® Thus it appears that the Shah and Gungor-

Winterton correlations are the most general ofr@lammonia convective boiling
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heat transfer coefficients. The three correlatidescribed abo¥e are used to
predict the refrigerant side convective boiling theeansfer coefficient, . Due to

the generality of these correlations, based oreldaga banks for various flufds

(including ammonia), pipe diameters and orientajothey are considered
suitably accurate to predict operating conditionghe ERPM plant. Since the
Gungor-Winterton correlation is shown from the studf Zamfirescu and

Chiriac® outlined in Section 9.1.1 above, to predict experital data within

greater accuracy than that of Shah (85 % as comipar®2 % for Shah), this
correlation will be used as the basis for compatimg other two correlations
(Shah and EES) described above.

9.1.2. Predicting the Layer of Ice Built during thelce Building Period

Predicting the Time Required for the Steel Wall tareach Ice Building
Temperature during the Re-Cooling Sub-Periof®

Before the heat transfer model during ice buildoam be presented, the time
required to re-cool the outer wall of the evaparafate to evaporating
temperature, which occurs at the beginning of #weaoling sub-period of the
harvesting period - before feed water is introdueed ice starts to build - is
predicted Three predictions of the convective hgilheat transfer coefficient are
used, based on Shah (equation (89)), Gungor & \Worte(equation (91)) and
EES®? It is assumed (and validated below from predictiohthe model during
the warming sub-period of the harvesting period} @it the end of the warming
sub-period, the inner steel wall reaches satutaedesting temperatuig na.

Using the one-term approximation of the Fourierieserfor transient heat
conductiof?”, and verifying the results with the correspondinge-term
procedure in EE®’, the transient response of a semi-infinite plait the inner
wall exposed to convection and the outer wall aatiahis predicted. Assuming all

steel properties (density, specific heat etc) aéum and constant at evaporating

% That of Shah, EES and Gungor & Winterton.

8 As mentioned above, the EES correlation is based o&Hal® correlation

% This period is defined in Section 8.2.2 and by the dasheahgletbetweert{— t,) in the timing
diagram of Figure 3.2



17/¢

temperature, the mid-point temperature of the esatpds steel wall is predicted

based on the Fourier and Biot numbers as follows:

_ hlr I-c.s[E]

B =
ks[E] (Tr[E]buiId )

a — kS[ E]
sE] ~ DyelC
S{E]™s[E] (T (&1buila)

F = as[E]tI.b
o~ 2
Lc.s[E]
(Ts[E] _Tr[E]buiId) _

(rr[E]har - Tr[E]buiId )

(96)

Ce e

Where for a plane wall, the values@fand¢ are functions of Biot number only:

(é)tan@) = B
_ 4sin(&) (97)
~ 2(&) +sin(&))

Inputting the known variables into equations (969 497) above and solving for
the mid-point steel wall temperatufgg), the change in temperature over time at
the mid-point of the steel wall can be predicted. Aentioned above, the one-
term procedure in EE® for transient conduction in a plane wiallused to obtain
the change in temperature over time for the stedil Whe inputs to the procedure
are the distance from the adiabatic surface (ferntid point of the evaporator’s
steel wall 0,5 sjg)), the Biot and the Fourier number.
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Wall Mid-Point Temperature vs. Time at the Beginnin g of
the Re-Cooling Sub-Period
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Figure 9.3 Wall mid-point temperature versus time &the beginning of the re-cooling sub-
period.

Referring to the figure above, both the Shah andg8uWinterton correlations
predict that the mid-point of the steel wall reacbBgaporating temperature within
20 seconds from the beginning of the re-coolingseiiod. The EES correlation
predicts that the mid-point of the wall approachgssuia only after 150 seconds.
From Section 8.2.2, because there is liquid at dsivg temperature trapped
behind the level regulating valve at the beginnifighe re-cooling sub-period,
when the evaporator module is depressurised, thgpéd liquid flash boils to
accumulator pressure. The cooling effect of thififgpliquid materially assists in
lowering the temperature of the steel module, dedefore the module will re-

cool in an even faster time than predicted by FeduB above.



Predicting the Layer of Ice Built from the Different Convective Heat
Transfer Coefficients

An ice building period of one module lasts for 1&utes. The mass flow rate
of liquid through the evaporator is predicted freguation (69) of Section 8.6.1
above and is based on an assumed thickness of Sommhe particulate ice

delivered, and 1 mm for the innermost subsequendlifed ice layer.

As mentioned in Section 8.6.1, the mass flow ratdioted in Appendix A8,
based on the dimensions of the pumper drum andmhes circulated to the
evaporator in the measured pumping time, is 0,3n84aller than that predicted
from equation (69) for an input average recircolatiatio of 5. Therefore, as there
is sufficiently accurate agreement between therhethods of predicting the mass
flow rate through the evaporator for the cold gamped arrangement, the mass
flow rate through the channels based on equati®h i€an input into the heat
transfer model developed in the equations above.

Based on this input mass flow rate of refrigerdmbagh the channels of the

evaporator, and varying the average recirculataiio r(denoted as; ), the three

coefficients of the convective boiling heat tramsfeodel during ice building are

plotted and shown in the graph below. It is rechlleat there are 35 plates per
module and 30 channels per plate. If it is assutied the refrigerant flows

uniformly through each channel, each channel ieffect two sub channels -

serving opposite sides of the plate. Thus the gefant mass flow can be
considered as being split among sixty channelss &ssumption facilitates the
analysis presented in equations (86), (87), (88) @) where it is assumed in
these equations that ice is built on one side @plhate.

The results presented below therefore apply forsaiechannel feeding one side

of the plate.

Figure 9.4 below shows the two convective boilingathtransfer coefficients
developed above of Shah (equation (89)) and Gugg®interton (equation
(91)), and including the coefficient predicted bEE* for comparison purposes,

at varying average recirculation ratios. As the sriémw rate to build the required
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ice layer increases as the average recirculatidio racreases, this graph
illustrates the effect that increasing the averagéculation ratio has on the three

heat transfer coefficients.

Refrigerant Side Convective Boiling Heat Transfer
Coefficients vs. Average Recirculation Ratio

7000

6000

r[E]

—m— h'2ph[G]
—— h'2ph[Sh]
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Convective Boiling Heat

Transfer Coefficient h'
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Average Recirculation Ratio X ;

Figure 9.4 Refrigerant side convective boiling hearansfer coefficients versus inverse of
quality (average recirculation ratio x;) The average recirculation ratio of 5 predicted fothe
operating ERPM plant is shown as a dashed line

From the figure above, the convective boiling hieahsfer coefficient based on
Shat® and that of the EES procedure show a wide diveges average quality

of refrigerant decreases (average recirculatioio reicreases). Although both

sy @nd hy,.ceqare based on the correlations of Sffhfor recirculation

ratios close to one, the EES model returns thetheadfer coefficient for a single
phase vapour at the given mass velocity and diatti@&hus the discrepancy at
lower recirculation ratios between the two coeéfits is due to the fact that the
EES procedure does not assume that all the redingélow is changed to vapour
at lower recirculation ratios (approaching one).this limit, not only does the
vapour not wet the interior surface of the tubefisigintly to maintain good

thermal contact, but the heat transfer along the ig due to sensible heat only.



Both these factors effectively lower the convectibeiling heat transfer
coefficient predicted by the EES procedure at loasgrage recirculation ratios
(<5). At higher average recirculation ratios, thesIratio of the mass flow rate to
the cross-sectional area of the tube (mass ve)asityesponsible for the low heat
transfer coefficient. As mentioned above, the gowey equations for the EES
procedure could not be investigated and it is floeeeincluded for comparison

purposes only.

From Figure 9.4 above, the Shal,{ ;) and Gungor-Winterton It )

correlations predict that as the average reciroulagtio approaches one, the heat
transfer coefficient approaches a lower Ifthithowever, they both increase
rapidly as the ratio increases. However, there afgeears to be a wide divergence
between these two correlations. From Section 8tbelaverage recirculation ratio
at the operating ERPM plant, based on test dafaedicted as 5. At this ratio, the

convective boiling heat transfer coefficients ftwe tthree correlations and the

percentage difference as compare@%el are shown in the table below.

Table 9.1 Refrigerant side convective boiling hedtansfer coefficients at an average
recirculation ratio of 5

thh[e] h2ph[Sh] h2ph[EEﬂ
[W/m?.C] | [W/m?.C] | [W/m?.C]
6219 1666 221
0% 73.21% | 96,45 %

From Table 9.1 above, the three heat transfer ictarifs, at an average
recirculation ratio of 5, differ significantly, witthe Gungor-Winterton model
predicting the largest coefficient. Whether thigadivergence between the three
correlations results in the Gungor-Winterton catieh predicting a
commensurately larger thickness of ice built ised@ined by substituting the

coefficients from

8 As can be seen in the compressed scale of Figure @v4 aietween average recirculation ratios
of 1 and 2.
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Table 9.1 above intdn;[E] of equation (86) above. The final thickness of bt

over the ice building period of 13,5 minut®sfrom the numerical solution to

equation (88), is predicted and shown in the giagdbw:

Ice Thickness Built vs. Ice Building Time
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Figure 9.5 Thickness of ice built versus time at aaverage recirculation ratio of five

From the above graph, for the predicted mass flat® at the operating ERPM
plant yielding an average recirculation ratio ofttte thickness of ice built does
not vary significantly for the correlations of GummegWinterton and Shah, but does
differ considerably if the EES correlation is usethe ice thickness built on one
side of each plate, based on tests performed aplém and from Worthington
Smith & Brouwer™ and Rankift”) is approximately 5-6 mm (refer to Appendix
A6 for these results). Therefore, considering 8@he ice is melted during the
harvesting process (Section 9.2 below predicts tmslted layer to be
approximately 1 mm thick), the correlations of GonyVinterton and Shah

slightly over-predict and under-predict respectiviile thickness of ice built on

% From Figure 9.3 it is justifiably assumed for all caatieins except that of EES that the mid-
point of the evaporator wall reaches ice building tentpezarelatively quickly, and therefore it

can further be assumed that ice is built over the full 13pbites.
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one side of the plate during one ice building pridhe thicknesses of ice built
using the correlation of Gungor & Winterton and fioe input mass flow rate and
average recirculation ratio based on the modekoti&n 8. above, agree to within
11,0 % with the same thickness input into equai®) of Section 8 If the Shah
correlation is used, the percentage difference,7s %. Therefore, the model
presented in this section is a further substantiatf the average recirculation
ratio and mass flow rate predicted in the mod&eaxtion 8. above.

The EES correlation considerably under-predicts itee built layer and as
mentioned above, is therefore only included in thedel for the purpose of

comparison.

Referring to Figure 9.5 and Table 9.1 above, tigelalifference in the values of
the convective boiling heat transfer coefficientssoingor & Winterton and Shah
does not result in a commensurately large diffezemmc thickness of ice built
(22,37 % difference in Table 9.2 below). In fagprm Figure 9.6 below, the
variation in the thickness of ice built for conveet boiling heat transfer
coefficients ranging from 1600 — 11500 W@ is only 14,66 %.

The values of the convective boiling heat transfeefficient, together with the
thickness of ice built that is predicted from edom@t(88) by inputting these

coefficients into equation (86) above, is showthia table below.

Table 9.2 Parameters predicted from the heat trangfr model during ice building at an
average recirculation ratio of 5

h; ; h‘2ph[G] h'2ph[Sh] héph[EEa
[W/m®.C] [W/m?.C] | [W/m%C] | [W/m?.C]
Final values 6219 1666 221

Final predicted 6,67 mm | 584 mm| 2,11 mm
thickness of ice
built y;

% Differencey;, | 0% 12,37 % | 68,37 %

6 mr?Li)s used in equation (69) as the upper limit based athifigton Smith & Brouwét® and
Ranki
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Figure 9.6 Ice thickness built during an ice buildng period of 13,5 minutes versus refrigerant
side convective boiling heat transfer coefficient

From Figure 9.7 below, the thickness of ice builtidg an ice building cycle is
dependent on the refrigerant mass flow rate, wimcturn is dependent on the
average recirculation ratio. For an average relztion ratio above 2, sufficient
wetting of the inner tube surface allows for the thickness built, based on the
heat transfer coefficients of Gungor-Winterton arg@hah, to approach
convergence - irrespective of increasing ratioan¥iSection 8.6.1 above, the
predicted average recirculation ratio at the opsgaERPM plant is 5. From
Figure 9.7 below, the ice layer built is approxietgtat its maximum value for the
Gungor-Winterton and Shah convective boiling heangfer coefficients at a

recirculation ratio of 5.
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Figure 9.7 Thickness of ice built during the ice bilding period of 13,5 minutes versus
average recirculation ratio for the different heattransfer coefficients. The average
recirculation ratio of 5 predicted for the operating ERPM plant is shown as a dashed line.

As the model presented above only predicts thdaiger that is built during the
13,5 minute ice building period, it cannot predidtat percentage of this layer is
subsequently melted during the warming sub-periDderefore to accurately
predict the URD of building this subsequently meliee layer, which from Table
8.2 of Section 8.10.3, constitutes 68 - 78 % of i@l URD for all pumping

arrangements, a heat transfer model during the imgrsub-period is developed

below.
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9.2. Heat Transfer Model during the Warming Sub-Periodof the

Harvesting Period

As with the ice building period, predicting the nigérant side convective
condensing heat transfer coefficient during the mwvag sub-period of the
harvesting period is complex. The transient nature of the warming-geriod

makes it difficult to model accurately, as welltasorroborate with experimental
data. Nonetheless, the following model attemptgriedict the thickness of ice
melted y;m over the warming sub-period based on fundamergat transfer
analysis, assuming that the ice sheet falls offglage only at the end of this

period.

“Harvesting” or ice shedding is achieved by passimg refrigerant gas at
harvesting pressu@ nsr through the channels in the plate. As the icerlas/sub-
cooled, the following assumptions are made in otdedevelop the fundamental

equations:

1. At the beginning of the warming sub-period there iBnear temperature
distribution within the ice layer.

2. The warming sub-period lasts for 90 seconds, aadcth sheet falls off the
evaporator plates only at the end of this period.

3. The inner ice layer is at saturated evaporatingptgature of the liquid
refrigerant,Tygouia and the temperature of the outer ice lalgris at zero

degrees as shown in Figure 9.8 below.

92 This period is defined in Section 8.2.1 and by the hatchetingle betweeft, — t) in the

timing diagram of Figure 3.2 above.
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Figure 9.8 Linear temperature distribution in the built up ice layer at the beginning of the

warming sub-period

Theoretically, when the melted ice layer reaches degrees, the ice sheet should

slide off the wall. However, the ice layer wouldhdeto “stick” to the plate wall

due to surface roughness and shear forces withimttited ice layer, and it would

be necessary to melt a portion of this ice layenaBoré’ investigated this

“stiction” time, and predicted the “stiction” parater based on observations of

the ice sticking to the outside of tube evaporatarthe end of the warming sub-

period of a harvesting period.

Modelling the shear force in the melted ice laysing viscous flow models may

suggest that although the requisite ice is melte@ ishorter time period than

predicted by Worthington Smith & Brouw&? of 90 seconds, this period may

include some time to allow for the ice sheet torowme its “stiction”. Although

predicting the “stiction” parameter for the opemgtiplant is beyond the scope of

this investigation, it is nonetheless assumed Herrhodel presented below, that

due to “stiction” the melted ice layer is warmedtamn intermediate temperature

whilst it remains in contact with both the plateldahe ice sheet.
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9.2.1 Predicting the Evaporator Steel Temperature Btribution during

the Warming Sub-Period

It was first assumed that before the inner icerlag®m begin melting, the entire ice
layer must first lose all of its sub-cooling andick zero degrees. Under this
assumption, the time required for this processea@dmpleted before any ice is
melted is approximately the same time requiredthier outer steel wall to reach
0°C. Assuming that the steel wall can be modelledh ssemi-infinite plate, is
insulated adiabatically on one side (outer wall}huy ice layer, and is exposed to
the refrigerant at harvesting pressure and temyeran the inside, the one-term
approximation of the Fourier series for transiezathconductioi” can be used to
predict the time required for the outer wall to alea®C. All steel properties
(density, specific heat etc) are assumed uniforrd eanstant at harvesting
temperaturél ghar. As for the transient conduction model during leglding of
Section 9.1 above, results are compared to andiederivith the one-term
procedure in EES? The Biot and Fourier numbers during harvesting are

predicted as:

B _ hlr.har I-c.s[E]

i ( )
ks[ E] Tr[E]har

Q.. = Kyeg
S[E] DoelC
S[ E] S[ E] (Tr[E]har)

E = O'S[E]'[

(98)

har

o~ 2
Lc.s[ E]

(Ts[E]har _Tr[E]har)
(rr[E]buiId _Tr[E]har)

=ce™

Where for a plane wall, the values@fand¢ are functions of Biot number only:
(§)tan) =B
__ 4sin@) (99)
2(<) +sin@2(<))

The refrigerant side convection condensing heatsfea coefficient h is

r.har

derived below. Inputting the known variables intpuations (98) and (99) above



and solving for the steel wall temperatUignar, the change in temperature over
time at the inner and outer steel wall can be ptediand is shown in the figure

below.

Inner and Outer Evaporator Wall Temperatures vs.
Harvesting Time

4 — Inner Wall

. —— Quter Wall
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Harvesting Time tpar [S]

Figure 9.9 Temperatures of the inner and outer evagrator steel wall versus time during
harvesting, assuming that the outside of the platis insulated adiabatically by the ice layer.
Referring to the above graph, the harvesting gasshe the outer steel wall to 0°
C (and thus ice melting can begin) in a relativatprt period of time (within 4
seconds). The final outer plate wall temperaturéhatend of the warming sub-

period from the one-term approximation is 2,45 °C.

9.2.2 Predicting the Temperature reached by the M&td Ice Layer at
the end of the Warming Sub-Period

Now, based on a suggestion of Bailey-McE{&nthe above assumption is

disregarde¥, and it is assumed that only the melted ice liyses its sub-cooling

% That the inner ice layer only begins melting once theeite sheet has lost its sub-cooling.
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prior to melting, whilst the remaining ice layetaims all of its sub-cooling. This
melted ice layer which has turned to water (reaghemperatures off|mnar
(initially at zero degrees) at the end of the waugrsub-period), would now act as
an additional conductive resistance to heat fldegoabing heat from the wall at
one end, whilst being cooled by the remaining &eef at the other, as illustrated
in Figure 9.10 below. Thus it must be assumedeian though a layer of water is
stationary between the remaining ice layer andwh#, only at the end of the
warming sub-period does the ice sheet detach ifsmti the wall. As mentioned
above, this assumption is based on Senftevho predicted that the ice sheet
would remain in position due to “stiction” betwed¢he sheet and the steel

evaporator wall.

Harvesting gas Refrigerant Ice Laye Ambient
at Tygjhar Tube Temperature
flowing T, sa Tw
downward
inside the tube Wall aver-

age temp. \

layer at
Tl.m.har

/
-
[
/

Figure 9.10 Temperature distribution of the controlvolume at the evaporator during the
warming sub-period, including the melted ice layeiat temperature T; mpar (ignoring the
natural convection effect of the ambient air afT.,).

Modifying the heat balance equation of the commblume shown in Figure 9.10
to include conduction from the plate wall throudte tmelted ice layer to the
remaining ice sheet, the temperature change ahtiited ice layerT mna) at the
end of the warming sub-period can be predicted blyirsgy the following

equation:



oT, —

—_l.mhar — —ks (Tr[E]har )(TS[E]har _Tl.m.har) + kI (T|{S@ )(T| -m.har _-Tl{sc})

_[pWCW]Tl‘O yl.m at

(100)

Where T, is the average temperature of the linearly subecbie layer, and

the wall temperature during harvestiﬁQE]ha, is assumed to be the average of the

inner and outer wall temperatures as shown in Eigu® above.

As the melted ice layer's thicknes;q_m(t) is a function of time, the equation
above is solved simultaneously with equations (@8)4) and (105). The solution
of equation (100) over the entire warming sub-pkd 90 seconds, is shown in

the figure below.
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Figure 9.11 Temperature of the melted ice layer dung the warming sub-period

Referring to Figure 9.11 above, the melted icedagaches 1,2%C at the end of
the warming sub-period. Since the inner ice layar anly begin melting once the

outer plate wall temperature reached@® as shown in Figure 9.9 above, the
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melted ice layer does not vary significantly fromra degrees throughout the

warming sub-period.

9.2.3 Predicting the Melted Ice Layer Thickness

Applying the principle of energy conservation te tbontrol volume of Figure
9.10 above, and assuming that all thermophysiaapgrties are independent of

temperature, the heat flux from the refrigerarthismelted ice layer is

-T,
ql - (Tr[E]har I.m.har) (101)

1 . Ysm Yim

+
I’fr.har ks[ E] (Tr[E]har) kW(TI .m.har)

And the heat flux at the melted / remaining iceelaynterface, based on the

average sub-cooled temperature of the remainirgy iay

(TI m.har _-Fl{sc})
), = 82 (102)
% Yio. " Yim

I(I (Tl{sc} )

The difference betweeg, and q, is equal to the rate at which ice is melted and

warmed per unit area, and is predicted as

aYI .m —

P hsf T = ql - qz (103)

The final heat transfer equation during the warmsng@-period of the harvesting

process, including the melted ice layefat nar, and the ice layer aﬁ{sc} is:

ayl mo— (Tr[E]har - TI .m.har) _ (TI mhar -Fl{sc} )
at 1 ys[E] y|_m yl b~ yl.m

+ + *(—y—
h'r.har ks[ E] (Tr[E]har) kW(TI .m.har) k' T|{SC}

pihy (104)
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Wherey,, is the thickness of the ice sheet that is builirduthe ice building

period and is predicted in Table 9.2 above to 84 6ym (which is the average
thickness of ice built from the Gungor-Wintertorde®hah correlations). Equation
(104) is integrated over the 90 second harvestargpg@ and solved numerically in
EES, simultaneously with equations (98), (100) él¥5). The various convective

condensation vertical-tube heat transfer coeffisigoredicted in the models of
Section 9.2.5 below are substituted iritg,,. of equation (104) above, and the

results are shown in Figure 9.13 below.

9.2.4 Predicting the Mass Flow Rate of Harvesting & during the
Warming Sub-Period

To predict the convective condensing heat trarefficients described below, it
is first necessary to predict the mass flow ratehafvesting gas during the
warming sub-period. Recall from equation (28) ottgm 8.2.1 above that the

final energy rate balance equation for the contotdme of Figure 8.3 is:

AU s[E] + AU rl trap[ E] + AU rv.trap[ E] = ch + Arnrv[REC E] hrv( r.har, "r. har)
rI .confE- ACC ( r[E]har’ rI[E—ACC]) (28)
mrl{c} h (Pr[E]har 1Tr{c} )

where the internal energy gains on the left-hadd sf the equation are:
AUg: of the steel of the evaporator plates and thelgtiand outlet
manifolds;

AU, ;s Of the refrigerant liquid in the plates and mafds; and

AU . of the refrigerant vapour confined in the plabetween the

rv.trap[ E]

beginning and the end of harvesting.

The heat transfer across the control volu@agis that required to melt the inner-
most layer of ice and to release its sub-cooling.tle additional heat transfer
required to warm this melted ice layerTign naris an assumption and could not be

verified by testing at the operating plant, it & ©onsidered Q... Furthermore,



the specific heat of water is considered negliginleen compared to the latent
heat of fusion of ice formation (4,186 kJ/kg.C aB8b,0 kJ/kg respectively).
Therefore, to retain consistency between the maafeBection 8. and Section 9.1,
andonly for the purpose of predicting the mass flow rdtéarvesting gas, it is
assumed that the ice detaches from the steel wed @ reaches 0 °C as opposed
to Ti.m.har

The remaining variables are defined in Section18dbove, however, equation
(28) is based on the following assumptions thatehbgen outlined in Section

8.2.1, and are summarised briefly here for the pegpf clarity:

1. At the beginning of the warming sub-period, dendtgdn equations (26) and
(27) above, the internal refrigerant volume of pietes is comprised of 30 %
liquid and 70 % vapour at saturated ice buildimggeratureT,gjpuiia.

2. At the end of the warming sub-period, denotgpliG equations (26) and (27)
above, the internal volume of the plates is coneplrisf 5 % trapped liquid and
95 % trapped vapour at saturated harvesting terperBgpar.

3. The mass of liquid condenseunh at saturated harvesting temperature

rl{c} ?
Tienar IS predicted in equation (32) above.

4. The mass of liquid transferred out of the moduley, ., e-acq at the

beginning of the warming sub-period, assuming afigities are at evaporating
pressure, is predicted in equation (34) above.
5. The incoming harvesting gas condenses to warm estibel plates and the

manifolds as per equation (25) above.

Therefore, the final form of equation (28) over twarming sub-period of 90
seconds is:
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rr.ls[E] Cs (Tr[E]buiId )l_Tsat(Pr[E]har ) - Tsat(Pr[E]buiId )J
+ (0'05\/[5] prl (PﬂE]har ))(12) l'Irl (Pr[E]har ) - (OBO‘/[E] prl (Pr[E]buiId ))(tl) urI (Pr[E]buiId )
+ (095‘/[E]prv (Pr[E]har ))(12) Uy, (Pr[E]har ) - (0170‘/[ £1Pw (Pr[E]buiId ))(11) Uy (Pr[E]buiId ) (105)

Tr ui +T .0
=-2nP, g Yy m(hy —C, (%) +AMrecgr (Pr.har,Tr.har)

- Amrl con{ E-ACC] hrl (Pr[E]har ’TrI[E—ACC] )_ Mg hrl (Pr[E]har ’Tr{c} )

where the number of plates per module, denoted s/ 35. As the melted ice

layer yl_m(t) is a function of time, the equation above is sdlgamultaneously

with equations (98), (100) and (104) above.

Solving the above equation yields the mass of&g;zc¢, from the condensed

liquid receiver introduced at the inlet of the ewagior during the warming sub-

period. The mass flow rate of the harvesting gasmlule is therefore:

. _ Arnrv[ REC-E]
rnrv[ REC-E] — t

(106)

har

And per channel (there are 30 channels per plagg)ifig one side of the plate, the

mass flow rate is:

Amrv[REC—E]
t. xnx30x2

har

rhr\/[ REC-E]chl —

(107)

9.2.5 Predicting the Refrigerant Side Convective Gulensing Heat

Transfer Coefficient

Three correlations are presented below for predictthe refrigerant side
convective condensing heat transfer coefficientvertical tubes during the
warming sub-period.

A comparison to other correlations found in theerhture is presented in
Appendix A5 for flow in horizontal tubes as a compan, to investigate the
dependence of the convective condensing heat @ansdefficient on tube
orientation.
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The Shah Correlation for Film Condensation inside \rtical Pipes

Shat?® modified his two phase convective boiling heansfar coefficierft®
model developed in Section 9.1 above to apply bm ftcondensation inside
vertical pipes. Sha&f? noted “the similarity between the mechanisms cdéthe
transfer during film condensation and boiling withaucleation.®® Just as for
the convective boiling heat transfer coefficiertte tconvective condensation
correlation has been verified over a large rangeamfditions (pipe diameters
between 7-40 mm, horizontal/vertical orientatiomsss flow rates from laminar
to turbulent, velocities from 3 to 300 m/s etc.y fo variety of refrigerants
(including ammonia), and is supported by indepehd#undies “with a mean
deviation of about 15% (from tested dat&}Based on the test data and “as long
as the entire pipe surface remains wetted by tingdj the following equation

applied to all flow orientations?

hl
Yo =20 pﬁf”{ 2 (108)
1

Here, 0, sng IS the Shaf” two phase convective condensing heat transfer

coefficient, and the superficial heat transfer fioiit of the liquid phase onli,

is calculated by the Dittus-Boelter equation todgeethe heat transfer coefficient

- assuming all the mass flowing as a liquid.

' kr Tr ar
h|{0) = 0’02:{ m%) )O.gprrl 0A(ﬂ[E]har)% (109)

andh’, is given by

h', = h'ig @—X,,)* (110)

where x, . is the thermodynamic vapour quality of the harngsgas. The ratio

whar IS dependent on the condensing convection nu@bgy:
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05

(111)

0,

Tr -har

_ 18
whar - COh 038 (112)

ar

b, seg 1S Predicted by substituting equation (108) ingoi@ion (112).

Shah further states that “in the process of coratems liquid will be formed
whenever vapour contacts the pipe surface andttrupipe circumference will
always be wetted at all flow rates and in all flovientations. Hence (the above)
equation may be expected to apply to condensatiaill iflow orientations with
minimum modification.?® A major assumption of this model is that vapour
quality variation is linear with channel lengthgjch. Shal?® simplifies equation

(108) where saturated vapour enters the tube aodasad liquid exits the tube to

one term, if the arithmetic mean quality,_, of 0,5 is used.

= 209

s orsncg = Nigg (055+—(—)Pr e - )
rl r[E]har

(113)

The Nusselt Equation for Flow in Vertical Tubes

A theoretical correlation for flow in vertical tubebased on Nusselt's equation for
film condensatior?” is developed as a comparison to both &atorrelations
presented above. This correlation can be usedlfocbndensation at the inner or

outer walls of vertical tubes if the tube diametelarge compared to the film

thickness (which in this case is true). The averstgel wall temperatur?s[E]har,

predicted from equation (98) above, is used in¢hiselation.
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ENIES

hfg g(prl _pw)krI3
) Hi

rl

(114)

N ooy = 0,94 —
L[ E]chl (Tr[ Elhar Ts[ E]har

Tr[E]har

The three convective condensing heat transfer icteits are plotted below over

the 90 second harvesting period.

Convective Condensing Heat Transfer Coefficients vs
Harvesting Time
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Figure 9.12 Convective condensing heat transfer cifieients versus harvesting time

From Figure 9.12 above and &f, of 90 seconds, all three vertical tube
coefficients predicted in the model lie within thand of 182 — 4211 W/MmiC
which demonstrates the variation of predictionsebdasn the different heat
transfer models. As both SH&H correlations are strongly dependent on mass
flow rate of harvesting gas, and since the mass flte per channel is typically
quite low, there is a concern that they may undedigt the heat transfer
coefficient. Although both the Shah correlations aorroborated with data, the

lower limit of tube velocity for these models isn®s, which is three orders of



magnitude larger than the velocity predicted fréma mass flow rate of equation
(107). Therefore, as the Nusselt correlation isstasn average evaporator wall
temperature, and as such has no lower limit, itlvélthe primary coefficient used
as the convective condensing heat transfer coefficfor the model further
developed below. This coefficient is also used rtedwt the parameterbghar

andT, m.narin €quations (98) and (100) above, respectively.

The melted ice layer over time is plotted belowirgyutting the three vertical tube

convective condensing heat transfer coefficiertts @guation (104) above.

Ice Melted Thickness vs. Harvesting Time
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Figure 9.13 Ice melted thickness versus harvestirigne for the predicted vertical-tube film
condensation heat transfer coefficients.
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Table 9.3 Convective condensing heat transfer coafients and corresponding thickness of
melted ice layer

N, par , N ooinaa | Napnsica | N'2prsico
[W/mZ2.C] [W/m?.C] | [W/mAC] | [W/m?.C]
Final values 4211 893 182

Final predicted thickness of 1,149 0,786 0,143
melted ice layey, m [mm]
% Differencey;m 0% 31,63%| 87,54 %

As mentioned above from Sh&R, assuming a linear quality distribution along

the length of the tube, the modified correlatiﬁgmsmc} predicts the mean heat
transfer coefficient more accurately they, ., - However, as mentioned above,

both these correlations apply for mass flow rateshmarger than that predicted
by equation (107) above. From the heat transferainddring ice building (Table
9.2 above), the predicted thickness of the icet lmaities from 5,84 — 6,67 mm
depending on thapplicable convective boiling heat transfer coefficient used
the model. Thus a melted ice layer thickness ofimdol.1 mm, based on the

Nusselt correlationh’, .54 1S acceptable; as final ice sheet thickness was

observed during testing to be approximately 5-6 (p@e Appendix A6 for the test
data). As mentioned above, Worthington Smith &Bver*®and Rankif¥also

confirm that ice built on each side of the plateidtd be 5 — 6 mm.

Figure 9.13 above is based on the assumption tigaice melts for the entire
harvesting period of 90 seconds. The time requwethe harvesting gas to expel
the cold liquid to the accumulator prior to the marg sub-period could not be
predicted from testing at the plant. From Figur@ &ove, assuming that the ice
layer acts as an adiabatic boundary, the time redubr the outer steel wall to
reach 0°C (and begin to melt the inner ice layer) is apprately 4 seconds.

Therefore, if it is assumed conservati\?élybased on observations of the

harvesting process at the plant, that the valvenghaver time, plus the time

% This assumption should be considered a lower limit ofthiekness of ice melted, with the

predictions shown in Figure 9.13 above considered as an lipger



required to expel the liquid to the accumulator #redtime required to heat up the
steel wall to zero degrees at its outer surfacestalp half of the warming sub-
period of 90 seconds, the final melted ice thicknes one side of the plate is

shown in the figure below.

Ice Melted Thickness vs. Harvesting Time
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— h2phNul{c}

yim [mM]
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— h2ph[Shi{c}
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Figure 9. 14 Ice melted thickness versus harvestirigne assuming that ice is melted for only
half of the total harvesting time of 90 seconds

Table 9.4 Convective condensing heat transfer coafients thickness of melted ice for a
harvesting time of 45 seconds

N par N prinuice Nopsiea | N'2prsg
[W/m2.C] [W/m?.C] [W/m®.C] | [W/m2C]
Final values 4179 1435 343
Final predicted thickness af 0,877 0,651 0,226
melted ice layey; , [mm]

% Differencey;m 0% 25,82% 74,20 %

From Table 9.3 and Table 9.4 above, if the hamgstime is halved, the

thickness of ice melted decreases by only 17 % gy, o, » @and increases by
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58 % for h' Although this seems counter-intuitive, as mergm above,

2ph{sti{c} -
the Shalf® correlations are dependent on the mass flow rateaofesting gas,

which increases as harvesting time decreases. foherthe decreased harvesting
period that the warm gas is in contact with thelsevaporator wall is offset by

the increased convective condensing heat transtefficdents for these

correlations. The Nusselt correlatidr, ;4 however is not as dependent on

mass flow rate, although it is solved simultanepusith the mass flow rate
during the warming sub-period of equation (105)as&d on this correlation, the
upper and lower limit of thickness of ice melted 1sl49 and 0,877 mm
respectively, which constitutes a 24 % differen€er the model developed in
Section 8. above, a mean value for the thicknesgefmelted of 1,00 mm is
assumed when predicting the URD associated with bodding of the
subsequently melted ice layer. Thus this assummtianelted ice layer thickness
is substantiated and is further corroboration & thass flow rate and average
recirculation ratio required to build the entire iayer that is predicted in Sections
8.and 9.1.

Brief Summary of Section 9

Section 9.1 above presents a third independentadethpredicting the mass flow
rate and average recirculation ratio. The heastearmodel is developed based on
convective boiling heat transfer coefficients taet both general in terms of their
applicability to varying tube diameters, mass floates etc. and also specific to
ammonia as the circulating refrigerant. From Ta®l2, by inputting the mass
flow rate and average recirculation ratio during bwilding predicted in Section
8.6.1 into the model of Section 9.1, the thicknefsthe built ice layer, depending
on theapplicable coefficients used, varies from 5,84 — 6,67 mm. sEhealues
agree to within 11,0 % with the same thicknesstimpio equation (69) of Section
8. (6 mm), which is based on Worthington Smith &o8wver™® and Rankir'®
This in turn further corroborates the abovementibmeedicted performance

guantities from Section 8.
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A heat transfer model during the warming sub-persodeveloped in Section 9.2.
to substantiate the predicted thickness of icet lmfilSection 9.1, as well as to
corroborate the URD of building this layer preditie the model of Section 8.
Based on the onlgpplicablecoefficient used (that of Nusséft b, prinug )» this

layer varies from 0,877 — 1,149 mm. Therefore, tthiekness of ice delivered to
the screw conveyor at the end of the warming sulpge predicted from both
heat transfer models presented above, is approsiyn&tmm. This agrees with
tests performed at the operating plant, where fi@ble A6.3 of Appendix A6,

ice of 5 - 6 mm was measured at the screw conveyor.

The predictions of both heart transfer models agvitk tests performed at the
operating plant and further corroborate the perforoe quantities of mass flow

rate and average recirculation ratio predictedchieymhodel developed in Section 8.

One important observation from the models of teitisn is that in the absence of
test data to confirm heat transfer coefficientsticm should be employed when
using the general theoretical and empirical motiels are available. There is such
a large variation in values between these cormlatithat it is only through

knowledge of the system that the coefficients timaist closely resemble the

operating plant are selected.
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10. CONCLUSIONS

Theoretical modelling of the existing and altermatiiquid overfeed pumping
arrangements at Unit 5 of the ERPM ice making plamd providing some
validation of these models’ performance quantitees, the main objectives of this

investigation.

For the same operating parameters measured atSUmith its actual cold gas

pumping arrangement, other possible liquid overfpedhping arrangements are
modelled. It is with these models that meaningfamparisons can be made
between the different possible pumping arrangemérits models also predict
performance quantities that could not be measutethe plant, such as the
average liquid recirculation ratio and the refraggrmass flow rate through the
evaporators during ice building. As mentioned ictidm 2.4, it is only by reliably

predicting these quantities that the comparisorterden the different pumping

arrangements in Section 8. achieve some levellafitya

By inputting variables predicted from the refriggwa demand model of Section
8. into the heat transfer model of Section 9., andoborating the resultant
predictions from these models with operating dataefe available), both models
achieve a level of substantiation. One examplewshio the table below, is that
of the mass flow rate of refrigerant through theprators during the ice building
period, which is dependent on the average recitionlaatiox;. By inputting the

mass flow rate predicted by the refrigeration dednanodel of Section 8. into the
heat balance model during ice building of Sectionti®e predicted thickness of

the built ice layer matches values measured atpihet, as well as from
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Worthington-Smith & Brouwef*® and Rankir*® ®This in turn corroborates the

mass flow rate and subsequently the average réaii@u ratio predicted from the

model of Section 8.

The table below summarises the key performance tigigasnpredicted by both

models, and where applicable, the correspondingegabbtained from testing at
the ERPM plant.

Table 10.1 Key performance quantities predicted byhe different models.

Performance . Used as input| Predicted Test data or
. Predicted from
Quantity to Value reference source
Refrigerant mass ; ;
Refrigeration
flow rate per dema?nd model Heat transfer
module®; . model during | 3,354-3,363 _
- of Section 8. 1.0 hjiiding of|  [kg/s] N/A =
M, po-gy / and Appendix . 9 9 None Available
. A8.2 2 Section 9.
mr(l,v)[E—ACC] e
Average Refrigeration Heat transfer
Refrigerant demand model | model during
Recirculation of Section 8. ice building of 5 N/A
ratio: x; Section 9.
The
referenced 5-6 mm of ice
value of 6 mm
N . measured at the
is input into
Heat transfer the model of screw conveyor
Thickness of Ice | model during : 5,84 — 6,67 | below evaporators
| . : o Section 8. and -
ayer builty, ice building of : [mm] and confirmed by
: confirmed . .
Section 9. , Worthington-Smith
with that (13)
redicted by & Brouwer,™and
predi Rankin¥
Section 9.

% As mentioned in Section 8.1, all three sources mentioned atatesthat ice thickness built on

one side of each plate is approximately 5 — 6 mm. From Pehl the thickness of ice delivered

was measured at the screw conveyor beneath the module te enn.
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Table 10.2 (continued) Key performance quantities igdicted by the different models.

Performance . Used as input| Predicted Test data or
: Predicted from
Quantity to Value reference source
Heat transfer | Mean value of
model during | 1 mm input
Thick . ice shedding of | into the
ickness ot 1€ | section 9. refrigeration | 0,786- 1,149
layer meltedy N/A
Based on a demand [mm]
[mm] .
warming sub- | model of
period of 90 Section 8.
second¥
Convective boiling| Heat transfer
heat transfer model during 1666 — 6219
coefficientin | jce building of | N [Win?.C] N/A
vertical tubesh, Section 9.
Convective
condensation heat Heat trans_fer
transfer coefficieny Model during |, 893-4211 N/A
in vertical tubes | ice shedding of Wim“.C]
Section 9.

h

r.har

Modelling the channels of the evaporator plate witlhich refrigerant flows as

circular tubes, the heat transfer model of SecBorpredicts the temperature

changes of the steel evaporator walls during tlee bailding and harvesting

periods, as well as the convective boiling and ewmstg heat transfer

coefficients during both these periods.

Referring to Table 10.1 above, although the convecboiling heat transfer

coefficients predicted by the different correlaBoduring ice building vary

considerably from each other, the percentage difieg of predicted thickness of

ice built, from Table 9.2, reveals that (except foe EES? correlation) their

relative effect is minimal. Similarly during thatvesting period, the variation in

the different convective condensation heat transfafficients, used in the heat

% Based on the assumption mentioned in Section 8.6.1 above.
%7 If the warming sub-period is halved as shown in Table 9.4 altlowenelted ice thickness varies
from 0,651-0,877 mm.
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transfer model, does not yield a commensurate ehamgnelted ice thickness

(except for the modified Sh&f correlation), as shown in Table 9.3.

By predicting the mass flow rate and average rafEbton ratio through the
evaporators, the theoretical model of Section 8o g@redicts the various URDs
associated with each pumping arrangement. The ptivduand unproductive
refrigeration demands predicted from these themaktinodels are then used to

compare the energy efficiency and cost effectivermégach pumping system.

The refrigeration demand model of Section 8. inekudll major productive and
unproductive refrigeration demands that are incaisal in the models of
Lorentzen and Bagf®, Wright™®, and Bailey-McEwah? , as well as some other
URDs that are not included in any of these analydesis therefore a
comprehensive model of the PRDs and URDs assoawtedhe current cold gas
pumping arrangement. This model is adapted to decthe URDs associated with
other possible pumping arrangements under, asfpossible, the same operating
conditions®® which allows for valid comparisons to be made temthe different

pumping arrangements.

A fully mechanically pumped system (FMPS), suggdéte Bailey-McEwaft® is

presented in Section 8.9. This arrangement wouldimigée the interaction
between the warm harvesting gas and the expelledigaid in the evaporator at
the beginning of the warming sub-period, as weleiminate any trapped liquid

behind the level regulating valve at the end o$ theriod, and would rapidly

% Such as pressures in the evaporator during ice building avestiag as well as their associated
time periods, pumper drum pressures and filling/pumping perifmdsthe gas pumped
arrangements, condenser and accumulator pressures, masatéewaverage recirculation ratios

etc.



20¢€

recharge the evaporator plates with refrigeranirpto ice building’® Although
the time required to expel the liquid to the acclatar at the beginning of the
warming sub-period could not be measured at thet pitawill certainly minimise

this expelling time, which is unknown.

The results of the refrigeration demand model ofti8a 8. predict that, for
similar evaporating temperatures and simifaactical average recirculation
ratios, the CGPS is always more energy efficieahtthe MPS, but less energy
efficient than the FMPS. As mentioned in Sectioh08L, based on the plot of
COP at varying average recirculation ratios illasd in Figure 8.17, the
intersection of the COP for the CGPS and FMPSgtt recirculation ratios (>9,5)
is intuitive. The increasing total refrigerationnaend® for the FMPS as the
average recirculation ratio increases shavdntuallymatch and then surpass the
constantdemand of the CGPS. Therefore, the assumptiomuéaten (6b) (and
hence that of equation (5b)), that the ratio ofaltadlemands can predict the
compressor energy input for all pumping arrangesappears to be valid even at
higher average recirculation ratios. Nonethelestsys as high as 9,5 would not be

encountered in a working liquid refrigerant ovetdfgmimping arrangemeht:

The results of the model of Section 8. agree withduggestion of Lorentzen and

Bagld®'%2and the conclusion of Wright' that a cold gas pumped system, (at

% Within 25 seconds from Section 8.9 based on the analysisrpedoin Appendix A4. The
predicted liquid transfer period remains the same foaraingements at 10 seconds from Table
3.1 above.

199 pye to the increasing work input required from the mechapigap to circulate the larger
volume of liquid.

101 ASHRAE® and Wright'?) both state that common recirculation ratios for mecladigipumped
arrangements are between 4 and 7.

1921 orentzen and Bagft? make conclusions based on tests of hot gas and mechapicaiped
arrangements, and suggest that an efficient cold gas punysesmswould be more energy

efficient than a mechanically pumped system.



high recirculation ratios according to Lorentzerd @agld® ) would be more
energy efficient than a mechanically pumped systénshould be noted however
that the operating systems of both Lorentzen andld$hand Wright' are
conventional continuous refrigeration processed, @m not include many of the
inherent inefficiencies of batch type processesraviignificantly, those URDs

associated with the harvesting process are obvi@lsent in both models.

Wright™), based on tests for a 422 Kffrefrigerating systemalso predicts that a
cold gas pumped liquid overfeed arrangement woedriore energy efficient
than a conventionally mechanically pumped one. H@me as opposed to
Lorentzen and Bagf8, he predicts that at lower recirculation ratioslj2and at
evaporating temperatures of -29° C (-20° F) or Ilowee cold gas pumped system
is more energy efficient than the mechanically pachpystem. He further asserts
that if the latter system is operated at its custiymecirculation ratio of 4 to 6, the
benefit of the cold gas pumped system operatedetigculation ratio of 2 is even
more marked. In the investigation of this repdrgugh, the refrigeration demand
models of the different pumping arrangements deedrin Section 8. predict that
evaporating temperatures have little effect onreiative energy efficiencies of
both arrangements (based on Figure 8.18 abovearahfaverage recirculation
ratio of 5) whilst the CGPS becoma®re energy efficient than the MPS as the
average recirculation ratio for both arrangememtseases (based on Figure 8.15

and above and for an evaporating temperature 88°%3).

Both Lorentzen and Badfand Wright'? reach their conclusiolf¥ for a cold
gas pumped arrangement based on observations dfesmegstems than the
ERPM plant (total refrigeration demand of 11,6 kWwdad22 kW respectively,

compared to 6850 kW), and at a lower evaporatop&ature (-30° C compared

193 The total refrigeration demand of Unit 5 (8 modules) of therating ERPM plant, based on
Figure 8.21 for one module, and for the 15 minute ice makjolg cis approximately 6850 kW.

194|n the case of Lorentzen and Bdfjliv is a suggestion and not based on test data.
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to -5,83° C). Nonetheless, based on the predictminghis investigation, the
suggestion of Lorentzen and Ba§land the conclusion of Wright’, that a cold
gas pumped system, operating at similar evaporatimgperatures (but not similar
recirculation ratios) will be more energy efficiethian a mechanically pumped
arrangement, holds true for large batch-type oeerfgystems such as that of the
ERPM plant.

Lorentzen and Bagi8, Wright*? and ASHRAE® also conclude that a hot gas
pumped system is the least energy efficient opathping arrangements, which

agrees with the conclusions of this investigation.

An annual electrical cost analysis is performed®éction 8. to compare the cost
effectiveness of the different pumping arrangemeReferring to Table 8.3, the

cold gas pumped arrangement is predicted to be mleotrical cost effective, by

R97,000 per year, than the hot gas pumped arranmge/e mentioned in Section

8.11.1, the capital cost of both gas pumped sys&hosld be almost identical,

and therefore there is no advantage of the HGP6theeCGPS.

The annual electrical cost of operating the CGRBvier than for the MPS for all
similar practical recirculation ratios, but it is not as electrigatiost effective as
the FMPS!®® As mentioned in Section 2.1 and based on ASHRAthe capital
and maintenance costs of the additional pumps fanexhanically pumped
systeni®® may offset any achievable increase in efficienchhis aspect would
require further investigation before concluding ties the FMPS is indeed the
most cost effective pumping arrangement. The louRD, and subsequently the
lower annual electrical cost of the FMPS shoula &is offset against the capital

cost of the additional recharge pumps and rechdiggdlarge vessels.

195 From Figure 8.25.
106 5ych as the MPS and the FMPS



On the basis of predicting the annual electricaktcas well as the total
refrigeration demand for each pumping arrangemengn be concluded that the
MPS is less energy efficient and electrically ceffective than the CGPS. As
mentioned above, this agrees with the suggestiomomgntzen and Bagfd and

the conclusion of WrighHt? It can also be concluded that the FMPS is the most
energy efficient and electrically cost effectivetbé four pumping arrangements

investigated.

ASHRAE® states that the gas pumped arrangements offedvemtage over their
mechanically pumped counterparts “when the ovegglital and operational costs
of both systems are compared It would therefore appear from ASHRAREthat
the capital and operational costs unique to thepgasped arrangements, which
include two pumper drums, are similar to, or gredten, those of using a
mechanical pump - irrespective of the efficiency a@ither system. Further
investigation is therefore required relating to tleapital costs of both
arrangements, as the electrical operating cosh®fGGPS is predicted by this

investigation to be lower than the MPS.

ASHRAE® also states that “for each evaporator, there isleal circulating rate
for every loading condition that will result in th&nimum temperature difference
and the best evaporator efficierd®y. Predicting the optimal average recirculation
ratios of each arrangement is beyond the scopeifrivestigation, however it is
recommended for further work and would be a pragivesstep in determining

which pumping arrangement is more energy efficiant cost effective.
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11. SUGGESTIONS FOR FURTHER WORK

1. Varying key operating parameters, such as evapomtssure, as well as
performance quantities such as the average reaironl ratio, affecting the
refrigeration demand model of Section 8. may resulconditions which
would favour the MPS over the CGPS-operating uuifégrent conditions.

2. Accurately predicting the compressor energy inpor fall pumping
arrangements, especially at high average reciionlattios, would support
any comparisons of energy efficiency and electrazst effectiveness for the
different systems. This would then replace the mggions made in equations
(5b) and (6b) of Section 7.2 above.

3. Verifying the key performance quantities predicbydthe different theoretical
models in Table 10.1 above with test data woulddes® the models further,
and would allow for more credible conclusions to tnade regarding the
efficiency and effectiveness of the different pungpiarrangements. This
would however require invasive equipment (flow mgtaccurate temperature
sensors etc.) to be fitted to the plant.

4. Modelling the “transient period” during the haniegt period®” more
effectively by including the valve change-over tenas well as predicting and
experimentally verifying the exact time required fbe harvesting gas to
expel the liquid to the accumulator at the begignof the warming sub-
period, would allow for more credible suggestionsbe made regarding
minimising unproductive refrigeration demand of tbeerating plant. This
would also predict whether the discharge proceskeoFMPS would result in
a shorter warming sub-period; a further advantddbeoFMPS.

5. Predicting more accurately the ice-steel ‘stictidefined in Section 9. would
provide more accuracy when modelling the convechigding heat transfer
coefficient during the warming sub-period. An opginwarming sub-period

could subsequently be predicted.

197 Based on the timing diagram of Figure 3.2, where the veperigd of one module is followed
22,5 seconds later by the expulsion of cold liquid refrigeramt its neighbour
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6. The capital and operating costs of the pumper deystem for the gas
pumped arrangements could be compared to thoseyomachanical pumps
or vessels required by the mechanically pumpedngements. A rigorous
way of so including the capital and maintenancdésca®uld be through a Net
Present Value (NPV) analysis This would crediblfine the conclusions of
the electrical operating cost analysis of Sectiohl8 and predict more

conclusively which pumping arrangement is the ncost effective.
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APPENDICES

APPENDIX Al

P&l and P-h Diagrams of the Cold Gas and Mechanic#y
Pumped Arrangements of Unit 5 of the ERPM Plant
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Figure Al1.1 Detailed P & | diagram of Unit 5 of ERRM Plant, showing placement of pressure gauges andrhperature sensors [23]
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Al.1 The Cold Gas Pumped Arrangement

p
[kPa]
4
Pumper drum| - - - - — - __ 7 +>GK‘:\ Y5 .
Accumulator} - - - - - —___} A >
h [kJ/kg]

Figure Al.2 P-h diagram of refrigerating cycle in Uit 5 with its cold gas pumping
arrangement (based on Figure 7.2).

Referring to Figure 7.2, and from the P-h diagrdrove, saturated vapour at state
2' at the accumulator is drawn to the compressiet iat state 2, dropping in

pressure and so becoming slightly superheated.vEpsur is then compressed to
condensing pressure, at state 3. Saturated liqusthte 4 in the condensed liquid
receiver expands across the pumping expansion t@lpemping pressure at state
5 in the pumping pumper drum. Slightly sub-cooleonfpressed) liquid at state 7
is then circulated through to the evaporators. flleephase mixture at the exit of

the evaporators, at state 1, then passes intocctharalator, where it is separated
into saturated liquid and vapour. The residualitigayer in the pumper drum is

at state 6, whilst the flash gas remaining in toenper drum is vented to the

accumulator, at state 6'.
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Al.2 Mechanically Pumped Arrangement
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Figure A1.3 P-h diagram of refrigerating cycle in he mechanically pumped system of Unit 5,
based on Figure 1.3 above

Referring to Figure 1.3, as in the cold gas pumggstem, slightly superheated
gas enters the compressor suction at state 2 andnmpressed to condensing
pressure at state 3. Saturated liquid from the lpgéssure receiver (state 4)
expands across the hand expansion valve to acctonyeessure. The pump
raises the liquid pressure at its inlet (point &)pbint 7, where the subcooled
liquid is circulated to the evaporator, partly evegging to state 1, the quality of
which depends on the recirculation ratio.
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APPENDIX A2

Model Developed to Predict the Amount of Liquid
Ammonia Remaining in an Evaporator Module at the
End of the Ice Building Period

A theoretical model was developed to predict theoamh of liquid ammonia

remaining in the evaporator plates of a modulehat énd of the ice building
process and before harvesting begins. Modellingcti@nels along the length of
the plate where refrigerant flows as a circularetubaturated liquid ammonia
enters at the bottom of the channel, and a twoehasture exits at the top of the
channel. This model is based on Bailey-McE®#Anwhere an investigation of an

ice making plant similar to that at ERPM was unalezt.

LiEjehi

%00 ()

Figure A2.1 Flow of ammonia within a channel of theevaporator plate

The mass flow rate of the ammonia within the chaepasists of the mass flow
rate of each phase at any point along the lengtthefchannel y)*°® and is

denoted by
Mg :mr|[E](Y)+mv[E](Y) (1)

198 Note that the definition of here without any subscripts is the distance travaleng the length

of the tube, and not thickness as defined in theanzlature.
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At any point along the length of the channg), the cross-sectional areg.,.,, of
a channel is the sum of the sub-areas occupieddly ghase:

Begen = Buregen (¥) * (V) (2)
The average velocities of each phase over thesisesectional sub-areas are

o rhr yvr IDr ui
v, (y)= I[E]( ) I( [E]b Id)

Q15 (Y)
, )
v (y) _ Mg (y)Vrv (Pr[E]buiId )
" a‘rv[E] (y)

<l

rl

Where# is the velocity ratio of liquid to vapour.

The nature of the two phase flow depends on thdutwe ratio of vapour to

liquid, the average velocity of flow, and the héai through the [evaporator]

wall, among other things*® and is complex to model theoretically. Thus,

simplifying assumptions must be made in order foraximate the liquid content

of the tubes prior to harvestiffg’

1. The temperature of the ammonia is constant aloadetingth of the channel.

2. The heat flux is uniform along the length of thawhel.

3. The velocity ratio of liquid to vapous, is constant along the length of the
channel.

At the top of the channel, where lengtlequals evaporator channel lengthcn,

the mass flow rate of ammonia vapour leaving trenakl at evaporating pressure

PrEbuild 1S

. q[E]chI
m, L = 5
rv[E] ( [E]chl) hfg (Pr[E]bu”d j ( )

where the hedtux ¢, is given by Equation (6):

TI 0 _Tr[E]buiId

1 + yS[ E] Y,

+
hlr[E] ks[E] (Tr[E]buiId) K, (Tr[E]buiId)

q[E]chI =

(6)
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-the solution of which has been predicted in equa(i86) of the heat transfer

model developed in Section 9.1 above using the GuWjnterton convective
boiling heat transfer coefficiert, ;.

The definition of the time averaged recirculatiatio over the ice building period,

X1, at evaporator inlet temperature and pressure, is

r-an[E]i
Irhrv(L[E]chI)
_ IrhrI[E]i hfg (Pr[E]buiId )

q[E]chI

1

()

And in terms of the average recirculation rati@ #apour mass flow rate at length

y can be represented as

mr i
m, (y) = — Y 8)
X L[ E]chl

Manipulating equations (4), (5), (6), (7) and (8)abtain the cross-sectional area

angiecn occupied by liquid at any poiny, along the length of the channel (all

specific volumes are atgjpuild):

a‘[E]chlgvrl (XlL[E]chI -y)

af C = 9
e ) y(v, —6v,)+6v, [—" ©)
The liquid content of the tube is:

Ligjenl
Vireren = IarI[E]chI(y)dy (10)

0

and noting that the volume of the channel is

Vigen = S egenibegen (11)
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Finally, integrating equation (10), the fractiotiglid content of the channel is:

F _ Vrl [E]chl
rI[E]chl — V.
[E]chl
| 6v % v, —6v (12)
FrI[E]chI - rl Xl v In v v +1 _1
‘VW -6v, |v,-6v, o Xy,
Tsat[E]buiId
Fractional Liquid Content of Channel vs. Velocity R atios
70
60 /)(//(/4“
50 ——x1=1

e s
30 / /9/*_/_4—'/*/‘ —a— x1=5
20 ——x1=10

Fractional Liquid Content
Frgjchl

Velocity Ratio 8

Figure A2.2 Fractional liquid content of evaporatorchannels versus velocity ratio at various
average recirculation ratios

From Figure A2.2 above, the volume fraction of idjwaries according to the
velocity ratio and the average recirculation rafis.it is impossible to accurately
predict the actual flow rate within the channeldhet ERPM plant, the velocity
ratio is varied at intervals of possible recircidatratios. From the theoretical
model of Section 8., it is predicted that the agereecirculation ratio is five, and
assuming a velocity ratio of 7,5 at the end of tbe-building process, the
fractional liquid content of the tubes at the erfdic® making and prior to
harvesting is approximately 30 %. This value isdugethe model of Section 8. to
predict how much liquid refrigerant must be tramgpd out of the plate and

expelled to the accumulator prior to the warminly-period.
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Area Occupied by Liquid and Vapour in the Channel
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Figure A2.3 Areas occupied by liquid and vapour, pedicted by equation (12), throughout
the length of the evaporator channels. The actuahannel cross sectional area is shown
dashed

From Figure A2.3. above, the area occupied by atdrliquid ammonia at the
cross section of the channel varies from chanret o outlet. At the top of the
channel (evaporator outlet), the area of the cHamrs@@most completely occupied

by saturated vapour.

It would be desirable, of course, to model the flwithin the channel using two-
phase flow approximations. Whether any benefitlmaachieved in developing an
adequate two-phase flow model remains unclear. Basethe fact that the URD
and heat transfer models of Sections 8. and 9ectisply predict the mass flow
rate and recirculation ratio satisfactorily (i.eete is correlation between these
two models), modeling the mass flow rate using plmase techniques is not
sufficiently justified in this investigation. A twphase flow analysis is however
suggested for further work in Section 11, as it ldanore accurately predict the

mass flow rate and average recirculation ratiagketvaporator.



225

APPENDIX A3

Calculations for Predicting the Free Stream Film Véocity
of the Falling Water over the Evaporator Plates dung
the Ice Building Period

The water distributors at the top of an evaporatodule each feed five plates

(there are 35 plates per module, requiring 7 wditgributors per module).

Feed wate
Basin 1/ full of — inlet
water during ice ﬂ
building

60 outlet holes per
distributor of
diameter 5,50 mm

v

Water flowing
down each side
of the plate

Evaporatol
Plate

Figure A3.1 Diagram of one water distributor abovethe evaporator
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Based on Worthington-Smith & Brouwg?) the amount of water circulated at the
feed water distributors is 12 times the mass ofbigdt. Therefore, knowing the
mass of ice built from equation (8) of Section &k mass of water circulated per

module over one ice building period is:

Mg =12,

. ., @712 _
=12 = 2536 kg/s (per module
Mgy 135%60 36 kals (p )

And per water distributor:

My = @ = 362 kg/s (per water distributor)

Finally, as each water distributor feeds five @atend ice is built on each side of

the plate, per side the mass flow rate of inconiémgl water is:

M,y :53’76; = 0,362 kg/s (per side of one plate)

Which can be expressed in terms of the velocitheffalling water as:
Mg = P (Wig OV,

Wherepy, is the density of the incoming water at approxirtya€e°C, Wg is the
plate width, and,, and v, are the film layer thickness and velocity respeyiv

of the falling water.

Now, from the Nusselt equation for water flowing\gravity over a plat&’, the

film thickness of the water layer can be predicted:

3U r 1/3
(e
p,9sin(B)

Tl
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Wherev,, is the kinematic viscosityf;, is the liquid feed rate per unit width and

B is the plate inclination angle (90°). All variablare at feed water temperature,

Twig) Which based on tests performed at the operating pal,5°C.

Substituting values into the above equation:

1/3
31,7066x10°) 2302

o, = : i =0,000377927m
1000(981) sin(90)

Finally, the velocity of the falling water, can be predicted:

Myer = Pu(Wig Oy )V
0,362=1000(3,5<0,00037792)v,,
v, =0,274 m/s

This value ofv,_ is used when predicting the heat transfer coefficiof the

falling water in Section 9.1.
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APPENDIX A4

Model to Predict the Time Required by the Fully
Mechanically Pumped Arrangement to Recharge the
Evaporator Plates after Harvesting

Gas vent line

Recharge Vesselt0 accumulator
RN
100% Volume o
evaporator

A
% & Controlled valves

Evaporator Module

Accumulator

A 4
A 4

S e |

to accumulator

Y{ Discharge Vessel
/ 40% Volume of
evaporator |
Recharge[¢ Make-up liquid
Pump refrigerant line

Figure A4.1 Recharge/discharge vessels and pump ftire fully mechanically pumped
arrangement

A fully mechanically pumped arrangement to empte tliquid refrigerant
remaining in a module prior to the warming sub-peyriand to refill the module at
the beginning of the re-cooling sub-period, is deped in Section 8.9. This

arrangement is described in more detail below.



229

A4.1 Required Recharge Pump Mechanical Input Power

The dimensions of one evaporator plate are show#igare 9.2 above. The steel
wall thickness of the evaporator plate is 1,5 mnd therefore the cross sectional

area per channel is:
A gen = (0,035-2(0,0019)(001- 2(0,0019) = 0,000224 m?

The internal volume of the evaporator plates of amedule, consisting of 30

channels per plate and 35 plates per modules is
Vig, =30%35% 8¢ * Ly = 0823 m*

Therefore based on the dimensions of the rechasgba@ge vessels defined in

Figure A4.1 above, the volumes of these vessels are

Viry =V,

—_ - 3
g = 30x 35x A (gjent X L[E] =0823m

— — 3
Vioy; = 04V, =0,329 m

It is assumed that the module discharges its ctamterior to harvesting in a
maximum time of 10 seconds, and after harvestsmgecharged — with a volume
of liquid refrigerant equal to its internal volumefrom the recharge vessel in a
maximum time of 25 second¥) It is recalled from Section 8.2.1 that at the
beginning of the warming sub-period each platesgimed to be filled by 30% of
its inner volume with liquid ammonia. Thereforee tholumetric flow-rate at the

inlet to the discharge vessel at the beginnindnefwtarming sub-period is:

. 03V,
Vovii = 1—C[E] = 0,025 m¥/s
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The volumetric flowrate at the outlet of the recfevessel at the beginning of the

re-cooling sub-period is:

. V

— VIEl _ 3
Virvio = e 0.033m’/s

The energy equation between the discharge andettfearge vessels, assuming
that changes in velocity and pressfitef the refrigerant liquid from one vessel to

the other can be neglected is:

. 2

| Y
' — [PI{ FMPS} r[DV-RV]
z[E—DV] +H [P FMPS} — Z[DV—RV] + f[PI]{FMPS} d +ZK[PI]( FMPS} 27
[PI]o{ FMPS} g

Where lpiempsy IS the total length of pipindfpyrvesy is the constant friction
factor of the pipe and® Kpjewmesy is the sum of the minor loss coefficients,
predictedfrom Sinnof®. The Reynolds number is determined and the Moody

diagran®® is used to obtain the constant frictional fadj@frmpsy for the pipe.

The diameter of the inlet and outlet piping is a&ssd to be 0,05 m. The
volumetric and mass flow rate required of the reghgump, assuming it fills the

recharge vessel by the internal volume of the m®@ulL3 minutes, 13°

. V
Vitov-ry = 13 [><E]60 =0,0011m%s

vrl

. _ [DV-RV] —_

Varovory = — 2 = 0,538 m/s
}U[Pl]o{ FMPS}

4

The Reynold number is therefore:

199 Both vessels are at accumulator pressure.
19 Thjs is within the 13,5 minute ice building period
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- P (Pinca) _
RQFMPS} = Vr|[DV—RV]d[P|]o{ FMPS} ﬁ =93013

From the Moody Diagram of Figure A9.3 below, andsuwsing a relative
roughness for refrigeration-grade steel piping fr&arbef® of e/d = 0,003,
fieemesy = 0,029. Assuming minor loss coefficients for thet, a valve and two

elbows, from Sinné?.

ZK[PI]{ FMPS — (Kyane ¥ 2K gipow + Keir) = 6+ 2(15) +1) =9

Based on measurements taken at Unit 5 of the ERRNt,ghe recharge pump
would be situated 3 metres below the dischargeeVeand be required to pump
8,5 metres vertically upward to the recharge vegset.

From the energy conservation equation above:

3+ H' oy g = 85+ (0,029 (;3(’;’5 + 9} %(59?;8;

Whence:

H oy upg = 571 M

The shaft power needed to drive the pump, assuraingnechanical pump

efficiency of 85 % is:

. P \Y, H'
W rummeen = Yo ( r[ACC] )g n[DV-RVI T [PYFMPS _ 650,70|:9,81[0),001:|E5,71: 0.045KW
10007, 10000085

The work input from the pump increases the enthafthe liquid refrigerant as it
increases its pressure. The URD of re-cooling themved liquid refrigerant per
module at the evaporator, over a complete rechérge of 13 minutes, is
obtained by inputting the mechanical input powezdited in this section into

equation (84) of Section 8.9 above.
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A4.2 Vessel and Piping Design Parameters for the ARB

Referring to Figure A4.3 below, liquid refrigerdigws from the recharge vessel,
initially filled to a height ofH’ gy, into the evaporator plates via gravity within 25
seconds. Each plate has a recharge and dischapge (pssume a constant
diameter ofdpyech) to allow liquid to enter/exit via gravity. Basesh the

dimensions of the plates, and noting that the ngghaessel is at accumulator

conditions, the diameter of the recharge pipe @prbdicted.

Applying conservation of energy equations at theticd volume shown in Figure
A4.3 below, as the recharge vessel empties, refngdiquid exits through the

recharge pipe (The subscr[p]rech refers to the recharge pipe):

.2 .2
\' -V

[Pl]rech [RV] _ [
————— =Hy [A]

29 -

Manipulating the above equation to reflect the wadtric flow rate of the

emptying recharge vessel:

V2
[RV] ( . 1 _ 21 J — H[,RV] [B]
29 | &pijrech  Ary

Where the areapiech is Of one recharge pipe for one plate of one nsdahd

Neirecn 1S the number of recharge pipes required per neodul

2

md
_ [Pl]rech
a[Pl]rech - n[Pl]rech X
4
y C]
— [RV]
Grv T
[RV]

The volumetric flow rate, from equation [B] aboi®,
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__— 2gH" sy
V[ RV] — 1 1

(= T2
a[Pl]rech a'[RV]

[D]

)

And by definition,

. oH'
Viry =~ =
[RV] = ~8Rry] ot

[E]

Where the negative sign denotes emptying of thiearge vessel.

Referring to Figure A4.1 above, the internal voluofethe recharge vessel is
equal to the internal volume of all the plates me onodule. Therefore, the amount
of recharge pipes required to recharge the evamodbpatits internal volume can be

predicted by substituting equation [D] into equatj&] and integrating:

1 1

0y IRV] ( 2 2
el \/ a‘[Pl]rech a'[RV]

12Xy, 29H"py,

)

1:[ RV]rech —

dH'ry, [F]

By varying the time to recharge the modtg&yecn, the number of recharge pipes

required per module can be predicted.
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Time to Recharge the Module vs. Number or Recharge
Pipes Per Module

200 1
175 A
150
125 A
100 A

75 A

50 -

1 20 100 105 110 120 140
Number of Recharge Pipes N [pjjrech

Recharge Time t[rvjrech

Figure A4.2 Time required to recharge the evaporatoplates vs. number of pipes of equal
diameter connected to the evaporator module

From Figure A4.2 above, assuming a pipe diamétgiry, of 15 mm which is
smaller than the equivalent diameter based on haerel’'s cross-sectional area
(from Section 9. this equivalent diameter is 17 ntin® number of recharge pipes
of equal diameter required to recharge the evaport25 seconds is 110. It is
possible therefore to recharge the thirty chanokksach plate within 25 seconds
with 4 recharge pipes per plate. This diameter dalso be adequate for the
outlet piping from the bottom of each plate to thecharge vessel, as the volume
of liguid ammonia discharged at the end of ice ding (30%) is less than that
required for recharging the plates. The methodsoahecting the channels within
the plate to the recharge pipe to allow them todmdarged within the requisite
time require further investigation. Basic dimensiarfi the recharge and discharge

vessels are however shown in Figure A4.3 above.
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Figure A4 3 Control Volume for Fully Mechanically Pumped System: The recharge /

discharge vessels and basic positions and dimensson
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APPENDIX A5

A Brief Investigation, for Purpose of Comparison tothe
Shah and Nusselt Correlations, of Convective Condemg
Heat Transfer Correlations for Flow in Horizontal Tubes

Three correlations are presented in Section 9.2eafwr predicting the refrigerant
side convective condensing heat transfer coefficiervertical tubes during the
warming sub-period. A comparison to other correladifound in the literature is
presented here for flow in horizontal tubes asragarison, and to investigate the
dependence of the convective condensing heat @arsdefficient on tube

orientation.

A5.1 The Dobson and ChatS® Correlation

Dobson and Chaf§) predicted that in horizontal tubes and for forced
condensation at high Reynolds number, the film eosdtion heat transfer
coefficient in a horizontal tube is “independent@&hnperature difference (with the
wall) but very dependent on mass flux and quafff§. This analysis would be
appropriate for the operating ERPM plant were theetorientation horizontal, as
the plate wall temperature during harvesting iscwtstant over time and length.
The formula to determine the heat transfer coeffitiis found to be “a better
predictor of the experimental data than any of twrelations from the
literature.®*® Although as mentioned above this correlation oafyplies to
horizontal tubes, it is nonetheless included a®raparison to the correlations

developed for vertical tubes.

- A 222 Kk
N precia = 0,0Z%qu *pr, (1"‘—039)3' 1)

ft-har Tr[E]har

Where the turbulent-turbulent Lockhart MartinellarpmeterXhar during the

warming sub-period is:
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1-x
)(n.har - (prV)O.S(&) O.l( : har)0.9 (2)
prl :urv X har

Tr[E]har

A5.2 The Jaster and Krosky*” Correlation

Dobson and Chalfy’ compared their data to the gravity-driven film densation
heat transfer coefficient in horizontal tubes oft@aand Krosk§77), but stated that
this model over predicted the earlier model of @wband Chatd® for laminar
flow. The Jaster and KrosR model is included here as an upper limit when

determining the convective condensation heat teansbefficient in horizontal

tubes. The wall temperatur'ETS[E]har is an average of the inner and outer wall

temperatures predicted as shown in Figure 9.9 cic®3e9.2 above.

' v (E) - ) P (pr _prv)h gkr3 &)
N aprsaky :0’72%([1"‘(;)—) Y R EE

3)
P D,un (Tr[E]har _TS[E]har)

Tr[ E]har

A5.3 The EES® Correlation

EES®", based on Dobson and Chatfscorrelations in different flow regimes,
predicts the average film condensation heat trarcsdefficient for condensation
of saturated vapour to saturated liquid in a haiabtube. The procedure then
predicts whether the flow is laminar and dependentemperature, or turbulent,

and dependent on mass flux and quality. This auefft is denoted’, ;eqq -

The convective condensing heat transfer coeffisiebased on the models
presented above are plotted over the harvesting &i®0 seconds in Figure A5.1
below, starting at 10 seconds. From Figure A5.le ttoefficients vary

significantly (from 182-12000 W/APC). Except for the correlation of Dobson &

Chato h', ipecyg» the convective condensation heat transfer coeffis are
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much larger for the horizontal tube orientation ®sd (0',,y,0xyy and

h ) than for the vertical r_('szSh]{c}, ', s @Nd 'y g ), @nd are

2piEES(Q
clearly distinguishable in the graph below. Therelations that are strongly
dependent on mass flowh' e Nopwsigr N2pnoacig @A peesg )
decrease rapidly (except fdr, , .cq) @s condensed fluid velocity decreases.

Those correlations that are dependent on averagpoeator wall temperature

(' pinageg @Nd N5 00 kyg ) INCrease as average wall temperature increa3ess

illustrates the uncertainty when predicting the ftoent accurately, even for
those of similar tube orientation, and it is cld@at not all the models above may

apply to the specific working conditions of the poeator at the ERPM plant.

Values of correlations for flow in horizontal tubebased on an average
recirculation ratio of 5, are listed in the tableldw, and in Figure A5.1 for

different harvesting periods.

Table A5.1 Convective condensing heat transfer cdefients for flow in horizontal tubes,
based on an average recirculation ratio of 5

Horizontal Tube Convective Condensing
Correlation Heat Transfer Coefficient
[W/m?2.C]

h', opecig 13060,00
R, osakia 2380,00
N, oeesia 8751,00
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Convective Condensing Heat Transfer Coefficients vs
Harvesting Time
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Figure A5.1 Convective condensing heat transfer cticients versus harvesting time for
horizontal and vertical tubes
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APPENDIX A6

Presentation of Test Data Obtained from Testing athe
ERPM Ice Making Plant

Data was obtained from one module of Unit 5 of BRPM ice making plant on
four occasions. The first test was performed toibcate the pressure and
temperature sensors and the data is thereforenohidied here. On the #20f
October 2007 the first set of useable data wasraatawith volunteers standing
at various points in the plant recording data attisee intervals. On the i2of
November 2007 the second set of test data wasdedpwhich included two runs
lasting 30 minutes each. As the temperature inidheroom is below freezing
point, no more than two runs of thirty minutes eaare performed at each test.
The measuring stations are shown in Figure Al.dl,asamples of the recorded
variables and data sheets are provided in AppeAdixThe plant was visited on

the 9" of March 2008, primarily to record some outstagditata.

Pressure sensors of varying accuracy (Table A7.J/Amgendix A7 lists the
accuracies of the various installed pressure sensa@re installed throughout the
plant to measure pressures, as per Figure Al.1t Mdke pressure sensors that
were already installed at the plant were removetdl féited with more accurate
gauges. All refrigerant temperature sensors werentea non-invasively on
metal surfaces. To ensure good thermal contapperzocompound was placed
between the sensor and the metal surface, ancetis®rss exterior was insulated

from the surroundings with cork-based insulatirgeta

As testing conditions at the plant during the testtdays were not identical, and
where the actual test data is not identical fortie tests, the™ test data is used,
unless there is a reason to rely on tfeebkt's data. The"2 test data is deemed
more reliable as experience gained from the fiest tallowed for better
positioning of the data capturers throughout trenplSome of the less critical
data points, for example at the economizer port aachpressor, were not

recorded for the second test. This allowed fordapturers to be positioned at
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the more critical locations (evaporators and pungrams) and allowed them to

focus on one sensor/gauge reading, as opposea tortthiree for the first test.

The data is presented below in the form of grapgtetual tabulated data is
provided in the data disk accompanying this repOliservations and anomalies
observed during testing are noted below each grdm@st 1 / 2" refers to test day
1 and 2 respectively. “Run 1/2” refers to the 2sryerformed at each test. As
mentioned above, each run lasted 15 minutes, @unelng to one full ice
building (13,5 minutes) and shedding (1,5 minutsg)e of one module.

As mentioned in Section 1.2.3, underground opematiat the mine were
suspended on 31 October 2008, however, testingeatdoling plant took place

whilst the mine was still fully operational.

A6.1 Electrical Meter Readings for the Compressor iad the Rate
per kWh

For the second test, the following readings wermnded at the ERPM plant’s
electrical power usage meters. It is assumed ttea¥ tminutes of measuring kWh
at the electrical power usage meter, which isyaster half a complete cycle time
of 15 minutes, is deemed sufficiently representatof the average power
consumption.

Table A6 1 Recorded data for the %' test at the electrical power usage meters

Time Power Usage | Product of Voltage ang
Meter Reading | Current Transformer
[kwW] Ratio

13:19 7696,815 2400

13:26 7696,885 2400

Over the time recorded, the kWh consumed are:
(7696815- 76968852400=16800 kWh
The electrical power consumed over the recorded tntherefore:

. 60minutes/hor
Wcricopgelec =168 =144000=18000 kW/module

7 minute:
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Assuming a compressor motor efficiengyof 96%, the mechanical power input
of the compressor for the CGPS is:

V\./[CR][CGPSmech =WcricepgeledIm =17280 kW/module

Table A6 2 Industrial kWh tariffs (>132 kV) from Eskom® for the period 2010-2011

Period Rate Cents / kWh Cents / kWh
Definition High Demand SeasonLow Demand Season
[June-August] [September-May]
07:00 —10:00 | Peak 150,,58 41,82
10:00 — 18:00 | Standard 38.93 25,51
18:00 — 20:00 | Peak 150,58 41,82
20:00 — 22:00 | Standard 38,93 25,51
22:00 — 07:00 | Off-Peak 20,66 17,76

Assuming that due to maintenance and shutdown grithe unit operates 11
months of the year (shutdown for one month duringhHDemand Season), the
compressor and pumps, where relevant, would opé&vat8030 operating hours
per year. Per 24 hour period, the average rat&k\pr is 55,34 cents and 26,00
cents for the High Demand and Low Demand Seasopectisely. For six

months, the unit operates at the Low Demand Seaden(as during the Winter
months the mine’s demand for cooling is less), &ord5 months at the High

Demand Season rate. Therefore, the average arategder kWh is:

365x 24x (1—62 x 2600+ 1—52 x5534) = 315871 Cents/kW/year

A6.2 Water and Ice Quantities Measured at the Plant

Table A6 3 Water and ice quantities measured at thplant

Measured Quantity Measuring Point Typical
Value

Thickness of Harvested Ice At conveyor belt adjace® - 6 mm
to evaporator module

Temperature of water in the water At the water distributor 1-%2C

distributor

Ambient feed water temperature Inlet to Pre-Chiller 22,2°C

Atmospheric pressumsm Pressure gauge at 83,5 kPa
condenser
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Data at various points throughout the plant is gmésd below. Comments on the

graphs follow each plot. All pressures are gaugssures.

A6.3 Data at the Evaporators

Pressures at theTop and Bottom of the Evaporator

—e— Bottom of Evap. Pn4 Test 2
—a— Top of Evap. Pn5 Test 2
p Top of Evap. Pn5 Test 1

Pressures at the Evaporator [kPa]

0 200 400 600 800 1000 1200 1400 1600 1800
t[s]

Figure A6.1 Refrigerant Pressure at Top and Bottonof Evaporator Plates

Comment: The ‘spike’ in the figure above is dueiroreasing pressurization
during the warming sub-period, with the rapid &tnifying the onset of the re-
cooling sub-period. The ice building period is apgmately 810 seconds, with
shedding lasting for approximately 90 seconds. Plakvesting pressures
recorded for the ™ test are lower than expected at the beginning et of

recorded data, perhaps due to the fact that thénmieg and end of the test

seemed to coincide with a harvesting period.
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Superimposed Pressures at the Pumper Drums and Top and Bottom of
Evaporator, Test 2 Run 1

550
500
g 450 ‘ —e— Bottom of Evap. Pn4
E‘ 400 —=— Top of Evap. Pn5
g =0 rorem
a

300
250

200

0 200 400 600 800 1000 1200 1400 1600 1800
t[s]

Figure A6.2 Refrigerant Pressures at Evaporator andPumper Drums, Test 2 Run 1

Comment: The pressures at the evaporator are the ga in Figure A6.1 above.
Pumper drum #2 has a smaller pressure differetitead pumper drum #1 and
therefore its pumping period is slightly longer.igis discussed in more detail in
Section A6.3 below.

2 Temperatures at the Evaporator Inlet and Outlet, Te  st2 Run 1

1 0 200 400| 600 800 1000 1200 1400 1600 1800

)
o
o p —e— Evaporator Outlet
=3 T9
o
-,
o
S —s— Evaporator Inlet
2- (Pumper Drum #1
Outlet) T7
-6
7
-8 1

Figure A6.3 Surface Temperatures at Evaporator Bottm Ports: Liquid Inlet and Liquid
Outlet
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Comment: Although from Figure Al.1, the temperatliie is measured at the
outlet of pumper drum #1, nevertheless, this teatpee is close to evaporator
temperature (once the pressure drop across themtapis included). The reason

for the temperature ‘spike’ for T9 at 400 secorgdsriclear.

4.00 Temperatures at the Evaporator Inlet and Outlet, Te  st1 Run1

300 F - - ftom e
200 F - fmmm e
100 f— 4

£0.00 :

qg_l oo @ -_-200_| 400__600 __800_ _1000] 1200__1400 _ 1600 _ 18C s Evaporator Outlet

© T9
Q200 f -~y
IS —e— Evaporator Inlet

g e e S . (Pumper Drum #1

4004+ ---fF---%----- Outlet) T7

-5.00 1 - - e~ — W ongo - PN S T -2 -

-6.00 F o L SRR M.

-7.00 t[s]

Figure A6.4 Surface Temperatures at Evaporator Bottm Ports: Liquid Inlet and Liquid
Outlet, Test 1 Run 1

Comment: Temperature ‘peaks’ at the evaporatorebutbrrespond with the
harvesting period. The peak temperatures reachéteatutlet do not match for
the 2 tests (as shown in Figure A6.5 below), withssantially higher, and more
probable temperatures recorded for tfietdst. Test data for the first test seem
more probable; perhaps the temperature sensonsotlicecord accurately for the
2" test.



246

Temperatures at Evaporator Outlet (T9) and Hot Gas  Inlet (T13) 1st and
2nd Tests

””””””””””””””” ——T9 Test 2
—m—T13 Test 2
{ : 800 -m—T13Testl
777777777 i e —e—T9 Test 1

Temperatures T9, T13 0C
QOONOTRARWNRFRORNWAIION0WO

t[s]

Figure A6.5 Surface Temperatures at Evaporator TogPorts: Warm Gas Inlet and Liquid-
Vapour Outlet

Comment: T13 measures the warm gas that flowstirge@vaporator inlet during

the warming sub-period. Data at the hot gas inlé3] over the two tests are
inconsistent (the behaviour was not identical). Tdraperatures recorded for the
2" test are lower than saturated evaporator outtepégature (at Pn5); therefore
this temperature sensor must have been faulty 1Thest data is a more probable
recording of the temperature at the hot gas intetthte evaporator, as the
temperatures measured at T13 during ice buildintcimap well with that of the

evaporator outlet (T9).

In conclusion, comparing data at the evaporatotebdor tests 1 and 2, the
temperatures measured at T9 differed. Again, theedt’s data is more reliable as

temperatures correspond better with saturated eatgyqressure (Pn5).
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Temperatures at the Evaporator, Test 2 Run 2nd

0.2 { 00

—e— Top T10
—=— Middle
Bottom T11
Hot Gas Inlet T13

Temperature 0C

t[s]

Figure A6.6 Surface Temperatures at Top, Middle andBottom of Evaporator Plate

During the 29 run of test 2, an extra temperature sensor waeg@lat the middle
of one evaporator plate. This run did not extendtlie full 1800 seconds as for
the previous runs. The changes in temperature sworel well with that of the
inlet of the hot gas (T13). However, these tempeest were inaccurate as the
middle temperatures should be lower than that efttip. This graph is therefore

merely a representation of the changes in temperatuthe evaporator.

Temperature at the Level Regulating Control Valve,  T12

Temperature at the Level
Regulating Control Valve T12
0

Figure A6.7 Temperature at the Level Regulating Cotrol Valve of the Evaporator
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Comment: From Section 8.2.1, due to the direct aminbetween the warm
harvesting gas and the cold liquid while the fornseexpelling the latter to the
accumulator at the beginning of the warming subepleteat is absorbed by this
liquid in the evaporators. The temperature of thegedled liquid above

evaporating temperaturelyfe.acc)- Tigpuild), IS predicted from the above graph,
where a temperature sensor T12 was placed beferewhl regulating valve. The

URD of re-cooling this warmed liquid is predictedSection 8.3.2.

A6.4 Data at the Pumper Drums

Pressure at the Pumper Drums, Test 1

525
500 -
475
450 +
425
400 -+
375 1
350 ~
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275 =
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225 -
200 w w w \ \ \ \ \
0 200 400 600 800 1000 1200 1400 1600 1800

t[s]

—e— Pumper drum #1
Pn2

—=— Pumper drum #2
Pn3

and Pn3 [kPa]

Pressures at the Pumper Drums P n2

Figure A6.8 Pumper Drum Pressures (Test 1)

Comment: For Pumper drum #1, pumping times are saraeshorter than filling
times — the reverse is true for Drum 2. This stata reason; within aet
pumping & filling cycle, the shorter the pumpingng (due to a higher pressure),

the longer the filling time, and vice versa.
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Pressure at the Pumper Drums, Test 2
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Figure A6.9 Pumper Drum Pressures (Test 2)

Comment: The lower pressure and longer pumping@eat pumper drum #2 is

evident for both tests.

Changes in Temperature and Pressure at Pumper Drum  #1, Test 2

Run 1

480 +4
O 430 -
e
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2 280 - »
g L -36 C

230 - -41°C
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Figure A6.10 Pressures and Surface Temperatures (maified to show effect) at Pumper
Drum 1 (Test 2, Run 1)
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Comment: The above graph illustrates that at theclagion of every pumping
period, corresponding to the venting of the pragswg pumping gas to the
accumulator, the pumper drum is re-cooled to filliemperature.

T6: Temperature at Pumper Drum #1, Test 2 Run 1

200 400 800 1000 12 1400 1600 1

Pumper Drum #1
Temperature T6 [ OC]

t[s]

Figure A6.11 Surface Temperatures at Pumper Drum {Test 2, Run 1)

Comment: From Section 8.4.1, the only URD at theyper drum seen during the
filling process is the re-cooling of the steel loé pumper drum, which is warmed
during its pumping period. The rest of the URDs seen at the accumulator and
listed in Section 8.3.2 above. The temperaturehat gumper drum wall was
measured (sensor T6 of Figure Al.1) and is platiatie figure above. From the
timing diagram of Figure 3.1, pumper drum 1 undegyd pumping periods every

15 minutes, with the maximum temperature rise dugamping recorded ada
above filling temperature.



251

Pressures at Pumper Drum #1 for Both Tests
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Figure A6.12 Pressures at Pumper Drum 1 (Tests 1 drR)

Pressures at Pumper Drum # 2 for Both Tests
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Figure A6.13 Pressures at Pumper Drum 2 (Tests 1 drR)

Comment: As mentioned above, for both tests, pundpem #2 is at a lower
pumping pressure and has a longer pumping periaa Bumper drum #1. This
stands to reason; a lower pumping pressure me#orgyar time to pump out the
same volume of liquid. The difference in pumpimggsures is most likely due to

slightly different downstream pressure settingshenexpansion valves.
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The pumping and filling periods for pumper drum #f approximately 130

seconds, with a changeover time of 20 seconds. i$has expected, as from the
timing diagram of Figure 3.1 of Section 3.2 abotlere are three pumping
periods per pumper drum per ice making cycle of moelule, which lasts for 15

minutes. The pumping period of pumper drum #2ighdlly longer, (160 seconds)

and therefore its filling period is shortened tprgximately 100 seconds.

Comparison of Pressures at both Pumper Drums and th e
Evaporator Outlet (Pn5), Test1 Run 1

540
e

Evaporator
Outlet, Pn5

—a— Pumper
Drum #1,
Pn2

Pressure [kPa]

—m— Pumper
Drum #2,
Pn3

T T
0 200 400 600 800 1000 1200 1400 1600 1800

tfs]

Figure A6.14 Pumper Drum and Evaporator Pressures

Comment: The above graph compares the pumper drassyres with those at
the evaporator outlet. From this it appears thatdifference in pressure between
the filling pumper drums and the evaporator durgegbuilding is approximately
14,30 kPa. This pressure difference is signifiéganthe model of Section 8., as in
Section 8.10.2 the operating pressures for the paumping arrangements are
varied according to their pressure difference nedab the evaporator.
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T7: Pumper Drum outlet temperature measured at pump  erdrum #1
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Figure A6.15 Surface Temperatures of Liquid Outletof Pumper Drum 1

Comment: From Appendix A8, during the pumping pe@ the pumper drum, an
upper portion of pumped liquid is warmed due tointeraction with the warmer
pressurising gas. As it was prohibited to instathperature sensors inside the
pumper drum, the change in temperature of this upp#gion of pumped liquid
was predicted by placing a temperature sensoreabutiet of pumper drum 1 (T7
on Figure Al.1). The temperature peaks of the &gaibove correspond to the
temperature rise of the liquid refrigerant, whiotters during the last stage of
pumping. This graph is therefore used to predietadhange in temperature of the
upper pumped layer of liquid during the pumpingigebr
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AG6.5 Data at the Accumulator

Pressure at the Accumulator P4, Test1 Run 1

[kPa]

Accumulator Pressure P4

0 200 400 600 800 1000 1200 1400 1600 1800
t[s]

Figure A6.16 Accumulator Pressure for the T Test

Temperature at the Accumulator Drum, Test 1 Run 1
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Temperature at the
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Figure A6.17 Accumulator Temperatures for the 1’ Test

Comment: From Section 8.3.1, the maximum tempegaise at the accumulator
Theaaccjwas measured (T3 of Figure Al.1). The temperathenge over time

was recorded and is presented in the figure abekere six temperature peaks
occur over the recorded 30 minute time intervale Tdmperature sensor at this
position was deemed inaccurate and disregardedhmrsecond set of tests

performed at the plant.
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From the figure above, the first three temperatpeaks occur approximately
every 150-170 seconds, corresponding to the 13@nsepumping period and 20
second changeover period (during which the [punjpmgnper drum vents its
gas to the accumulator), defined in Table 3.1 ab®he temperature peaks from
500 seconds onward do not however correspond hljpumping] pumper drum
venting periods; the reason for this is unknowner€ffore, only the first three
peaks of the figure above are regarded as accurateasuring the change in
temperature at the accumulator during the ventiegod of the [pumping]
pumper drum. Following the time period of thesetfihree temperature peaks,
which as mentioned above, correspond with the mgnteeriod of the [pumping]
pumper drum, the change in temperature at the puchpen is conservatively
assumed to occur six times per ice building andidimg cycle (15 minutes),
corresponding with the three venting periods ofheg@umper drum in the
corresponding time.

A6.6 Data at the Condensed Liquid Receiver

Condensed Liquid Receiver Inlet Temperature forbot  h Tests
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Figure A6.18 Condensed Liquid Receiver Temperaturefor both Tests

Comment: As the condensed liquid receiver is oatglte plant building, this

temperature sensor was also outside and was expmsbd elements. This may
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be the reason that temperatures were slightly lothan expected (saturated
condensed liquid receiver refrigerant temperatsre9,01°C). Only two data
points were captured for thé' fest (as shown in green in the figure above) and 5
for the ' run of the 2 test. Therefore the data for th& 2un of the 2 test
should be regarded as the primary measuremenmgieti@ture at the receiver.
The ‘dip’ in temperature for the"@run of the 2° test may be due to inaccurate
gauge reading by the data recorder, as the rengaiemperatures are relatively

consistent over the measured period.

A6.7 Data at the Compressor

All data below is from the Sirun of the ' test. As data collected for this test
showed little variation, there was no need to repieese data recordings for the
2" test.

Compressor Inlet Pressure, Test1, Run 1

[kPa]

Compressor Inlet Pressure P2

0 200 400 600 800 1000 1200 1400 1600 1800
t[s]

Figure A6.19 Compressor Inlet Pressure
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Compressor Outlet Pressure, Test1, Run 1
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Figure A6.20 Compressor Outlet Pressure

Compressor Inlet Temperature, Test 1, Run 1
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Figure A6.21 Compressor Inlet Temperature
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Compressor Outlet Temperature, Test 1, Run 1
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Figure A6.22 Compressor Outlet Temperature

Comment: Although data at the compressor is nadl useleveloping the models
of this investigation, as stated in Section 7.1bbve, all PRDs and URDs
manifest themselves as commensurate quantitiesflogerant vapour arriving at
the accumulator, and hence at the compressor toldbe compressed. The
staggered operation of all 8 modules of Unit 5sla@wn in the timing diagram of
Figure 3.1, can predict when the different processenmence and conclude and
allows for maximum smoothing of load on the compoesAs shown above, the
inlet and outlet pressures at the compressor rexdairelatively constant
throughout the testing period, which indicates that staggering of the different

processes effectively evens out the load on thegpcessor.

A6.8 Comparison of the Theoretical and Actual Timirg Diagram /
Pumping Schedule

The theoretical timing diagram / pumping scheddl&igure 3.1 for the operating
plant, modified to correspond with test data, isesimposed on actual test data in

Figure A6.23 below. As the pumping schedule fohldests are similar, data from
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the ' test is used. TH. denotes the theoretical pumpifgedule and timing
diagram (illustrated in dashed lines) and ACT. des@ctual test data (illustrated

with various markers).

From the figure below, pumper drum # 1 matches ttieoretical pumping
schedule quite accurately. Pressures of pumper d@uhrowever, with its shorter
filling period and longer pumping period (less entlin the figure below than in
Figure 6.13 above) to compensate for its smallessure differential, do not

match the theoretical schedule as accurately.

The actual harvesting period appears shorter tharhieoretical period; however
the 22,5 seconds between the start of the warmubgpsriod of one module and
the re-cooling sub-period of the next module,rasag in Table 3-3 above, is not
accounted for in the actual test data readingsreftwe, the period that the
theoretical module is at peak harvesting presshmuld be compared to the
beginning of the warming sub-period of the actest timodule. As it takes some
time for the module to pressurize to harvestingguee, the actual module spends
a shorter period at harvesting pressure than shiowhme theoretical module. The
harvesting pressure of the theoretical module $® dl0 kPa above that of the
actual module. Nonetheless, from the superimposgdpmg schedule / timing
diagram it can be concluded that test data coredbsrthe theoretical timing

diagram and pumping schedule developed in Sectbal®ve.
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Figure A6.23 Overlay Plot of Theoretically Predictel (denoted TH) and Actually Measured (denoted ACT)Pumper Drum and Evaporator Pressures during a

Harvesting Period of One Module
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APPENDIX A7

Measured Operating Parameters and List of Facilitis
and Testing Equipment for the Test Days at the ERPMce
Making Plant

A7.1 Component List

Component: Liquid Condenser unit

Pressure Readings: n1P
Temperature Readings: 1,12
Number of People: 1

Component: Pumper Drum 1

Pressure Readings: n2P
Temperature Readings: 4,15, T, Texp
Number of People: 2

Component: Pumper Drum 2

Pressure Readings: n3P
Temperature Readings: 7,118
Number of People: 1

Component: Accumulator Drum

Pressure Readings: nsP
Temperature Readings: 3T
Number of People: 1

Component: Evaporator Plates (Modules)

Pressure Readings: naPPns
Temperature Readings: 9, Moa Th1, T10, T11, Ta2, T13,
Number of People: 3

Component: Compressor

Pressure Readings: n3PPha
Temperature Readings: 14] T1s, T16
Position of Slide Valve:

Number of People: 2

Total number of observers: 10.
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A7.2 Schedule of Gauges

Pn1 - Accurate Gauge on condenser liquid receiveldeepexisting gauge) 0-2500
kPa

Pn2 - Accurate Gauge on pumper drum #1 (replace egigiauge) 0-1600 kPa

Pn3 - Accurate Gauge at inlet to evaporators (replacent gauge) 0-1600 kPa
Pna- Accurate Gauge at outlet of evaporators (placélave for gauge) 0-1600
kPa

Pns - Accurate Gauge on pumper drum #2 (replace exigiauge) 0-1600 kPa

P: - Non-accurate Gauge to replace available Gaugeatomizer port 0-2500
IIg’z)leon-accurate gauge to replace available Gaugerapressor inlet 0-1250
II§’3F)i Non-accurate Gauge to replace available Gaugeraper drum #2 0-1250
lI;E)f‘Non—accurate Gauge to replace available Gaugatkgt of compressor. 0-
2500 kPa

T1 - Gauge on condenser liquid receiver
T, - Gauge on liquid line from condenser to receiver

T3 - Gauge on accumulator drum

T, - Gauge at inlet piping to pumper drum from tHeattgas line before
expansion valve

Ts - Gauge on pumping pumper drum from throttledlgesafter expansion valve
Te - Gauge on piping from drum to evaporator inlet

T - Gauge on filling pumper drum

Tg - Gauge on piping from drum to accumulator dunegting

Texp— Gauge on piping before the expansion valve.

Th1 - Thermometer at water inlet

Tg - Gauge at cold liquid outlet to accumulator
Toa- Gauge at cold liquid inlet to evaporator
T10& T11- Gauge on evaporator plates

T12 - Gauge at hot gas outlet to accumulator
T13- Gauge at hot gas inlet to evaporator

T14 - Available temperature sensor at inlet to comgwegperhaps replace)
T1s - Available temperature sensor at outlet of corsgpoe (perhaps replace)
T16 - Gauge at inlet to economizer port

Pressure sensors of varying accuracy (Table A7.J/Amendix A7 lists the

accuracies of the various installed pressure sensare installed throughout the
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plant to measure pressures, as per Figure Al.1t Mdke pressure sensors that
were already installed at Unit 5 were removed aittédf with more accurate
gauges. All refrigerant temperature sensors wereinteol non-invasively on
metal surfaces. To ensure good thermal contagiparocompound was placed
between the sensor and the metal surface, anetis®rss exterior was insulated

from the surroundings with cork-based insulatinmeta
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Table A7.1 List of testing apparatus and positionsor tests performed at the ERPM plant

Apparatus Position Method of positioning | Descriptim Initial
Calibration
Temperature | Various Sensors were attached REFCO DIG The sensors
sensor positions as to pipe and vessel wallsThermowell. were calibrated
outlined in the | using insulation tape, | Range of in ice water to
diagram of and where fast response5@ to +99 C. read §C
Figure Al.1 and was required for Purchased from | before they
labelled T, T,, | accurate readings, KOVCO (PTY) | were installed
etc. Total: 16 | copper grease was alspLtd.
sensors. applied to ensure good
thermal contact
between the probe and
the metal surfaces.
“Accurate” | Various Mounted at pressure | Blanes pressure | Calibrated by
pressure positions as tappings where existing gauges, the importer of
gauge — outlined in the | pressure gauges were| Range 0-1600 the pressure
5 kPa diagram of currently fitted, except | kPa, Accuracy gauge prior to
Divisions Figure Al1.1 for P.s where only a 1%, 5kPa purchase.
and labelled tapping existed. divisions, max.
Pn1, Pn2 etc. error of 16 kPa.
Total: 5 gauges
“Non- Various Mounted at pressure | Wika pressure These were not
accurate” positions as tappings where existinggauge, 3 X O- calibrated, but
pressure outlined in the | pressure gauges were| 1250 kPa and as they were
gauges — diagram of currently fitted. 2 X 0-2500 kPa, | new, they were
20 kPa Figure Al.1 1% accuracy, 20 | assumed to
divisions and labelled kPa divisions. meet their
P, P, etc. maker’s
Total: 4 gauges specified

accuracy limits.
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A7.3 Sample of Recording Data Sheets

As the actual tabulated data is provided in thea ddisk accompanying this
investigation, some sample data sheets are providesl merely to illustrate the
number of recordings that each observer was redjuoerecord. As there were
only ten volunteer observers for both test dayss tzitical data was split between

the two runs of each test.

Testing Schedule at Condensed Liquid Receiver: 1 Bmn

Time (s) P
Receiver Press. Run 1 Receiver Press. Run P
0:00
15:00
Testing Schedule at Condensed Liquid Receiver: 1 Bmn
Time (S) Th To
Receiver Receiver Condenser | Condenser
Temp.Run1l| Temp. Run2 | line Temp. |line Temp.
Run 1 Run 2
0:00
15:00
Testing Schedule at the Accumulator: 1 Person
Time (s) P
Accumulator Press. Run | Accumulator Press. Run
1 2
0:00
15:00

Testing Schedule at the Accumulator Outlet: 1 Perso

Time (S) T3 T14
Accumulator | Accumulator | Compressor | Compressor
Temp.Runl | Temp. Run2 |inlet. Run1 inlet. Run 2

0:00
15:00

Testing Schedule at the Compressor: 1 Person

Time Condensing Pr. Defrost gas Press.Superfeed gas Pr.| Cold liquid line

Run1 Run 2 Run 1 Run2 Run 1 Run2| Runl Run3

0:00

15:00




Testing Schedule at the Compressor: 1 Person
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Time (s) | B Inlet Pressure R: Outlet Pressure Tis: Outlet Temp.
Run 1 Run 2 Run 1 Run 2 Run 1 Run 2
0:00
15:00
Testing Schedule at the Economizer Port: 1 Person
Time (s) P.: Economizer Press. Ts: ECOnomizer Temp. Slide Valve
Run 1 Run2 Run 1 Run 2 Position %
0:00
15:00

Testing schedule at Pumper Drum # 1: 1 Person

Time (S) R.o: Drum Pressure Ts: Drum Temperature
Run 1 Run 2 Run 1 Run 2
0:00
15:00

Testing schedule at Pumper Drum # 1 Outlet: 1 Perso

Time (s) | T4 Temp. b/f exp. viv | Ts: Temp a/f exp. viv T7: Evap inlet Temp.
Run 1 Run 2 Run 1 Run 2 Run 1 Run 2
0:00
15:00

Testing Schedule at Pumper Drum # 2: 1 Person

Testing Schedule at Top of Evaporators: 1 Person

Time (S) R3: Drum Pressure Tg: Venting to Acc. Temp.
Run 1 Run 2 Run 1 Run 2

0:00

15:00

Testing Schedule at Top of Evaporators: 1 Person
Time (S) Ris: Evap. Liquid Outlet Press.
Run 1 | Run 2
0:00
15:00

Time (s) | To:Temp at Outlet to Acc. | T1o: Temp on Evap plates| T3 Hot gas inlet Tp.
Run 1 Run 2 Run 1 Run 2 Run 1 Run 2
0:00
15:00

Testing Schedule at bottom of Evaporators: 1 Person

Time (s) R4 Evaporator Inlet Pressure
Run 1 Run 2
0:00
15:00
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Testing Schedule at Top of Evaporators: 1 Person

Time (s) | Ti: Temp. on plates | T2 Hot gas outlet Temp| Tz Evap inlet Temp.

Run1 Run 2 Run 1 Run 2 Run 1 Run 2

0:00

15:00

Table 3.1 and Table 3.2 above summarise the diffgreriods illustrated in the
timing diagram and pumping schedule respectivetyilare shown in Figure3.1).
All information is based on data obtained fromitesat the plant, as well as from
Worthington-Smith & Brouwét? and Rankid'® Where timed events are
uncertain, they are indicated in italics. Thoseetinprocesses that are illustrated in
the timing diagram and pumping schedule are repeatdable 3.3. Tables 3.1
and 3.2 are reproduced below and summarise theegses recorded during

testing at the plant.
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Table A7.2 Definition of periods during the ice makng cycle for Unit 5 of the ERPM plant

Elapsed | Period | Name of period | Valve Intended events
time (s) | length operations during operation
(s)
10 10 Re-cooling sub+ Controlled Evaporator returns to
period valve between | ice-building
(Depressurizing| evaporator and | temperature before ice
of evaporator | accumulator building commences.
after harvesting | opens fully.
period)
820 810 Ice-building Different Cold ammonia liquid
period controlled circulated through
valves opened | module, entering as
and closed. liquid and leaving as 4
parts liquid and 1 part
gas on average (as
predicted in Sections
8.and 9.).
830 10 Liquid transfer | Harvesting gas | Hot gas from
period controlled valve| condenser pushes
opens. liquid to accumulator.
900 70 Warming sub- | Harvesting gas | Hot ammonia gas from

period

controlled valve
opens.

condenser warms steel
module to melt the
inner ice layer.




Table A7.3 Pumping schedule for the two pumper drura of Unit 5
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Elapsed | Period | Name of period Valve Intended events
time (s) | length operations during operation
(s)

20 20 Pumper drum #1 | Controlled Pumper drum vents
depressurises valve open pressurising
during changeover| between pumper harvesting gas to
period from drum and accumulator.
pumping to filling | accumulator.

150 130 Re-filling period of Controlled Pumper drum
pumper drum #1 | valve open receives full charge

between pumpefr from, whilst

drum and venting displaced

accumulator. gas to, the
accumulator.

170 20 Pumper drum #2 | Expansion valve Pumper drum is
pressurises during| open between | pressurised by
changeover period| pumper drum | flash gas and starts
from filling to and condensed | to pump liquid to
pumping liquid receiver. | evaporators.

300 130 Pumping period of Expansion valve Pumper drum

pumper drum #2

open between
pumper drum
and condensed

pumps liquid to
and through
evaporators.

liquid receiver.
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APPENDIX A8

Dimensions and Volumes of the Pumper Drum and Accuaiator at the ERPM Plant, and Predicting
the URD due to the Interaction of Pressurising Gaand Cold Circulating Refrigerant

As the URD due to the interaction of pressurisiag gnd refrigerant at the pumper drum is deperatetite change in volume of the pumper
drum, these dimensions as well as those of thenadetior are presented here. The analysis to préticURD due to the abovementioned
interaction is then presented.

A8.1 Dimensions of the Pumper Drum and Accumulatoat the ERPM Plant

All dimensions are obtained from measurements @tBRPM plant and from Worthington-Smith & Brouwgt Both drums’ outer and
internal volumes are obtained by idealising therdas a cylinder and two hemispheres.

V_ Ysipp] = 0,02 m
N

| Outer drum steel volun

! d2-d?)L' 3-d?

| Vioy =00 780y, 75 201) _ 35546

: ®=14m [PD] 4 6

PUMPER DRUM Inner drum volume

: oL ;

: \/[PD] — n(dl )L [PD] + ]T(dl ) = 5,8204 m3

: 4 6

' Idealised as a cylinder of equal volume, the lemdttihe pumper drum is:
Vipg = ————2L 0 L' ppy = 400 M

Lipo) = 4.5m 4

Figure A8.1 Volume of Shell of Pumper Drum showinghe actual length, and the idealized length of theube and hemispheres
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V. Ysiacg = 0,02 m
N

®=20m
ACCUMULATOR DRUM

L'lacc) = 5,0

L[ACC] = 7,0m

Outer drum steel volume

_ ”(di _d.iZ)LI[ACC] + 77'(di - d.s)
6

Vipeq = ; = 0,86837

Inner drum volume

_ A aeg | 1)
6

Vipcq = 7 =19,0284 m’

Figure A8.2 Volume of Shell of Accumulator Drum shaving the actual length, and the idealized length ahe tube and hemispheres
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A8.2 Gas Pumping Process: Predicting the URD due to
the Interaction of Pressurising Gas and Cold Liquid
Refrigerant Being Pumped

At the start of the pumping process, the level m@rgensor registers that the
liquid level in the pumper drum is at a height 08 & Djpp; and at the end the
sensor at the bottom registers that this leveltia &eight of 0.1 XDppp; as in

Figure 8.9, reproduced below.

Level control sens:
0.8 XD[pD]

® =Dpp

0.1 XD[pD]

Figure A8.3 Level control sensors of Pumper Drum

The liquid content of the pumper drum at the endhaf pumping process is
referred to as the Residual Layer or RL. This lageheated somewhat by the
warm pressurizing gas.

If the volume of the pumper drum is idealized asylnder, then the change in
volume of the liquid therein will be proportionab the change in its cross
sectional area occupied by liquid. This idealizedgth of the cylindeL”pp;,
calculated in

Figure A8.1 above, is 4,00 m. All geometric varezbbf this idealized pumper

drum are defined in Figure A8.4 below.



278

L" o= 4,00 m
lPD]-0 = 0,70 m
lPD]-i = 0,68 m
YsipD] = 0,02 m

fPD].i

fiPD1.o

I_“[pD]

Figure A8.4 Idealised cylindrical pumper drum

Now, the pumping periotlrp+; as defined in Table 3.1 is 130 seconds. In this
time, the volumetric flow rate of liquid circulated and through seven ice

building evaporators 15"

v _ VrI[PD](tl) _VrI[PD](tZ)
f[PD-E] — i
[PD+]

where at 1) the final internal volume occupied by liquid inet pumper drum at

the end of the pumping period is deno¥&g.,;,, andV,p,.,y denotes the initial

volume at (y).

A8.2.1 Predicting the Initial Volume of Liquid in the Pumper Drum

Denoting the inner radius of the pumper drumasgi (0,68 m):

11 At any time there are at least seven modules buildiag i
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Pressurising
gas inlet

21 =0,8(2rppy.i)
Viipoj () =1,6(ppyi

Liquid
refrigerant at t

outlet of the
pumper drum LIJ

Figure A8.5 Cross-sectional area occupied by thegliid in the pumper drum at the start of
pumping

<2 .08y
...... \0,6rpp); ¢ =arcsin——-) =0,6435rad

. . '_ - \\%»{% [PDL.i

S OB =m-2¢ =1,8546rad

22

Figure A8.6 Geometrical partitioning of area occuped by the liquid at the start of pumping
(denoted by the hatched and dashed areas)

At the beginning of the pumping period, the intéwv@lume of the pumper drum
occupied by liquid (hatched and dashed areas ofr&i§8.6) is:
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POl T+ 2 71'teoli r ' 2
A paeheq — 1drdo = err Jde = {%} [9]’_7;“’ = [P';]" (m+29) = 2.214r[F,D]_i2
o - 0
0.8r, 5 X2)(0.6r, .
Q| dashed — ( Lok 2)( [PD]'I) = 0'48r[PD].i2

mn — 2 —
VrI[PD](tl) = (arl.hatched + arI .dashed)L [PD] — (2'6943[PD].i )4 - 49834m3

A8.2.2 Predicting the Final Volume of Liquid in thePumper Drum

The final volume in the pumper drum at the endhef pumping period is shown

in the diagram below.

Pressurising
gas inlet

ViPDj(t2) W\y @ 2= 0.12rppy.i)
=0.2ppy.i
Pumper drum outlet LIJ

Figure A8.7 Area occupied by the liquid in the pumger drum at the end of pumping
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. O’8r[PD]i
@ =arcsin(——=) =0,9273rad

lipoyi

OB =rm-2¢=1,2870rad

Figure A8.8 Geometrical partitioning of area occupéd by the liquid at the end of pumping
(denoted by the hatched and dashed areas)

At the end of the pumping period, the internal voéu of the pumper drum
occupied by liquid (hatched and dashed area ofr€i§8.8) is:

ItPDLI T+ 2 7]'teoli r ) 2
8, goteq = 1Ard0 = [rdr [do = [rﬂ [6]7¢ = ”’;]-' (77+29) = 2,498 1,
o 4 0

_ (06155 x 2)(08r;ppy)

a =
rv.dashed
2

= 0A48rppy; ’

Vitroty = (H[PD].iZ — (A dotea + arv.dashed))L“[PD] = (011635[PD].i ? )4 =0,3024m®

Therefore the volumetric flow rate of liquid refeigant to and through the

evaporators during the pumping period is:

; 4,9834-0,3024
UViipo-g) = 13C

=0,0364 m°/s

The mass flow rate of liquid refrigerant for onedute can be predicted from the

above equation as:



My po-g; = Varpo-g) X Pn (Tr[PD+] ) =0,0364x 6452 = 23485 kg/s
And per module (at least seven modules are build@gt any time)
Mypo-g; = 3,354 kg/s

The mass flow rate required to build an ice layle6 oonm (5 mm of delivered ice
and 1 mm of melted ice) is also predicted from ¢équa(69)*? of Section 8.6.1
above to be 3,363 kg/s (for an average recirculadio5), and is an independent
calculation from that presented above, which isedasn the volume of liquid in
the pumper drum that is pumped to the evaporaidrs.mass flow rate predicted
in this section is therefore 0,30 % smaller thaat firedicted by equation (69), if
an average recirculation of 5 is input into thatiattpn. However, the required
length of the pumper drum based on the mass flésvpaedicted in equation (69)
is 4 % larger than that of Figure A8.4. This lengtlobtained from the following

formula;

AMyppg)
(26943~ 016391y, “p, (Trl circ[PD~E] )

(PD] —

ol

where Am, ., ¢, is the mass of liquid flowing through one evaporahodule per

ice building - as predicted from equation (69) akbovihe denominator

2

(26943-01639r,,,” is the change in cross-sectional area of the pumhpen

as it empties its contents from 80 % to 10 % ofriternal volume. This mass of
liquid pumped through the evaporators is then plidgil by 7 ice building

modules that the pumper drum feeds at any time danded by the six pumping
periods in a 15 minute ice building cycle. This &gpn thus predicts the
cylindrical length of the pumper drum required iccalate the mass flow rate

predicted in equation (69) through the seven idklimg modules. For an average

"2 The mass of refrigerant that passes through the evapisairedicted from equation (69),
however, by dividing this mass by the ice building perio@3b minutes, the mass flow rate is
obtained.
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recirculation ratio of 5, the above equation yieddpumper drum length of 4,20
m, which is 4 % larger than the idealized lengthhef cylindrical drum shown in

Figure A8.4 above of 4,00 m.

Therefore, as there is sufficiently accurate agesgrbetween the two methods of
predicting the mass flow rate through the evaporédo the cold gas pumped

arrangement, the average recirculation ratio idipted as 5.

A8.2.3 Predicting the Mass and Temperature of the pper Portion of

Pumped Liquid in the Pumping Pumper Drum

During the pumping period at the pumper drum, apeapportion of pumped
liquid is warmed due to its interaction with the nme&r pressurising gas. As
installing temperature sensors inside the pump@&ndwras prohibited, the change
in temperature of this upper portion of pumpeditiqwas predicted by placing a
temperature sensor at the outlet of pumper drum7Ldn Figure Al.1). The
temperature peaks of Figure A8.9 below corresporttid temperature rise of the
upper portion of liquid refrigerant pumped, whictcars during the last stage of
pumping. The temperature reached by this warmed mbsquid my cicpp-g) IS
Tu.cirpp-g). BOth of these variables are predicted in the amslyesented below.
The corresponding plot in Appendix A6 is Figure B6.

T7: Pumper Drum outlet temperature measured at pump  er drum#1

T T T T T T T T T T T T T T T T T
D 50 100 150 200 250 300 350 490’450 500 550 600 650 700 750 800 850 900

-4 F 7 Y
45 + ! ] ——Test1,Runl

N p: ¥ —a—Test2,Runl

N s e
BE e

Temperature at the Outlet of
Pumper Drum #1 T7°C

t[s]

Figure A8.9 Recorded Temperatures at Liquid Outletof Pumper Drum 1



T7: Pumper Drum outlet temperature measured at pump  er drum #1
At

4 : T T \: T T T T
5 §_4_14r|)o 4 o"m"7(')"Zih‘"&&h‘"&f{d"hm% ' """ Q490 500 510 520 530 540 550
a2
'_' .
3 o N
= ¥-43
> /]
206 /
o 0-4.5 .,
g g Y
-4.7

t[s]

Figure A8.10 Magnification of Figure A8.9 to show ne peak temperature of Test 2, Run 1

From Figure A8.9, there are three peaks in a 980rakperiod (a complete ice-
building and harvesting cycle), corresponding with three pumping periods of
pumper drum 1 therein. From Table 3.1, the combipathping and venting
process lasts for 150 seconds, consisting of 180nsks of pumping and 20
seconds of venting before filling begins. From FeuA8.10, the outlet
temperature of the pumper drum reaches its maximalme of AT; = 0,55°C
after timeAt = 50 secondsAveragingthe changein temperature over the three

tests performed as well as tpeak temperature from Figure A8.10, the upper

ZAT,

pumped layer reaches awerage changa temperature o > =0,294°C.

The volume of liquid pumped ovart = 50 seconds to the seven modules building

ice at any time iV, g pp-g = 0,0379x50=1895 m®, based on the volumetric

flow rate required tduild the required and melted ice layer predicted byagqn

(69) of Section 8.6.1, as opposed to that predigtie8ection A8.2.2 above. As
mentioned in Section A8.2.2, this volumetric floate is 4 % larger than that
predicted in the aforementioned section. The volyreslicted above multiplied

by the density of the quuidprl_cim[pD_E](Tr,_circ[PD_E]):644,4 kg/m?, where

SAT,

T 2x2 is the mass of the upper pumped layer of liquid

rl .circ[PD-E] :Tr[F’D—] +

My circeo-g) that is warmed by the pressurising gasT}Q, pp-g OVEr At = 50
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seconds. For all seven ice building modules andppenping period of pumper

drum 1, m, ;pogy =122112kg, or 174,45 kg per module. Thus, for an ice

building period of one module, which lasts 810 selsp this module will see

810_ 54 pumping periods. The total mass circulated to oralule per ice

15C
building period that is warmed t®, . pp-g IS thereforel7445x 54 = 94202

kg/module.

Both M, ;icipo-g; @NA T, ;iipo-g; @r€ iNputs into equation (64) of Section 8.4.2

above, which predicts the URD of re-cooling thismvad upper pumped layer of
liquid to filling pumper drum temperature (as tiguld will be re-cooled before it

reaches the evaporator inlet, it is assumed thatréhcooling occurs close to the
pumper drum).

A8.2.4 Predicting the Temperature of the Upper Pumed Layer for the

Hot Gas Pumped Arrangement

This Section outlines the analysis to predict thgut variablesm, . ;ro-gy Hers
and T, ;oeo-eneeg O €Quation (77) of Section 8.7.3 above, whichdps the

URD of re-cooling the upper pumped layer for theR85

In Figure A8.11 belowyppjre and yyeojup. are the vertical depths that the
residual, and upper pumped, liquid layers occumpeetively in the pumping

pumper drum during the last stage of the pumpingpgde
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_______________________________________________

Incoming
pressurizing
gas aflpp+]

% % $ YiPDIRL
\ I Yr [PDJUPL

Outgoing
warmed

circulating M circPD-E] At Tri.circ[PD-E]
liquid

Figure A8.11 Control Volume showing areas occupieby the Residual and Upper Pumped
Liquid Layers in the Pumper Drum for the CGPS

By performing a heat transfer analysis for the mdmtolume of Figure A8.11,
based on the predicted temperature of the uppetiopoof pumped liquid,
Ticirceo-g], and the mass of this liquidmy cigro-g; for the CGPS, these
corresponding variables can be predicted for thé®8CReferring to the control
volume of Figure A8.11 above, during the last staighe pumping period, when
the pressurising gas begins to warm the circulateds of the Upper Pumped
Layer, mycircro-g], the cross-sectional area of the pumper drum thatcupied
by the Residual Layer (RL) above the Upper Pumpagket (UPL) is defined in

Figure A8.8 above as:
& [ppjRL ~ (”[PD].iZ ~ (@ doted t Qv dashed) = (011635[%]12) =00756 m" at a
vertical depth ofz, = 0,2r,,;; =0, 136n.

The UPL, based on the volume that it occupiesaltytiduring the last stage of the
V., cirerPo—
pumping period, occupies a cross-sectional ares, @f,p. = % = 0,474
(PD]

m’. The total area occupied by both layers is theeed, op r. + @, pojup. = 0,610

m-.
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Now, as pressurising gas Bfpp+; fills the pumper drum to increase its pressure
and to circulate liquid to the evaporator, the ilgrefrigerant occupying the UPL
for the CGPS is warmed. For the last 50 secondseopumping period, this UPL,
initially at filling temperatureT,pp.; is warmed by the incoming gasT@circpo-g] -

The heat transfer through the control volume defimeFigure A8.8 above is:

_ n”'rl.circ[F—’D—E]C'rI .circ[PD-E] (Trl.circ[PD—E] )(Tr[PD—] _Trl .circ[PD—E]) _ Trl .circ[PD-E] _Tr[PD+]

qu .circ[PD-E] —
tipo 1 + 3_’r| [PD]RL

hrI .circ[E-ACC] krI [PD]RL
Where hr',_cim[E_ACq is the condensing heat transfer coefficient of tharm

pressurizing gase, q.qeo-g IS the specific heat of ammonia & ;o and

L ; i R Tr[PD+] +Tr[PD—]
Kipojro IS the average conductivity of the Residual Layer af.

Both M, po-gy AN T, ieo-g; @r€ predicted in Section A8.2.3 above at an

average recirculation ratio of 5, and therefore ahé/ unknown variable in the

heat transfer equation aboveh,'ﬁcim[E_ACq. Substituting the known variables into

this equationiy, g e-ace = 1433 Win?.°C.

Finally, by making the following assumptions foethGPS, the temperature to

which the UPL is warmed by the incoming gas capreelicted:

1. The HGPS circulates liquid to the evaporators at tame volumetric flow
rate as the CGPS.

2. The condensing heat transfer coefficient and pundpem dimensions of the
two arrangements are identical.

3. The incoming pressurizing gas is at saturated awete liquid receiver
temperaturésagrec).

Based on the above assumptions, the heat tramgiatien for the HGPS is:
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_ mrl .circ[PD-E{ HGPS CrI .circ[ PD-E] (Trl .circ[PD-E{ HGPS )(Tr[PD—] - Trl .circ[PD-E[{ HGPS )

Uy circ[PD-E} HGPS —

beos

_ Trl circ[ PD-EJ{ HGPS _Tsat[REC]

1
+ Y polRL

hrI .Circ[E-ACC] krI [PDIR{ HGPS

wherem, . po-eyHopg =

Vrl .circ[PD—E]prI .circ[PD-E] (Trl .circ[PD-E[{ HGPS ) = (0,0379>< 50) X (643100) = 1218149 kg

With all the other variables determined from thethansfer equation for the

CGPS, T, qieipo-e Hopg CAN be predicted from the above equation for th?8G

The final change in temperature of the UPL for tHeGPS s

Ty cirePp-E HaPg — Tri(pD] = IS 0,80°C. This change in temperature, as well as the

mass of the upper pumped layer that is warmed gutive pumping period

My, crerpo-eHepg » IS INPUL into equation (77) of Section 8.7.3 abdw predict the

URD of re-cooling the upper pumped layer for theR85



284

APPENDIX A9

Sizing the Mechanical Pump for the Mechanically

Pumped System

Table A9.1 Dimensions of piping measured at the ERW® plant

Pipe Position Pipe Length| Pipe Diameter [m]
[m]

Accumulator to Pumper Drum 1.0m 0.25m

Pumper Drum to Evaporator Inlet 2.5 m 0.25m

Floor to Evaporator Inlet 45m

Accumulator to Floor 3.0m

Based on measurements at the ERPM plant as sho®iguine A9. 1 below, an
initial static head of 3 metres exists betweenaiiet at the accumulator and the
floor of the plant, where the pump would presumadténd. It is also assumed that
the pump would be positioned 4,5 metres below tlagperator inlet (based on the
present configuration of the ERPM plant where tlodtdm level is about 4.5
metres below the evaporator modules).

Applying an energy conservation equation betweenatlitlet of the accumulator

and the inlet to the evaporator:

2 2

Pr[E]i + vrI[P—E]i

Py (Pr[E] )g 29

I:)r[ACC]o + vrl [ACC-PJo

+Zpcep T H ' =
P (Pr[ACC] )g 29 4 acc-p) [P]

tZp g

| | VA

[PI] [PITh H[P-E]i
+(f[P']—d +2Kpy + f[PI]h—d + 2K pipn >

[Pl]o [PITh g

Wherelpp is the total length of pipindip; is the constant friction factor and
SKpy is the sum of the minor loss coefficients, predidiem Sinnof®). The
subscripth denotes properties of the smaller horizontal piped is described

below.
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The Reynolds number is determined and the Moodgraig™ is used to obtain

the constant frictional factdj;; for the pipe.

EVAPORATORS
ACCUMULATOR
A A
___________________________________________ — A
e 5
a5m | ! —
i . . | 3m
: rnn[p_E] ran[ACC—P] i
| MECHANICAL |
I PUMP AND | N/ i v
: PIPING )
Pirio=Prpp+] : VN Prrii = Pracc
i ) Tipri = Tracq
"""" QT

Figure A9. 1 Control Volume: Mechanical Pump and Rping

As one pump will be used to circulate the refriggérdarough seven evaporators
that are building ice at any tirfé the following sample calculation will be
performed below for all the modules of Unit 5, undenilar operating conditions

as measured at the ERPM plant, and for an aveeageulation ratio of 5.

13 Although from Table 3-3 above, there are periods where8 afiodules are building ice
simultaneously (there is a 22,5 second changeover perioe whe module begins its re-cooling
sub-period before the next module begins its warmingpsuied), this time period is small in
comparison with the entire ice building period and so cstifigbly be ignored.
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Vite-g1 = Myp-gVa (Pr[PD+])X7 where My e py = Mypg = Myppgy for the
CGPS.

Vo, = 33630,0015937 = 0,0375 ms.

y 2 NVaea 00375 _ o 0) e where dero s the outlet pi

Vajpog) =5 = =0, m/s where dipo is the outlet pipe
[Pl]lo

025

diameter based on that of Table A9.1 above.
The Reynolds number at this velocity is:

P
prl( r[PD+]) =0,764(025) 6486 =682549

Re., =V o d
&ri1 = Virp-g) [PI]O_(’url Pr[PD+]) 0,0001815

From the Moody Diagram of Figure A9.3 below, andsumsing a relative
roughness for refrigeration-grade stainless stgghg from Barbet® of e/d =
0,003, fip; = 0,0285.

Assuming minor loss coefficients for the exit, dveaand two elbows, from
Sinnot®.

ZK[F’I] = (K + 2KEIb0W+ KExit) = (5+ 2(15) +1) =9

Valve
Once the liquid reaches the inlet to the evaposatirwould enter a splitter
manifold and split into 7 pipes of equal diametecéntrol valve on the"8pipe of

the harvesting module, as shown in Figure A9.2 Wwelvould ensure that no
liquid enters that module) that would carry theuidjthrough to the ice building
modules. As it is difficult to predict the exachigh of all these inlet pipes, it is
conservatively assumed, based on the configuratfaime plant, that each pipe
would travel a horizontal distance of 7 metrest i$ assumed that the liquid from
the large pump inlet pipe would split into sevemizantal pipes of equal diameter
at the manifold, that each horizontal pipe diamétet/7" the area of the larger
pipe, and that the velocity of the liquid remaimsistant (i.e. the volumetric flow
rate is split evenly between the 7 horizontal pipéise Reynolds number and

frictional head loss coefficient for each horizdmgipe is:



P (Pr[PD+])

rl r[PD+]

Re&p :VrI[P—E]d[PI]h

= 0,764(0,095

6486
0,0001815

=259369

Where, as mentioned above, the subsdnigtenotes properties of the smaller
horizontal pipes. From the Moody Diagram of Figa&3 below, and assuming a

relative roughness for refrigeration-grade stamisteel piping from Barbé?® of

e/d =0,003, f[p|]h = 0,0285.

Liquid Refrigerant Mass Flow

L1LL g

N N N

l

O—

Harvesting

Module

)
N

Splitter Manifold

Outlet Pipe
dipij

e

Figure A9.2 Splitter Manifold feeding modules
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Mass Flow

M p-g)

>

Controlled
Valves
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Now, assuming that there exist two elbows, an exit that the splitter manifold
acts as a tee threaded branch ff8\the minor loss coefficients for the horizontal
pipes are:

zK[pl]h = (2K gpow * Kesit + Kianitod) = (215) +1+2) =6

Finally, it is assumed that changes in velocityrfrthe accumulator outlet to the

evaporator inlet can be neglected. From the enssggervation equation above:

2
3035x10° = 3435x10° 4 45+( 0028525 +9+7 002857+ | 0704
650,7(981) 646,6(981) 025 0,095 2(981)
H'p =1008 m

The shaft power needed to drive the pump, assumingiechanical pump
efficiency of 85 % is:

W _ Pu(Pipon )oVaee H'ie _ 62830088100,03751008
[PX MPS} mech 10007, 10000085

= 2737 kW

And per module this input power is 0,391 kW.

The wok input from the pump increases the enthaffthe liquid refrigerant as it
increases its pressure. The URD of re-cooling thenved liquid refrigerant per
module at the evaporator, over a complete ice imglgeriod, is obtained by
inputting the mechanical input power predictedhis tsection into equation (81)
of Section 8.8.1 above.
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APPENDIX A10

Analyses to Support Predictions of the Models of 88ons
8 and 9

A10.1 Sensitivity Analysis to Support the Predictedemperature
of Liquid that is Expelled and Warmed by HarvestingGas at the
Beginning of the Warming Sub-Period from Section .1

As mentioned in Section 8.2.1, at the beginninghef warming sub-period, it is
assumed that all the liquid remaining in the modatlehe end of ice building is
expelled to the accumulator within half the harwestime of 90 seconds. This is
a conservative assumption, as from Figure 8.5 ghibréelonger the warm gas is
in contact with the liquid, the warmer that liguadcomes and the larger the URD
of re-cooling that liquid at the accumulator. lof note (18) of Section 8.2.1
above, it is stated that in reality, it would nake the full 45 seconds to expel this
liquid, however the total URD for the gas pumpedtsgs are relatively
insensitive to this change in temperature, and storservative approach is
deemed appropriate in this instance. To supposg #sisumption, a sensitivity
analysis is performed to predict what effect thpedng time would have on the

overall URD of both gas pumped arrangements model&éction 8.

The table below presents the values of percenta@P® Uf total refrigeration
demand per module over one complete ice-makingecgtl1l5 minutes, for all
four pumping arrangements. The two extreme estiinfibees required to expel
the liquid are input into the model of Section@obtain the percentage URD for
each pumping arrangement. From the sensitivity yarsl the difference in
percentage total URD per module ranges from 0 # @1 Thus the conservative
assumption that the time required to expel theidigs 45 seconds does not

significantly affect the percentage URD per module.
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Table A10 1 Sensitivity analysis: effect on total grcentage URD of the assumed time

required to expel the remaining refrigerant in themodule at the beginning of the warming

sub-period
Extremes of estimated timelemperature Perc. Perc. Perc. Perc.
required to expel the remainir rise due tg Total Total Total Total
refrigerant in the module at thecontact withf URD of | URD of | URD of | URD of
beginning of the warming sub-harvesting | Total Total Total Total
period, based on a harvestingas: Demand| Demand | Demand| Demand
time of 90 seconds’ (Tre-acq) — | for  the| for  the|for the|for the
TrEpbuild) CGPS HGPS MPS FMPS
From Figure
8.4
1 second ~0°C 20.57 % | 22.23 % 20.60 % 20.18 %
45 seconds 2.2%¢ 20.74 % | 22.39 % 20.77 % 20.18%
Difference in Percentage Total 0.17% | 0.16 % 0.17%| 0%
URD of Total Demand

A10.2 Sensitivity Analysis to Support the Assumedd?centage of
Liquid Trapped behind the Level Regulating Valve atthe
Beginning of the Re-Cooling Sub-Period of Section3.2

The table below shows the sensitivity analysishefdssumption made in Section
8.2.2 where it is assumed that the trapped liqu@lipies approximately 5 percent
of the internal volume of the module at the begigrof the re-cooling sub-period.
Varying this volume of trapped liquid and subsedlyetnapped vapour, the URDs
(from equations (44) and (45) respectively of SBt®.2.2.1) resulting from this

trapped liquid and vapour venting to the accumulate:
AH draplE] — W trap[E)(t2) (hrl (Thar)_ hrl (Tr[E]buiId ))

AH rv.trap[ E] = _rnrv.trap[E](tz) (hrv (Tr.har) - hrv (Tr[ACC] ))

and
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Table A10 2 Sensitivity analysis predicting the chage in URD per module as a percentage of
total refrigeration demand if the volume of liquid trapped behind the level regulating valve
at the beginning of the re-cooling sub-period is véd from 0 — 5 %. Average recirculation
ratio is five.

Percentage volume of AH | aiey | AH Percentage total

liquid trapped behind the [kJ/kg] [kJ/kg] URD of total

rv.trap[ E]

level regulating valve refrigeration
demand CGPS
0% 0 74,54 20,56 %
5% 1765,00 67,27 20,74 %

Thus, as the URD as a percentage of total reftigeraemand for the CGPS does
not change appreciably (0,18 %), the assumptiarthiesliquid trapped behind the
level regulating valve at the beginning of the o®ling sub-period occupies 5
percent of the total internal volume of the moddees not significantly affect

predicted total URD. .

A10.3 Mass Rate Balance to Predict the Mass Flow Raof
Refrigerant Built-Up in the Evaporator during Ice Building

The mass flow rate for the control volume of Fig8r& of Section 8.1 is

dm, . .
T\I =My ppg; ~ M viie-acq

d : . . -
where % is the time rate of change of mass contained withe control

volume at timd. From Section 8.2.1 above and based on the asalyssented in
Appendix A2, it is conservatively assumed that eplelte of the module is filled
by 30% of its inner volume with liquid ammoftaat the end of ice-building and
at the beginning of the warming sub-period. Ifsifurther assumed that the mass

of liquid occupying the module at the beginningtbé ice building period is

4 with the remaining volume occupied by refrigerant vapoureabuilding temperature.
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negligible, and that the rate of change of masthefvapour component is also

negligible, then the above equation simplifies to:

30N8 e, Lie; 0304 (Thieppuia) -
135%x60 = Mypo-g1 ~ My viie-Acq

0198= mrI[PD—E] - mr[lyv}[E-ACCI

From Section A8.2.2 above, based on the dimengibtisee pumper drum and the
pumping period, the mass flow rate of refrigerantmped to and through the

evaporators is predicted to be

My po-g = 3,354 Kg/s

The rate of change of mass contained within thetrobivolume is therefore
5,90% of the predicted mass flow rate at the iofdhe evaporator. As mentioned
above, the assumption that the liquid refrigerastupies 30% is conservative.

Therefore, the difference between the mass floe aathe inlet and the outlet of

the evaporator is assumed to be negligible, @pd;, ¢ = My ie-acq -
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APPENDIX A1l
Sample Calculation to Support the Model of SectioB.

This section outlines a sample calculation fordhalysis presented in Section 8.
Where relevant, equations are numbered the sathewsppear in the main body
of the report in straight brackets. The followirapalysis applies for a

recirculation ratio of 5. All property data and @ahtion results are obtained from
EES“)

Table A11.1 Variables used in the sample calculatioof Section 8.

Variable Value Units
g 4,445 m
&g 0,000224 h
C, 4,186 °c
C 2,098 kJ/kg.C
Cuiprg 4,183 kJ/kg
Co(Tiaca) 0,4502 kilkg.C
Co(Too) 0,4533 kilkg.C
G (Tr[E]bund) 2,098 kJ/kg.C
h 335 kd/kg
rl (Tr har) 241150 kJ/kg
rI (Tr[E]bulld) 173100 kJ/kg
rv(Tr har) 1471100 kJ/kg
hy (Tr[ACC]) 1451,00 kJ/kg
hy (Pr[ACC]) 158,80 kJ/kg
h, (Pr[E]har’ f[E- ACC]) 183,30 kJ/kg
h, (Pr[REC]) 1485,00 kJ/kg
h, (Pr[ACC]) 1451,00 kJ/kg
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Variable Value Units
M, (Pyoy Ty cregpo-eyropg ) | 181:40 kilkg
0 (Pieo-y) 177,80 kilkg
h (T 173,00 kdlkg
he(Pros) 1469,00 kd/kg
hy (Peo.s) 1456,00 kilkg
L 3,5 m

My van(erc2) 25,78 kg
Mye, 3692,00 kg
My pp 2867,00 kg
My acq 6870,00 kg

n 35

Patm 83,5 kPa
2} 920 kg/ni
Pu(Pieo) 2,92 kg/nd
P Pripon) 4,492 kg/r
£ (T e ppuic) 646,60 kg/m
20 (T eppuic) 2,809 kg/m
Puu(Pigeq) 8,81 kg/m
P1(Piaca) 650,70 kg/r
Tue 12 kd/kg
T, (epbuia -5,833 °c

Tio 0 0C
Tutera 22,2 oC

T 12 ’c

W PRClo
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Variable Value Units
Tsat(Pr[E]build ) 8,959 °c

T (posjtHaPS 29,01 0
Titpoa 7,45 s

Uy (T epouia ) 172,50 kd/kg
THU 1333,00 kJ/kg
Vig 0,8232 m

Un (B ar) 0,2119 n/kg
Yireq 0,005 m
Yim 0,001 m

Al11.1 Productive and Unproductive Refrigeration Demands

Directly Related to Ice Building

Per module, the mass of ice buiit,,, consists of the thickness of ice required,
Mi.req, @S Well as the thickness of the innermost layéreothat has to be melted to

release the ice from the surface of each plate.

My, = 0N (2Y) eq +2Y) ) =920.(39).4,445(2(0,009 + 2(0,000) =171200 kg
{1} (8)

Wheren is the number of plates per modudg; the surface area of one side of
the evaporator plate, angleq andy,m are the thicknesses of the particulate ice
layer delivered to the screw conveyor below the pevators and of the
subsequently melted innermost layer respectivee fRctor of two is to account
for the fact that ice is built on both sides of tiate.



The ice thickness built on one side of each pladsed on tests performed at the
plant as well as Worthington-Smith & Brouw&P,van der Walt & de Kodk®**®
and Rankift¥), is approximately 5-6 mm (refer to Appendix A6 fhese results).
Taking the upper value of iaeliveredof 5 mm (with 1 mm of ice subsequently

melted) to the screw conveyor below the evaporatdule is therefore:

ml .req = IOI na{E] (2y| .req) = 1427!00 kg {2} (9)

Al11.1.1 URDs and PRDs at the Evaporator during théce Building

Period

The PRD associated with the evaporator duringdbhebuilding period comprises
chilling the inlet feed-water from 12° to 0 °C aftdezing the required ice layer.
From Figure 3.4 above, the mass of water initiatiground 22,2 °€® that enters

Unit 5 equals, during a complete ice-making batpties the mass of ice
delivered by the evaporator. Therefore, per modbke PRD of chilling this water
furtherto 0 °C is:

Qeroge] = M g (=CuTugey — My ) =142T-4186(12) — 335 = -54955700 kJ
{3} (18)

The URDs associated with the evaporator duringa@éuilding period are the

freezing of the melted ice layer, as well as the-sooling of the entire ice layer.

(Trrepuia +T1o)
Qurote =M -b(_CWTWIE]i —hy +c %

- 1717-418602) - 335+ 20082833 *0)y_ 549557 12043560k
2

) - QPRD[ E]

{4}(19)

5 Who, as mentioned above, merstgte typical figuresnd therefore offer no experimental
validation for the thickness of ice built.
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Per module, the PRD associated with the chillinghake-up water at the pre-

chiller is:

Qorprg = M reqCurprg (Tuiprgr ~ Tuprao) = 1427(4,183(22,2-12) = -6086900kJ
{5}(20)

wherec,rq IS an averaged specific heat based on the intebatiet water
temperatures, and the outlet water temperafyg , is the same as the inlet

temperature at the evaporafyy .

Al11.1.2 The Warming Sub-Period

Predicting the Mass of Liquid Condensed during thaVarming Sub-Period

Harvesting gas condenses to liquid throughout tlaeming sub-period and is
expelled to the accumulator. The re-cooling of toadensed liquidn, which
is assumed to be at harvesting temperature fopdingose of this investigation,
constitutes a URD at the accumulator where it isa@ed. The value afyg is
predicted as follows:

1. Incoming harvesting gas condenses to warm up #e glates and the

manifolds as per equation (25)

AH rharl = ms[E]CS (Tr[E]buiId )I_Tsat(Pr[E]har)_Tsat(Pr[E]build )J =3692 014525[8’959_ (_51833]
=2471300kJ
{6}(29)
2. Incoming harvesting gas condenses to reverse the®ling effect in the
built up ice layer. As mentioned in Section 8.1 tiedatively small
thickness of the ice sheet justifies the use ofaathmetic mean to

represent the sub-cooled ice temperafiite.



T +T _
BH o == (100 = 1712(2,09W) = 1047300 kJ

{7} (30)

3. Incoming harvesting gas condenses to melt the imnostrice layer.

DH, ars = 200,86, Y) why = 2135[92014,445(0,0011335= 9589600 kJ
{8} (31)

URDs 2. and 3. above are heat transfers acrossottiteol volume and comprise
Qcvin equation (21) above.
As all the condensed liquid must be re-cooled te temperature in the

accumulator, the mass of condensed liquid can édigied as follows:

mrl{c} |_hrv (Pr[E]har ) - hrl (Pr[E]har) = ZAH r.har = AH r.harl + AH r.har.2 + AH r.har.3

9}(32
Moy = 131082 - 10660kg {9}(32)
(147100- 24150)

Predicting the Mass and Temperature of Liquid Expeled and Warmed by

Harvesting Gas at the Beginning of the Warming Suli?eriod
Predicting the Mass

Amy cone-acc) iN equation (21) is predicted by estimating thgoraf gas and
liquid in the evaporator at the end of the ice dint) period, and is based on the
following assumption§?
1. “The nature of the boiling of two-phase flow is ®xhely complext? and
can be simplified by assuming that the “temperatdirdne boiling
ammonia is constant along the plate lengt
2. The heat flux is uniform along the entire lengttitee plate.
3. The ratio of vapour to liquid velocity is constatbng the entire length of

the plate.
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Thus the total internal volume of each plate cdas$ the volume of gas and the
volume of liquid, all at evaporating pressure, dmked on the area of the
individual channels along the length of the pl&em observations at the plant,
there are 30 such channels per plate. Therefageintarnal volume of the plates

is:
303 g1cmLie; =Virg TV nig= 3000,000224735 = 0,02352 {10} (33)

Whereagch is the internal cross sectional area of the refegt channels of one
evaporator plate, g is the vertical length of the plate akfglg; andV,g are the
volumes of the refrigerant liquid and vapour ocdapgythis internal volume at the
beginning of the warming sub-period. In modellidgconservative approach is
taken when analysing this transferred mass, and predicted, based on the
analysis presented in Appendix A2, that each pitdled by 30% of its inner
volume with liquid ammonia at the beginning of tmearming sub-period.
Therefore the mass of liquid transferred out of inedulé'® at the beginning of

the warming sub-period, assuming all densitiesaasvaporating pressure, is

Am, confE-ACC] — 30na{E]chI L[E] 03p, (Pr[E]buiId )+ 07p, (Pr[E]buiId))

{11} (34)
= 30[35[0,000224135(03[646,60+ 0,7 2,809 =16130kg

A11.1.3 The Re-Cooling Sub-Period

Predicting the URD of Re-cooling the Mass of Liquidlrapped behind the
Level Regulating Valve at the Beginning of the Re-@ling Sub-Period

The level-regulating valve at the bottom of thepmrator allows condensed liquid
refrigerant during the warming sub-period to rettorthe accumulator. However,

at the end of the warming sub-period some warm amemefrigerant) liquid

118 = 35 plates per module; each plate has 30 channels.
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will be trapped behind the level-regulating valuwed anust be re-cooled to ice

building temperatur&gjpuid -

After discussion with Rankitf’, who confirmed that most if not all the liquid is
vented to the accumulator prior to harvestings i$sumed that the trapped liquid
occupies approximately 5 percent of the internaime of the modulé!’ This

assumption is based on the investigation of Bailefwarf'? (his page 63).

My wancere = Pn (Trhar J30N@ geniLie; (005= 626,3(30035[D,000224 85005 = 25,78kg
{12}

This trapped liquid is denoted a®, ., N €quation (26) above, and the

demand of re-cooling this liquid at the evaporagor

AHrl trapE] — T rapE)(t2) (hn (Tr.har)_ hrl (Tr[E]buiId)) = 2578(241150_173700) =-176500kJ
{13} (40)

Predicting the URD of Re-cooling the Mass of Vapou¥ented to the

Accumulator at the Beginning of the Re-Cooling Sulireriod

At the beginning of the re-cooling sub-period, term harvesting vapour that is
trapped in the evaporator is vented, through tlggidivapour path, to the
accumulator and must be re-cooled to accumulatopéeature. This URD is also
in the investigation of Lorentzen and Bdfland is the ‘loss’ of gas due to
venting to the accumulator. This vapour occupiesp@scent of the internal
volume of the evaporator, due to the assumptionemabve that the liquid
trapped behind the level regulating control valvecupies the remaining 5

percent'®. The mass of vapour remaining inside the plates, ez (from

17 The sensitivity analysis that justifies this assumpii®rshown in Appendix A10.2, where
varying the volume occupied by liquid at the beginning ofréheooling sub-period from 0-5 % of
the internal volume of the module results in a changeta percentage URD of total refrigeration
demand for the CGPS of 0.18 %.

118 Based on the sensitivity analysis of Appendix A10.2 mention#tkiprevious footnote.
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equation (27) of Section 8.2.2) at the beginninghef re-cooling sub-period is

predicted as follows:

_ 095V _ 095(08232
v trapl EX2) I/rv (Pr.har) 0’2119

m = 369 kg {14} (41)

The trapped gas is vented to the accumulator, laecefore the URD associated
with re-cooling this warm gas should strictly beseat the accumulator. However
M, waierz FEIUMNS to the accumulator via the liquid-vapouthpand therefore
mixes with the return liquid-vapour mixture frometbther seven modules that are
building ice. In re-cooling this trapped gas, @lsliamount of the returning liquid
will boil before it enters the accumulator. Nonédé#lss, the re-cooling of the
trapped vapour takes place simultaneously with dhdhe trapped liquid, so it is
convenient to consider them simultaneously. ThiDUftherefore assumed to be
seen where it originates i.e. at the evaporatanduhe re-cooling sub-period and

is predicted as:

AH rv.trap[ E] = _rnrv.trap[E](tZ) (hrv (Tr.har)_ hrv (Tr[ACC])) == 3169(1471'00_1451'00) = 6730 k‘]
{15} (42)

URDs at the Evaporator During the Re-Cooling Sub-Peéod

The URDs seen by the evaporator during the resagaub-period are:
(iv) The re-cooling of the evaporator plates and itsifoltts, the same as

AH, .., above :

AH, 5g1 =

—AU gy = ~Myg (T e pouia [Teae(Pryggnar )~ Teae(Prregputa )| = —2471300kJ

{16} (43)

(v) The re-cooling of the liquid trapped behind theelenegulating control valve:

AH | vaerer = ~My waerera2 (Mo (Togegnar) = M (Mpggouia)) = -1765,00 kJ

{17} (44)
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(vi) The re-cooling of the vapour trapped inside thepevator modules at the

beginning of the re-cooling sub-period:

AH rv.trap[ E] = _mrv.trap[E](tz) (hrv (Tr[E]har ) - hrv (Tr[ACC])) = _67130 k‘] {18} (45)

Al11.2 URDs at the Accumulator during the TransientPeriod

The URDs specific to the “transient period” arettbfaire-cooling the steel of the
accumulator and the vented pressurising gas a#ieh eenting period at the
[pumping] pumper drum. However, as described intiec7.2.3, both these
URDs areinherentin that they would have been generated had themfliiow of
refrigerant required to pressurise the pumper dexpanded, in one step, all the
way from condensed liquid receiver pressure to mcdator pressure. These
URDs are nonetheless addressed here, becausetipgedieem using test data
from the CGPS allows for the same URDs to be pteditor the HGPS - where
they becomeavoidable URDS'®. Re-cooling the vapour trapped inside the
evaporator modules at the beginning of the re-ogosiub-period as well as re-
cooling the liquid refrigerant expelled to the ageuator at the beginning of the
warming sub-period are not specific to the “tranieperiod (i.e. they occur
continuously throughout the ice making cycle) areladdressed in equations (45)

and (54) respectively.

During a complete ice building and shedding penbdne module (15 minutes),
each pumper drum is pressurised 3 times and thergémts 3 times, as shown in

the pumping schedule of the timing diagram of FegBirl.

From Figure 8.8 above, the maximum measured termyerghange is 0,8C.
Therefore for the two pumper drums of Unit 5, ithieerentURD of re-cooling the

accumulator per ice building and shedding cycle is:

9 Dye to the extra mass flow rate of hot gas required sprize the pumper drum, as shown in
Figure 7.1 above.
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AH, gacq = Mg aceiCs (Tr[ACC] )(Thea{ acq Tr[ACC]) x3x2=-68700000,4502(09) x 3x 2
=-1669900 kJ {19}(52)

whereT caacq ~ Tiacq 1S €qual to 0.9C for the CGPS.

v

Al11.2.1 URDs at the Accumulator during the Completdce
Building and Shedding Cycle of One Module

UnavoidableURDs at the accumulator over the entire ice bngdind shedding
period of one module inclu$f@
1. Re-cooling the liquid condensed during the warmgudp-period of the

module:
AH ag — Mg (hrl (Pr[E].har’-Frl[c] )_ hrl (Pr[ACC])) = _106:60(24150_15880)
=-882300kJ

{20} (53)
As mentioned above, for the purposes of this ingasbn the mean

temperature of the condensed quufq{c} is assumed to be saturation

temperature at harvesting pressgP;ghar)-
2. Re-cooling the liquid refrigerant expelled to thecamulator at the

beginning of the warming sub-period of the module:

AH  conge-acq = ~AMy conge-acq (N (Pr[E]har ’TrI[E—ACC]) —h, (Pr[ACC]))
=-16130(18330-15880) = -396300kJ
{21}(54)
Inherent URDs at the accumulator over the entire ice bumgdand shedding
period of one module include
3. Re-cooling the gas vented from the pumping pumpemdEach pumper
drum has level control sensors near its top antbfvoas shown in Figure

8.9 above.

120 A5 these URDs are for one module, over the entire ideig and shedding period of one
module (15 minutes) the accumulator sees eight times tizsWU&ed in 1. and 2. below.
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During the filling period, the drum is filled witlhiquid refrigerant by the
accumulator to 0.8 ppp;, and during the pumping period, pumps its
contents out until the liquid level sensor regsterdepth of liquid at 0.1 x
Dipp;. The remainder of the volume of the pumper drunfilisd with
pressurizing gas, which must be vented to the aatator at the end of its
pumping period. The volume occupied by this gapredicted in Figure
A8.8 of Appendix A8 to be

Viirorz) = (A dotied + Qv dashed)) L" by = (2797&[PD].i ? )42 =15784 m’ {22}

Where as mentioned in Section A8.2.2 the requiesdth of the pumper
drum based on the mass flow rate predicted in emqu469) of Section
8.6.1is 4 % larger than that of Figure A8.4. Thesmof gas is therefore

Mysentpo-aca = 578400y (Pieo. )= 2607 kg {23)
and thanherentURD of re-cooling this mass of gas is:

AH rv.ven{(PD+)-ACC] = _rnrv.ven{( PD+)-ACC] (hrv (Pr[ PD+] )_ hrv (Pr[ACC] )) X 3)( 2
=-2607(146900-145100)x 3% 2 = -278300kJ

{24} (55)

where the subscrigPD+] denotes pressurised [pumping] pumper drum

conditions, the mass flow of gas is denotéy] . pp.)-acq. and it is

conservatively assumed that the vapour is at datlireonditions at the
pumping pressufé" h., (R;pps;) - From the timing diagram and pumping
schedule of Figure 3.1, this URD occurs 3 timespgenper drum over the
entire ice building and shedding cycle of one medul

4. Re-cooling the gas vented from the filling pumpearmd. During the filling

period, vapour is continuously vented from tharfgl pumper drum to the

21 Measured at the plant as 200 kPa above filling pumper dressyre.
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accumulator. The minor difference in pressure tesoltheinherentURD
of re-cooling this vapour to accumulator tempemtur

The mass of gas vented is

mrv.ven[(PD—)—ACC] = 5’784[ prv (Pr[PD—] ) = 16'94 kg {26}

AH ven((PD-)-Acc] — My venf(PD-)-ACC] (hrv (Pr[PD—] )_ hrv (Pr[ACC] )) x3x2
=1694(145600-145100) x 3x 2 = -49650kJ/kg

{27} (56)

where the subscrigPD-] denotes [filling] pumper drum conditions, the

mass flow of gas is denotedl, .«rp-)-acq: @Nd it is justifiably assumed
that the vapour is at saturated conditions atittegf pressureh,, (P,55_;) -

This URD occurs 3 times per pumper drum over thegesite building and

shedding cycle of one module.

Al11.2.2 URDs at the Filling Pumper Drum

The only URD at the pumper drum seen during thiéndil process is the re-
cooling of the steel of the pumper drum, which iarmved during its pumping
period. The rest of the URDs are seen at the aclatonuand listed in Section
8.3.2 above. However, as described in Section8 ar&d 8.3.1, for the CGPS, this
URD is inherentin that it would have been generated had the miloov of
refrigerant required to pressurise the pumper dexpanded, in one step, all the
way from condensed liquid receiver pressure to mcdator pressure. This URD
is nonetheless addressed here as it can be pebdsitey test data from the CGPS,
and allows for the same URD to be predicted for @PS - where it is an

avoidableURD' The temperature at the pumper drum wall was ntedsat the

122 Dye to the extra mass flow rate of hot gas required sprize the pumper drum, as shown in
Figure 7.1 above.



ERPM plant (sensor T6 of Figure Al1.1) and is plbite Figure 8-11 above. From
the timing diagram of Figure 3.1, pumper drum lamdes 3 pumping periods
every 15 minutes, and from Figure 8.11 above, tleimum temperature rise

during pumping is 1°C above filling temperature.

The inherentURD of re-cooling the steel of the two pumper dsuduring the
filling period, and for a complete ice making cyolel5 minutes which comprises

three filling periods per pumper drum, is:

DH, ¢po; = ~MyporCs (Tripo JTheagpo; — Tigpooy) X 3% 2 = —286700[0,4533Lx 3% 2
= - 7798,00 kJ {28} (63)

A11.2.3 URD of Re-Cooling the Upper Portion of Ciralating Liquid at

the Pumping Pumper Drum

The finalinherentURD for the CGPS is that of re-cooling the uppertipa of
warmed liquid in the pumper drum. During the iceking period, cold flash gas
throttled down from the expansion valve feeding pluenper drum (as well as a
small portion of warm gas from the condensed liqtedeiver to boost the
pressure in the pumper drum to circulate a sufiicfiow of liquid) is used to
pump the liquid ammonia through the evaporator. iferaction of pressurising
gas and colder liquid refrigerant in the pumpemumesults in a major URD for
any hot gas pumped system (HGPS), and is the first ‘loss’ URD in the
terminology of this investigation, included in pieithg the total ‘refrigeration

loss’ of the system by Lorentzen and B&Yjlo

From Figure 8-9 above, and based on test datactadidrom the ERPM plant, the
pumping pumper drum expels 95% of its volume ofiiligto the evaporator in a
time of 130 seconds. The upper portion of thisidgs heated by the incoming
pressurising gas td.crcpo-g) (based on temperature measurements at sensing
point T7 of Figure Al.1). This URD is not seen la pumper drum, rather it is
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seen at the entrance to the evaporator. Howeveing#hat this URD arises at the
pumper drum, it is presented here rather than rti®e 8.2 above. Predicting
Tucirero-g) from test data as well as the mass of liquid hetdettiis temperature
My cirep-g; 1S performed in Appendix A8.2.3. The finatherent URD of re-
cooling this portion of liquid, per module (thene aeven modules building ice at

any time - each ice building period lasting 810csets and each pumping period
lasting 150 seconds), and for t?e;g: 54 pumping periods that the module sees

per ice building period, is:

AH rl .circ[PD-E] = _mrl .circ[PD-E] (hrl (Trl .circ[PD-E] )_ hrl (Tr[PD—])) =

54 {29} (64)
= ~12211A=7)(17910-17780) = ~127400kJ

Where it is assumed that the enthalpy of the upp#gion of circulated liquid is

initially at [filling] pumper drum temperature.
Al11.3 Total PRD and URD for the Cold Gas Pumped
Arrangement Per Module

A11.3.1 Total PRD Per Module for all Pumping Arrangements

The total PRD per module is identical for all pungparrangements, and from
equations (18) and (20) of Section 8.1.1 and 8i4.2,

2Qpro = Qprorey + Qeroprg = 61042350 kJ {30}(65)



Al11.3.2 Total URD Per Module for the Cold Gas Pumpm

Arrangement

All the URDs for the CGPS arenavoidableand/orinherent. Summing these
URDs the total URDper module from equations (19), (4042), (43), (53), (54),
and (56) is:

ZAHURD[CGPS = QURD[E] +AHr.s[E] +AH rl trap[ E] +AH rv.trap[ E] +AH r{c} +AH rl.con{ E- ACC]

= —(12043560+ 2471300+176500+ 6730+ 882300+ 396300)
= -15971527kJ

{31}(66)

All.4 Predicting the Average Recirculation Ratio ad
Compressor Work Input for the Operating Cold Gas Punped
System Per Module

Al11.4.1 Predicting the Average Recirculation Ratidor the Operating
CGPS

From the control volume energy balance at the enadprs during ice building
(Section 8.1 above), the enthalpy at the outlethef evaporator is based on the

average recirculation ratioX,.,, , which is the inverse of the quality of

refrigerant. From equation (17) above:

(mrl [EI(t2) ~ mrl [E](tD) )url (Tr[E]buiId )+ (rnrv[E](tZ) - mrv[E](tl) )urv (Tr[E]buiId )
(Tr[E]buiId + TI .0 ) )
2
= ‘Arnrl[PD—E] hrI (Tr[E] )_ Arnr(I WV)[E-ACC] hr(I V) (Tr[E], Xr[E]o Xbuild {32}(17)

-m, .b(_CwTvv{E]i - hsf *+C

The first four terms of equation (17) above con®tige change in internal energy
of the refrigerant. As mentioned in Section 8.2bb\&e and based on the analysis

presented in Appendix A2, it is conservatively ased that each plate is filled by
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30% of its inner volume with liquid ammonfd at the end of ice-building and at
the beginning of the warming sub-period. If it isther assumed that the mass of
liquid occupying the module at the beginning of fite building period is

negligible, then equation (17) simplifies to:

(mn [E](t2) )Un (Tr[E]buiId ) + (mrv[E](tZ) ~ My )urv (Tr[E]buiId )
(Tr[ Ejbuid T T, ))
2

= ‘Aran[PD—E] hrI (Tr[E] )_ An"'r(l V) E-ACC] hr(l V) (Tr[E], )_(r[E]o lbuild {33}(67)

-m, .b(_CWTW[E]i —hg + C

sf

Representing the masses of the liquid and vapatlveimodule at the end of ice-

building, equation (67) becomes:

30na e Ly (013/0” (Tr[E]buiId )Un (Tr[E]buiId ) +03p0, (Tr[E]buiId )urv (Tr[E]buiId »
(Tiepuia +Tio)
2

= ‘Amrl[PD—E] hrI (Tr[E] )_ Arnr(I WV)[E-ACC] hr(I V) (Tr[E], )_(r[E]o }build {34}(68)

-m, .b(_CWTW[E]i —hg + C

sf

The changes in internal energy, represented byndmses of liquid and vapour in
the module at the end of ice building, are accalifdein equation (68). The mass

flow rate at the inlet to the evaporator, ., ¢, remains constant throughout the

ice building period, and therefore the differencetween the inlet and outlet

(M yie-acq ) Mass flow rates is the rate of change of masdiseirevaporator. This

mass flow rate is predicted from a mass rate balamcAppendix A10.3 to be
negligible compared to the inlet mass flow tateBased on this assumption, and
since the evaporating temperature is assumed taimeoonstant throughout the
ice building periot?®, the mass flow of refrigerant at the inlet andletuof the
evaporator are assumed to be identical, and coesdygu

AMy popg) =AMy ie-acq - EQuation (68) thus simplifies to

123 with the remaining volume occupied by refrigerant vapoureabuilding temperature.
124 Appendix A10.3 predicts that the rate of change of mass oeudtavithin the control volume is
5,90% of the predicted mass flow rate at the inléhefevaporator.

125§ e. After the re-cooling sub-period the evaporatorrmatto ice building temperature.
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30Nagen Lig (013prl (Tr[E]buiId )url (Tr[E]buiId )"‘ 030, (Tr[E]buiId )urv (Tr[E]buiId »

T o T
-m, .b(_CWTW[E]i - hsf *+C ML;-FW)) = ‘AmrI[PD—E] (hrl (Tr[E] )_ hr(l,v) (Tr[E], )_(r[E]o)Xbu”d

{35} (69)
Substituting values into equation (69) yields:

35[30({0,00022435(03 6466017250+ 03[2,809[133300)

((-5833 +0) -
—_ —_ —_ = -
171200(-4186112-33500+ 2,098=——_2—— 18M, g1 (P (T3 Rege10) ~17300) »
0[AM, oo (B (T,[E],>—<,[E]0)-173,oo)build = 69840700 kJ {36}

The thickness of ice sheet delivered, from measentsnat the ERPM plant, is
approximately 5 mm (from Table A6.3 of Appendix A@he thickness of ice

built however includes a layer of ice that is swjpsntly melted during the

warming sub-period. Both the thickness of the bigit layer and the melted ice
layer are predicted from the heat transfer modelsngd ice building and

harvesting presented in Section 9. beté%An average built ice layer thickness
of 6 mm is input into equation (8) of Section 8doge to obtain the mass of ice
built during the ice building periodh . Thus the only unknowns in equation (69)
of Section 8.6.1 above are the enthalpy of the fplvase mixture at the outlet of
the evaporator, which is based on the averagectgation ratio, and the mass of
liquid pumped to and through the evaporator. Bywey the average recirculation

ratio X,¢,, in equation (69) above between realistic limite mass flow rate of

liquid refrigerant through the evaporators candgfae be predicted.

Based on Figure 8.9 and the analysis performedppeAdix A8, the mass flow
rate of liquid pumped through to seven moduleshwite module harvesting) can
also be predicted from the change in liquid volwhéhe [pumping] pumper drum

over the pumping period. For an average recircuiatatio of 5:

126 Erom Table 9.2, the built ice sheet thickness varies @# — 6,67 mm based on the different
convective boiling heat transfer coefficients. From Talie the melted ice sheet thickness varies
from 0,786 — 1,149 mm based on the different convective condensihgdmesfer coefficients.
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M (Thie, Xegero = 5) = 42940 k/kg {37}

0 |Am, jpp_¢, (42940-17300)  =69840700 kJ {38}

Amy, oo g = 272400 kg {39}
. _ Amrl[PD—E] _

O My pp-g) = m =3363 kg/S {40}

This predicted mass flow rate from Section A8.22 3,354 kg/s, and

subsequently, the mass pumped to and through tl@oeators during ice

building, is 0,30 % smaller tham, ., ., predicted from equation (69) of
Section 8.6.1 above- based on an average recimulatatio X, Of

approximately 5.

Therefore, as there is sufficiently accurate agergrbetween the two methods of
predicting the mass flow rate through the evaporédo the cold gas pumped
arrangement, the average recirculation ratio idipted as 5. Hereafter, for

simplicity, the average recirculation ratio will denoted as;.

Al11.4.2 Predicting the Average Electrical and Mechaical Compressor
Work Input for the Operating CGPS

Based on test data obtained from the ERPM plantframd Appendix A6 (Section
A6.1), the electrical and mechanical work inpubittte compressor per module
can be predicted:

Wi cryicorgaes =180 kKW/module {41)(70)

Assuming a compressor motor efficiengy of 96%, the mechanical power input
of the compressor for the CGPS is:

VV[CR]{CGPs}mech :VV[CR]{CGPSeIeL/]m =1728 kW/module {42}(70b)
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Al11.5 Total URD for the Hot Gas Pumped ArrangementPer
Module

Al11.5.1 URDs at the Accumulator for the HGPS

As mentioned in Section 8.3.1 above, the URD spetifthe “transient period” is
that of re-cooling the steel of the accumulatoermaiach venting period at the
pumping pumper drum. For the HGPS, this is awoidable URD. During a
complete ice building and shedding cycle of one m®d15 minutes), each
pumper drum is pressurised 3 times and therefanés\@ times, as shown in the
pumping schedule of Figure 3.1. On the basis ofptieglictedinherentURDs at
the accumulator for the CGPS, the correspondivgidableones of the HGPS,
and hence the temperature rise at the accumulatathis arrangement, can be
predicted. It is recalled from Section 8.3.2 the URDs seen at the accumulator
for the CGPS over the entire ice building and shgldycle of one module

comprise of:

AH rv.ven{( PD+)-ACC] + AH rv.ven{(PD-)-ACC]

8 8
{43}(71)

2AH jropacaicerg = BH g + AH conge-acq +

Now, since the pumping pumper drum is filled wittsdrom the condensed liquid
receiver, the venting gas will be at a higher terapge than that of the CGPS.
Assuming that the level control sensors at the mmapum regulate the mass of
liquid pumped in the same manner and within theeséime as the CGPS, the
volume that the pressurizing gas occupies (fronti®@e@8.2.2 above) is 5,784

m?>. The corresponding mass of this gas is:

My, vent(PD+)-acci Harg = 273410y, (Pr[REC] ) =5109 kg {44}

and the URD of re-cooling this mass of gas is:



314

AH rv.ven{(PD+)-ACCH{HGPS — _mrv.ven[(PD+)—ACC]{HGPS} (hrv (Pr[REC] )_ hrv (Pr[ACC] )) x3x2
=-5109(148500-145100) x 3x 2 = -1043600kJ
{45} (72)

where the subscrigREC] denotes conditions at the condensed liquid receive
This URD occurs 3 times per pumper drum over thereence building and

shedding cycle of one module.

From the control volume at the accumulator drunfrigiure 8.7, all the values of
mass in-flows and out-flows are identical for th@ €S and HGPS except for that
from the [pumping] pumper drum that is vented te #tcumulator at the end of
its pumping period. From the plotted temperaturesha accumulator for the
CGPS of Figure 8.8, temperature peaks were ob$éoveccur six times over the
measured period of 1800 seconds. Although as nmadiin Section 8.3.1, the
temperature gauge at this position was deemedunaie; the gauge was regarded

as accurately predicting tlthangein temperature at the accumulator.

From the timing diagram of Figure 3.1, the stagdesperation of all 8 modules
of Unit 5 allows for maximum smoothing of load dretcompressor, as well as
evening out re-cooling loads at the accumulatortl@f four URDs seen at the
accumulator during the entire ice building period,

AH and

AH r{c} ,AH rl.con{ E-ACC] ,AH rv.ven{( PD+)-ACCH{HGPS ,AH rv.ven{(PD-)-ACC] ! r{c}

AH, conge-acq OCCUr 8 times per ice making cycle of 900 secomds, so cannot
be responsible for the three peaks in temperatoserved during this period at
the accumulatorAH,V,Ven[(PD_)_ACq is justifiably assumed to occur continuously
throughout the ice making cycle, and so onlﬂrv_ven{(pD+)_ACC]{HGpS}, which from

Figure 3.1 occurs 6 times per ice making cycle]dpossibly be responsible for

the changes in temperature at the accumdfdtathus per module, the change in

27 Although as mentioned in Section 8.3.1, the time period betweggetature peaks for the last

three peaks do not match up with the periods of the veptimgper drum. Thus only the first three
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temperature at the accumulator for the HGPS, acqners ~ Trjacg » IS @ssumed

to be predicted by the ratio of the URDs of re-aapthis vented pressurizing gas
for the HGPS and CGPS, multiplied by the changeemperature measured for
the cold gas pumped arrangemeit, acq ~ Tijacq -

r

AH rv.ven{(PD+)-ACC|{HGPS

[Thea[ACC]{HGPS} _Tr[ACC]] = [Thea{ACC] _Tr[ACC]] A|:|
rv.ven{(PD+)-ACC] {46} (73)

= OQOM = 338°C
278300
Finally, the URD of re-cooling the accumulator ftme hot gas pumped

arrangement is:

AH r.ACCH{HGPY — ~My acqCs (Tr[ACC] )(Thea( ACCl{HGPY — Tr[ACC] ) x3%2

{473(74)
=-687000[0,4502(338) = —-6262100kJ

A11.5.2 URDs at the Filling Pumper Drum for the HGFS

As mentioned in Section 8.4.1 above, the only URDha pumper drum seen
during the filling process is the re-cooling of #teel of this drum at the end of its
pumping periot?®. It is assumed that the URD of re-cooling the deai liquid
that is left in the pumper drum at the end of iisnping process is included in the
URD of re-cooling the vented pressurising gas &éoabcumulator (equation (72)),
as well as that of re-cooling the steel of the pengyum.

The URD of re-cooling the steel of the pumper dduming the filling period is:

peaks of Figure 8.8 are regarded as accurately measuweichahge in temperature at the
accumulator during the venting period of the [pumping] pumper drum

128 Erom the timing diagram of Figure 3.1, this occurs snes per ice building and shedding
cycle of one module (15 minutes).
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AH roPolHGPg — ~MygppCs (Tr[PD—] )(rhea[PD]{ HGPS _Tr[PD—]) x3x2

{48}(75)
=-2867000[0,4533(388) x 3x 2 = -3025500kJ

The pumping period for the HGPS is assumed to éstical to that of the CGPS,
except that now gas at pressurized liquid receleperature is introduced into
the [pumping] pumper drum. It is therefore assuntbdt the maximum

temperature difference reached by the pumper dmi}epynceg ~Tieo-y IS

predicted by the ratio of pressurizing inlet gasperatures for the HGPS and the
CGPS multiplied by the temperature difference messiat pumper drum 1
(Figure 8.11 above) for the cold gas operating tplaPAs the change in
temperature is a measure of the energy gained éoytimper drum by sensible
heat, it is justifiably assumed to be proportiot@athis ratio of pressurizing gas

temperatures.

T ipo+ 2901
Thea{PD]{ HGPS _Tr[PD—] = (rhea[PD] _Tr[PD—]){M} = 1007—45 = 388 OC 129

r[PD+]

{49}(76)

A11.5.3 URD of Re-Cooling the Upper Portion of Ciralating Liquid at
the Pumping Pumper Drum for the HGPS

From Figure 8.9 above, and based on test datactadlédrom the ERPM plant, the
pumping pumper drum expels 95% of its volume ofiitigto the evaporator in a
time of 130 seconds The upper portion of this ligsiheated by the incoming gas
to Tycirejpp-ENHePs; Which is predicted based on test data for the Eitig
temperature of the cold gas pumped arrangeni@gicro-;. Predicting the
increased temperature for the HGPS as well as #es rof liquid heated to this

temperaturen, circjpp-efHepsy 1S performed in Appendix A8.2.4. The final URD of

1297, 1pp4; is saturated temperature at 200 kPa above filling pumpen gressure for the CGPS,
and T ppyHcprsy}iS Saturated temperature at condensed liquid receiessure.



re-cooling this portion of liquid, per module (tkeare seven modules building ice

at any time - each ice building period lasting &Htonds and each pumping
. . 10 _ . .
period lasting 150 seconds), and for t15c =54 pumping periods that the

module sees per ice building period, is:

54
AH rl circ[PD-E}{ HGPS — _rnrl .circ[PD-E[{ HGPS 7 (hrl (Pr[PD—] 'Trl .circ[PD-E{ HGPS )_ hrl (Pr[PD—] ))

= —1218,49% (18140-17780) = —345300kJ

{50} (77)

A11.5.4 Total URD for the HGPS

Summing the URDs for the HGPS, and assuming tleatUtRDs of re-cooling the
steel of the accumulator and pumper drums, plugaslvented from both drums
to the accumulator, are shared equally amongseitite modules, the total URD
per module from equations (19), (4(2), (43), (53), (54), (56), (72), (74), (75),
and (77) is:

AH r.s ACC{ HGPS

2AH jrorners = Qurorer T AH, gg) ¥ AH  vapre) +AH L iraprey * 3

AH rv.ven{(PD+)-ACC|{ HGPS

8

r.s[PD{ HGPS +AH

+ AH rI{c} + AH rl.conf E-ACC] +

AH AH

+ rv.ven{(PD-)-ACC] +

rl .circ[ PD-E{ HGPS

{51} (78)

12043560+ 2471300+ 176500+ 67 30+ 220210
SAH - s
URD{HGPS

+882300+ 396300+ 043600 49650 3025500

+345300
3 3

=-17614400kJ
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Al11.6 Total URD for the Mechanically Pumped Arrangenent Per
Module

For the mechanically pumped arrangement, the ableddJRDs due to
pressurizing gas circulating the liquid in the pemprum to the evaporators for
the gas pumped arrangements are essentially relplacéhe avoidable URD of
increasing the pressure of the same amount ofdligefrigerant across the
mechanical pump. As there is no pressurizing gatedeto the accumulator for
this arrangement, it is assumed that the accuntuiaaperature remains constant
throughout the ice building and shedding cycle.réfwe there is no URD of re-
cooling the accumulator for this mechanically puthggstem (MPS). To obtain
the mechanical work input of the pump, an enerdgrx analysis is performed
in Appendix A9. The final mechanical work input finothe pump assuming a
mechanical pump efficiency of

85 % is:

Vi _ Pu(Pipon J0Vagoe H e _ 628300981(D,0375(1008

= = 2737 kW
[P MPS} mech 10007[P] 10000085

{52}
And per module this input power is 0,391 kW.

The work input from the pump increases the enthafphe liquid refrigerant as it
increases its pressure. The URD of re-cooling thenved liquid refrigerant per
module at the evaporator, over a complete ice imgjlgeriod of {; — t;), is simply

the integral of the mechanical work input over tiimse divided by 7 ice building

modules.

BH 11p) = = [Wipyvpg mealt =0391035% 60) = -31671 kJ {53}(81)

4



Al11.6.1 Total URD for the MPS

From equations (19), (40%2), (43), (53), (54) and (81) the URDs for the MPS
are:

2AH jrormpy = Qurore) TAH, g5 T AH ) o +AH
+AH rl.conf E-ACC] +AH rI[P]

AH

rv.trap[ E] + rl{c}

{54}(82)

SAH yroupg = —(12043560+ 2471300+ 176500+ 67 30+ 882300+ 396300+ 316,71)

= -16003200kJ
{54}

Al11.7 Total URD for a Fully Mechanically Pumped Arrangement
Per Module

A theoretical model for a completely mechanicallyrped system, based on a
suggestion by Bailey-McEwdt is developed. The system, utilising two pumps
— a pump to circulate the refrigerant through theperators and one to
discharge/recharge the evaporators with liquid teeémd after harvesting — would
eliminate the URD associated with harvesting gasehlixg cold ammonia liquid
to the accumulator at the beginning of the warngiag-period,AH | ., e-acq - It
would also eliminate the URD due to the warm ammadrefrigerant) liquid that

is trapped behind the level-regulating valve ateghd of the warming sub-period,
AH

rl trap[E] *

Appendix A4 outlines the analysis to determinertrexhanical power required by

the recharge pump, as well as the basic desigmeofdssels and piping.

The final mechanical work input for the rechargenpus:
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. _ Pu (Piace )0Vaov - H e _ 650700B8100,00110571

= = 0,045kW
[PK FMPS} mech 10007[P] 1000[085

{55}(83)

The work input from the pump increases the enthafphe liquid refrigerant as it
increases its pressure. The URD of re-cooling thenved liquid refrigerant per
module at the evaporator, over a complete rechamge of 13 minutes, denoted

(t2— 1), is simply the integral of the mechanical worku over this time.

t
BH,oyevpg = [Wioy upgmeailt =0.045(13% 60) = 35,27 kJ {56} (84)

4
A11.7.1 Total URD for the FMPS
From equations (19), (43), (53), (54), (81) and) (8¢ URDs for the MPS are:

ZAH URD{ FMPS} = QURD[ E] + AH r.s[E] + AH rl{c} + AH rl.conf E-ACC] + AH rl[P] + AH I[P FMPS}
{57}(85)
SAH jroueg = —(12043560+ 2471300+ 882300+ 67,30+ 316,71+ 3527)

{58}
= —15433900kJ

A11.8 Comparison of Results for the Pumping Arrangments

A11.8.1 Total PRD and URD for the Four Pumping Arrangements

Graphs based on the model described in Sectiono®paring the different
pumping arrangements at various performance qiestiand operating
parameters are presented in Section 8.10 abovesarhple calculation presented
above is based on an average recirculation ratfovef Therefore the following

tables summarise the information that is presemetie graphs of Section 8.10,
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for an average recirculation ratio of five. Firgte total refrigeration demand per
module for each pumping arrangement is calculasefidlbows:
SAH = 3Qprp + ZAH p {59}

Where ZQ,y,, is the sum of the PRDs at the evaporator and Ipitee which is

identical for all four pumping arrangements, angdrisdicted above to be:

Qpro = Qeroge + Qerogrrg = ~54955700- 6086900 = ~61042600 kI {60}

The sum of the URDs for each system is added t@blowe PRDs to obtain the
total refrigeration demand per module. The pergntdRD of total refrigeration
demand is then predicted to be:

2AH p
2AH

%URD = {61}

The table below, based on the calculation preseafeave for an average
recirculation ratio of five, summarises the totaRDJ, and subsequently, the
percentage URD of total refrigeration demand pedul® for the four pumping
arrangements.

Table A11.2 Comparison of the results for the foupumping arrangements

Variable | CGPS HGPS MPS FMPS
SAH qp | -159715,00 | -176144,00 -160032,00 -154339,00

[kJ]
SQ.p; | -610426,00 | -610426,00 -610426,00 -610426,00
[kJ]
SAH | -770141,00 | -786570,00 -770458,00 -764765,00
[kJ]

%URD | 20,74 % 22,39 % 20,77 20,18 %
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A11.8.2 COP for the Four Pumping Arrangements

Based on test data obtained from the ERPM planframd Appendix A6 (Section
6.1), the electrical and mechanical work input itite compressor per module can
be predicted:

W crgicpgers = 18000 kW/module {62} (70)

Assuming a compressor motor efficiengy of 96%, the mechanical power input

of the compressor for the CGPS is:

Wcricorgmeen = Wicriicopgeled?m = 17280 kW/module {64} (70Db)

The energy input per module over a complete icédimg and shedding period of
15 minutes is therefore:

t

VV[CR]{CGPémech = J.VV[CR]{CGPQmech

4

=Wericargmeen(ts —1y) =172.8(L5% 60) =15552000kJ

SQprp  _ 61042600 _

COPR =
oo 2Wicricopgmesn 19952000

3,925

From equation (5a) of Section 7.2, the mechanicatkwnput for the HGPS is
predicted as follows:

2Q
CoO =_——<FRD {65}(5a)
I?HGPS} zVV[CR]{ HGPS mech
where
>AH
2W Ry hepg mech = WM cricops mechZAH{—HGPS {66}(5b)

{cGePg
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The ratio of the total refrigeration demands in #imve equation allows for the
mechanical and electrical work input into the coesgor to be predicted for all
arrangements, based on the assumption of negligibbnges in compressor
isentropic efficiency mentioned on Section 7.2.

For the mechanically pumped system, the COP is:

COPpg = >Qeeo (67)(6a)
ZVV[CR]{ MPS} mech + ZVv[ P){ MPS} mech
where
W =W, 2B es. {68}(6b)
[CRK MPS} mech [CR{ CGPS mech ZAH{CGPS}
Similarly for the fully mechanically pumped systetime COP is:
COPpp = 5 Qpro 69)
zVV[CR]{ FMPS} mech + zVV[ PX FMPSt mech
where
>AH
2 W crit rmps mech = = Wicri copg mech ZAH{FMPS} {70}

{CcGPg

The table below summarises the COP for each pungiaggement at an

average recirculation ratio of 5:

Table 11. 3 Comparison of the COP for the four pumimg arrangements

Variable CGPS HGPS MPS FMPS

SAH -770141,00 | -786570,00 -770458,00 -764765,00
[kJ]

W crgicorgmeen | 172:80 176,49 172,87 171,59

[kw]

COP 3,925 3,843 3,915 3,943
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Al11.9 Operating Cost Analysis for the Different Purping
Arrangements

The annual operating cost for the different pumpdmgangements can then be
predicted from equation (7) above as follows:

: . e : Cents_ hr
ElectricalOperatingCostperYear= (ZWcgeec + ZWpjerec) X Wh X yTar {71}(7)

As opposed to Section 8.10 above, where a compeaoisthe energy efficiency of
the different pumping arrangements is performed mpedule, for the annual
electrical cost analysis presented below, the coismais performed per urfit®

The average industrial rate per kWh is presentetiainie A6.2 of Appendix A6.
The results of the annual electrical operating pestarrangement for an average
recirculation ratio of 5, and based on operatingpeeters measured at the ERPM

plant, are summarized in the table below.

Table 11.4 Annual electrical power consumption andost for the different pumping
arrangements, at an average recirculation ratio ob. Annual cost rounded to nearest R1,000.

Cents/kW/year Electrical | Difference
Pumping \/\'/[CR]elec zvv[P]eIec Operating | Compared tg
Arrangement (kW] [KW] Cost/ Year| Operating
CGPS of
ERPM plant
CGPS 1440,00| - 315871 R4,549,000 -
HGPS 1470,40| - 315871 R4,646,000 + R97,000
MPS 1440,80| 3,26 315871 R4,561,000 + R12,000
FMPS 1429,60| 3.64 315871 R4,528,000 - R21,000

130 Each unit consists of eight modules.
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APPENDIX A12
Sample Calculation to Support the Model of Sectio®.

This section outlines a sample calculation foradhalysis presented in Section 9.
Where relevant, equations are numbered the sathewsppear in the main body
of the report in straight brackets. All propertgta and calculation results are
obtained from EES?

Table A12.1 Variables used in the sample calculatioof Section 9.

Variable Value Units
Cqey (Triepuia) 452,50 Jkg.C

Cye (Thignar) 7906,00 Jikg.C

Cu(Pan) 4228,00 Jkg.C

¢ (0°) 2,041 kilkg.C

hy 335 kdlkg

he (Thigrnar) 1229000,00 Jikg

Kyer (Tiemua) 14,31 W/m.C

i (T egouis) 1,901 Wim.C

ke (T pouia) 0,5773 W/m.C

Ko (T epnar) 0,5325 W/m.C

Ky (T gnar) 14,49 Wim.C

Leqes 0,00075 m

Patm 83,5 kPa

Pr, (Tr[E]har) 1,357 Prandtl Number
Pr, (Tr[E]bui,d) 1,442 Prandtl Number
P Tienar) 4,720 kg/m

P Tegnar ) 626,30 kg/m

2o (P 1000,00 kg/m




Variable Value Units
Pyl (Tr[E]buiId ) 7911,00 kg/m

pi 920,00 kg/mi
P (Tr[E]buiId ) 2,809 kg/rﬁ
P (Tr[E]buiId) 646,60 kg/rﬁ
ps[E] (Tr[E]har) 7911,00 kg/rﬁ
THEbuild -5.833 °c

tip 810 S

Tio 0 OC
TriEghar 8,959 oc

thar 90 S

Ti(ea 2,917 oC

T 1,50 kJ/kg
10, (T 000 ) 0,000008877 kg/m-s
My (Tr[E]har) 0,0001549 kg/m—s
10 (T e pouia) 0,0001815 kg/m-s
Ys[E] 1,50 mm

32¢

A12.1 Heat Transfer Model during Ice Building

Section 9. presents two heat transfer models tnat been developed to predict
the thickness of ice built and shed during thebiogding and harvesting cycle of
one module. The inputs to the models are the apgragrameters measured at
the ERPM plant, as well as the mass flow rate aretage recirculation ratio

predicted in Section 8.6.1 above.

Applying the principle of energy conservation te ttontrol volume of Figure 9.1
above, and assuming that all thermophysical pragserare independent of

temperature, the heat flux from the water/ice fates to the refrigerant is



T (o] _Tr ui
ql = I. [E]build {1} (86)

1 . Yem . Y

hlr[E] ks[E] (Tr[E]buiId) k| (Tr[E]buiId)

And heat flux at the ice/water interface, basedhenaverage external convection

heat transfer coefficient for free-falling watey is

g, = lte (2)(87)

1
h,,
The difference betweed, and ¢, is equal to the rate at which latent heat is

removed from the water per unit area, and is ptedias

oy D=-g, (3)(e8)
To predict the average external heat transfer woerfit of water flowing over the
plate, the External_Flow_Plate procedure of the EE@rnal library is used”
Inputs to the procedure include the free streaid fiemperature (determined from
tests performed at the ERPM ice plant and showAppendix A6 Table A6.3),
the outer ice surface temperature and pressuseelhss the free stream velocity,

which is predicted to be 0,274 m/s based on test®mned at the plant (refer to
Appendix A3 for this calculation). From EE8, h', = 213,70 W/RA.C .

The different correlations used to predict thekhess of ice built during the ice
building period is presented below, based on anageerecirculation ratio of five
and the mass flow rate predicted in the sampleutation for Section 8. presented
above.

The mass flow rate per channel (30 channels pé¢e)pfeeding one side of one

plate (35 plates per module) is:

. _ Myeo-g) _ 3363

My po-Ejcht = 35x30x2 2100 =0,0016 kg/s {4}
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Each channel through which the refrigerant flowsdfe both sides of one plate;
therefore the cross sectional area of one chameelirfig both sides of the plate,

based on Figure 9.2 is:

= (0,035- 2% 0,0015(001- 2% 0,0015 = 0,000224m? . For the purpose of
a[E]chI

this analysis, even though the shape of the charofethe plate through which
refrigerant flows is elliptical, they are modelled a vertical tube with the same
cross sectional area, and serving both sides gflte. It is recalled that there are
35 plates per module and 30 channels per plaiteislbssumed that the refrigerant
flows uniformly through each channel, each chamé effect two sub channels
- serving opposite sides of the plate. Thus theigefant mass flow can be
considered as being split among sixty channelss Bssumption facilitates the
analysis presented in equations (86), (87), (88) @®) where it is assumed in
these equations that ice is built on one side ®plhte.

The results presented below therefore apply forsutechannel feeding one side

of the plate.
D _Zeen g p=0012m, {5}
4 2

The mean mass flug, is therefore:

G= % =1416 kg/nt.s {6}

4

A12.1.1 The Shah Correlation

The Shah coefficient employs four dimensionlessffawents. The ratio of the

heat transfer coefficients of the two-phase flbygh[sﬂ and the superficial liquid

flow h is denoted as:



¢ =N,y 1 {7}(89)

Where the superficial heat transfer coefficientha liquid phasen, is calculated

by the Dittus-Boelter equation as:

G(1-x"')D \pg. 04 Ky (Tr[E]buiId)
0023 ( j ) . Prr (Tr ui )—
r r[E]wad I (I D
1416(1- 0,2)0, Olz)ogl g0 ODTT¢ 05773_
0,0001815 0,012

{8}(90)

=0,023 =25520W/m*C

whereG is the mean mass flux on the cross-section otube,D is the internal
diameter of the tubey, is the dynamic viscosity liquid ammoniaTgbuia, X' IS
the vapour qualityk, is the thermal conductivity of the liquid, amt, is the
Prandtl number, both akgpuia. The ratioy is dependent on the convection
numberCo, and the boiling numbeBa:

Puu{Tigeuia o5 _ 45,2809 s
Co= ( —1)%5( [ )%° = 4%8(2=—5)%% = 01998
X PulT, ( r[E]build ) 6466

) T -T .
Bo= G - 10— Vr[E]bUld 1 = 0,00008503
thg (Tr[E]buiId ) 1 + YqE Y 1416x1282

+
hl2ph[Sh] ks[ E] (Tr[E]buiId ) kI (Tr[E]buiId )

{91(91)

Where ¢, is the heat flux from the water/ice interface be refrigerant and is
predicted by substituting the Shah correlatidy),, s, into h' ., of equation (86)

above.

Finally, the value ofy in the bubble suppression regime based on, andritus
values ofCois:

l// = ; o exp(s (01 =9,
.. =1543B0%exp(247Co %) = 3557 {10}(92)

And in the convective boiling regime:
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{11}(92b)

The larger ofy,, or ¢, is substituted into equation (89) to obtdn g, -

Thereforeh' =1666,00 W/M.C.

2ph[SH
This model is compared to the flow boiling in atieal tube procedure in EE8),
which is based on the SH#h correlation and considers both nucleate and
convective boiling conditions. The governing ecomsi of the EE$ procedure
are not provided, however it is used as a comparieahe Shah correlation as
well as to the Gungor-Winterton model developedWwelThe final correlation
predicted by EESVis h',  .cq = 22100 W/n?’.C.

A12.1.2 The Gungor-Winterton Correlation

A third model used to predict the refrigerant scdavective boiling heat transfer
coefficient is that of Gungor & Wintertdff) who calculated the boiling heat
transfer coefficient for various fluids at satuchtend subcooled boiling

conditions.

Gungor & Wintertoff® divided the heat transfer into two parts, a miora@ctive

(nucleate boiling) contribution based on pool bwli and a macroconvective
contribution (non-boiling forced convection), basedthe famous Dittus-Boelter
equation (equation (90) above). The following is fiorm of the correlation to
predict the convective boiling heat transfer ca#$it of ammonia and other

refrigerants in vertical tubes:

h' 2pHG] = = Eh, +SH {12} (93)
where
G(1-X"')D (98, 04 Ky (Tr[E]buiId)
120029 2R e L
r r[E]wad I (I D

=25520W/m*C

1416 02)0012) 05, 104 05773 _

=0,02
X 0,0001815 0,012



331

-05_. 067

hlp = 55Prrl 0.:I.Z(-I—r[E]build )[Ioglo I:)rrl (Tr[E]buiId )]_Ossmn ql {13}(94)
= 55[1442°?[log,, 1,442 **17,03%°¢,*" = 524200 W/m?>.C

Here, my is the molecular weight of the fluid, which in thase of ammonia, is
17.03®) ¢, of equation (86) is predicted using the Gungor4éfion correlation.
In equation (93) above, the enhancement fadpitakes into account the two-
phase nature of the refrigerant. The final valursEf and S (suppression factor)
make use of the boiling numbeBp from ShaK® and the Lockhart-Martinelli

parameteiX; in equation (95b) below:

E =1+ 24000 Bo™® + 137* (1/ X, ) ®*° =1+ 2400000,00008503"° + 137 mﬁ) 9% = 5203

_ 1 1 _
5= G(1-x')D 1416(1- 0,2)0,012)117 =0933

1+ 115* 10 E?2 17 1411541095203
(m) 00001815

{14}(95)
where
— | Prvyos, M o1 1-x' 09 — 2,809 05 0,0001815 01 1-02 09 _
Xy =|(=9) () = = 0,3104
o = r|) ( ,V) ( X' ) T (6466) (0,00000887)7 ( 0,2 )
r[E]build
{15}(95b)

Finally, h', ¢, = ER +SH_ =5203[25520+ 0,933[524200 = 621900 W/m?.C
The three correlations described abdvare used to predict the refrigerant side

convective boiling heat transfer coefficiemt in equation (86) above.

131 That of Shah, EES and Gungor-Winterton.
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A12.1.3 Predicting the Layer of Ice Built during the Ice Building Period

Predicting the Time Required for the Steel Wall tareach Ice Building
Temperature during the Re-Cooling Sub-Period®

Before the heat transfer model during ice buildoamn be presented, the time
required to re-cool the outer wall of the evaparafdate to evaporating
temperature, which occurs at the beginning of theaoling sub-period of the
harvesting period - before feed water is introdueed ice starts to build - is
predicted. Three predictions of the convectiveibgiheat transfer coefficient are
used, based on Shah (equation (89)), Gungor & Waorte(equation (91)) and
EES® It is assumed (and validated below from predictiof the model during
the warming sub-period of the harvesting period} @it the end of the warming

sub-period, the inner steel wall reaches satutaedesting temperatui®enar -

Using the one-term approximation of the Fourierieserfor transient heat
conductioff”, and verifying the results with the correspondioge-term
procedure in EE®, the transient response of a semi-infinite plai whe inner
wall exposed to convection and the outer wall aaliahis predicted. Assuming all
steel properties (density, specific heat etc) aitorm and constant at evaporating
temperature, the mid-point temperature of the eratpds steel wall is predicted

based on the Fourier and Biot numbers as follows:

_ h r Lc.s[ E]

B =
ks[E] (Tr[E]buiId )

k
a, = |: s[E]
pS[E]CS[E] (T (E1buila)

{16}(96)
ast .|
|:0 - ] Ib2
c.5[E]
(Ts[E] _Tr[E]buiId) - Ce_‘(ZF"

(rr[E]har - Tr[E]buiId )

132 This period is defined in Section 8.2.2 and by the dashéahgle betweert{— t,) in the
timing diagram of Figure 3.2
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Where for a plane wall, the values@fand¢ are functions of Biot number only:

(&)tan¢) = B,
_ 4sin(&) {17}(97)
© 2(&) +sin(2(é))

Inputting the known variables into equations (96l €97) above and solving for
the mid-point steel wall temperatufgg, the change in temperature over time at
the mid-point of the steel wall can be predictetie Tresults from the EE®
procedure mentioned above for the different heatstier correlations, and for an

ice building period,, of 810 seconds, are summarised in the table below.

Table A12.2 Mid-point steel wall temperatures

Heat Transfer B F, TE
Coefficient Used

[W/m?.C] fC]
h', ph(G] 0,6593 1423,00 -5,833
b, s 0,1766 1423,00 -5,833
h', pHEES| 0,0234 1423,00 -5,833

Referring to Figure 9.3 of Section 9.1 above, ibthShah and Gungor-Winterton
correlations predict that the mid-point of the bteall reaches evaporating
temperature within 20 seconds from the beginninghef re-cooling sub-period.
The EES correlation predicts that the mid-pointted wall approachesgpuild
only after 150 seconds.

The values of the convective boiling heat transfeefficient, together with the
thickness of ice built that is predicted from edum@t(88) by inputting these
coefficients into equation (86) above, is showrtha table below (Table 9.2 of
Section 9.1 above). Equation (88) is then solvedenrically in EES.
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Table A12.3 Parameters predicted from the heat trasfer model during ice building

h; ) h‘2 phG] h‘2 ph[sh h‘2 phEES]
[W/m*.C] [W/m?%.C] | [W/m%C] | [W/m?.C]
Final values 6219,00/ 1666,00 221,00

Final predicted 6,67 mm | 584 mm| 2,11 mm
thickness of ice
built y;

% Differencey,, | 0% 12,37 % | 68,37 %

Al12.2 Heat Transfer Model during the Warming Sub-Peod of

the Harvesting Period

As with the ice building period, predicting the nigérant side convective
condensing heat transfer coefficient during the mwvag sub-period of the
harvesting period® is complex. The transient nature of the warming-geriod
makes it difficult to model accurately, as welltasorroborate with experimental
data. Nonetheless, the following model attemptgriedict the thickness of ice
melted y;m over the warming sub-period based on fundamergakt transfer
analysis, assuming that the ice sheet falls offpllaée only at the end of the this
period.

“Harvesting” or ice shedding is achieved by passimg refrigerant gas at
harvesting pressui@ nor through the channels in the plate. As the icerlés/sub-
cooled, the assumptions listed in Section 9.2 alawgemade in order to develop

the fundamental equations.

Al12.2.1 Predicting the Evaporator Steel TemperatureDistribution
during the Warming Sub-Period

Assuming that the steel wall can be modelled asnai-gfinite plate, is insulated
adiabatically on one side (outer wall) by the ieger, and exposed to the
refrigerant at harvesting pressure and temperataréhe inside, the one-term

approximation of the Fourier series for transiezathconductioi” can be used to

133 This period is defined in Section 8.2.1 and by the hatchetdngle betwee(t, — t,) in the
timing diagram of Figure 3.2 above.
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predict the time required for the outer wall to aleaC. All steel properties
(density, specific heat etc) are assumed uniforrd eanstant at harvesting
temperaturelghar. As for the transient conduction model during lixelding of
Section 9.1 above, results are compared to andiederivith the one-term
procedure in EESY The Biot and Fourier numbers during harvesting are
predicted as:

B _ hlr.har I-c.s[E]

i ( )
ks[ E] Tr[E]har

a,= |:—ks[E] :l
pS[E] CS[E] (Tr[E]har)

F - asthar

o 2
I-c.s,[ E]
(Ts[ Elhar Tr[ E]har )

(Tr[E]buiId _Tr[E]har)

{18}(98)

=Ce?®

Where for a plane wall, the values@fand¢ are functions of Biot number only:

(§)tan¢) =B,
4sin(é)

_ {19}(99)
2($) +sin(2())

The refrigerant side convection condensing heatsfea coefficient h is

r.har
derived below. Inputting the known variables intuations (98) and (99) above
(N5 pnuq 1S Substituted into equation (99)), the resultstfe inner and outer

steel wall temperature, from the E¥*Sprocedure mentioned above and for a

harvesting periodh, of 90 seconds, are summarised in the table below.

Table A12.4 Inner and outer wall temperatures at tle end of the harvesting period

Heat Transfe B F, T g
Coefficient Used At Inner Wall | At Outer Wall
[W/mZ.C] PC] [°C]

3 VAR, 0,436 158,10 8,895 2,450
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Al12.2.2 Predicting the Temperature reached by the Elted Ice Layer
at the end of the Warming Sub-Period

Now, based on a suggestion of Bailey-McE{##nthe above assumption is
disregardeﬂ*“, and it is assumed that only the melted ice ldgses its sub-
cooling prior to melting, whilst the remaining idayer retains all of its sub-
cooling. This melted ice layer which has turnegaveder (reaching temperatures of
Ti.mnar (initially at zero degrees) at the end of the wiagnsub-period), would
now act as an additional conductive resistanceetd flow, absorbing heat from
the wall at one end, whilst being cooled by theagtmg ice layer at the other, as
illustrated in Figure 9.10 above. Thus it must bsumed that even though a layer
of water is stationary between the remaining igedand the wall, only at the end
of the warming sub-period does the ice sheet deizeff from the wall. As
mentioned above, this assumption is based on Sefthicho predicted that the
ice sheet would remain in position due to “stictidietween the sheet and the

steel evaporator wall.

Modifying the heat balance equation of the comimlime shown in Figure 9.10
to include conduction from the plate wall throudte tmelted ice layer to the
remaining ice sheet, the temperature change ahtited ice layerT m.na) at the
end of the warming sub-period can be predicted blyirsy the following

equation:

oT, = =
- [IOWC'W]TI ° yl .m B—Thar = _ks (Tr[E]har )(Ts[E]har _TI .m.har) + I(I (Tl{sc,} )(rl .m.har _Tl{sc,})
{20}(100)

Where'IT,{sc} and is the average temperatures of the lineatlycooled ice layer,

and the wall temperature during harvest'lﬁlg]halr is assumed to be the average of

the inner and outer wall temperatures as showhnédnable above.

134 That the inner ice layer only begins melting once theeite sheet has lost its sub-cooling.



As the melted ice layer's thicknes;g_m(t) is a function of time, the equation

above is solved simultaneously with equations (8B)4) and (105) below. The
solution of equation (100) over the entire warmsudp-period of 90 seconds, is
shown in the Figure 9.11 of Section 9.2.2 above.

Applying the principle of energy conservation te tbontrol volume of Figure
9.10 of Section 9.2.2 above, and assuming thahafimophysical properties are
independent of temperature, the heat flux fromréfegerant to the melted ice

layer is

-T,
ql - (Tr[E]har I.m.har) {21}(101)

1 . Y Yim

+
'r.har ks[ E] (Tr[E]har) kW(TI .m.har)

h

And the heat flux at the melted / remaining iceelaynterface, based on the

average sub-cooled temperature of the remainirey iay

. (TI m.har _-ITI{sc})
= 22} (102
o Yio " Yim { } ( )

kI Tl{sc}

The difference betweeq, and g, is equal to the rate at which ice is melted and

warmed per unit area, and is predicted as

0 . .
f;t-m = G, ~ d, {23)(103)

pl hsf

The final heat transfer equation during the warnsob-period of the harvesting

process, including the melted ice layefai nar, and the ice layer a'ﬁ{sc} is

ay|_m - (Tr[E]har _TI .m.har) _ (I-I .m.har _-Fl{sc})
at 1 + ys[E] y| m yl b~ yl .m
hl

r.har

pihy {24)(104)

+
kS[ E] (Tf[ E]har ) kw (TI .mhar ) m
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Wherey,,, is the thickness of the ice sheet that is builirduthe ice building
period and is predicted in Table 9.2 of Sectionghave to be 6,31 mm (which is
the average thickness of ice built from the Gungnterton and Shah
correlations). Equation (104) is integrated over &9 second harvesting period
and solved numerically in EES, simultaneously wetjuations (98), (100) and

(105). The various convective condensation vertighe heat transfer coefficients
predicted in the above models are substituted intg of equation (104) above,

and the results are shown in Figure 9.13 of Se@i@rb. Table 9.3 of the same
section, summarising the thickness of ice meltedebaon the different

correlations, is reproduced below.

A12.2.3 Predicting the Mass Flow Rate of Harvestingsas during the
Warming Sub-Period

To predict the convective condensing heat trarsdefficients described below, it
is first necessary to predict the mass flow ratehafvesting gas during the
warming sub-period. It is recalled from equatioB)(8f Section 8.2.1 above that

the final energy rate balance equation for thercbrblume of Figure 8.3 is:

AU s[E] + AU rl trap[ E] + AU rv.trap[ E] = ch + Arnrv[REC—E] hrv (Pr.har,Tr.har)

_Amn conf E-ACC] hrl Pr[E]har !TrI[E—ACC]) {25} (28)
=My hy (Pr[E]har ’Tr{c})

where the internal energy gains on the left-hadd ef the equation are:

AUg): of the steel of the evaporator plates and theletiand outlet

manifolds;
AU, e Of the refrigerant liquid in the plates and mafds; and
AU g - Of the refrigerant vapour confined in the plabetween the

beginning and the end of harvesting.

The heat transfer across the control volu@agis that required to melt the inner-

most layer of ice and to release its sub-cooling.te additional heat transfer



required to warm this melted ice layerTign nariS @an assumption and could not be
verified by testing at the operating plant, it & ©onsidered iQ.,. Furthermore,
the specific heat of water is considered negligibleen compared to the latent
heat of fusion of ice formation (4,186 kJ/kg.C aB@b,0 kJ/kg respectively).
Therefore, to retain consistency between the marfeBection 8. and Section 9.1,
andonly for the purpose of predicting the mass flow rdtdarvesting gas, it is
assumed that the ice detaches from the steel wed it reaches BC as opposed

to Ti.m har

The remaining variables are defined in Section18d&bove. The final form of

equation (28) over the warming sub-period of 9®aéds is:

My e, Cs (Pr[ E] )I.Tsat(Pr[ E]har ) - Tsat(Pr[E]build )J
+ (O’OB‘/[E] L (Pr[E]har ))(12) Uy (Pr[E]har ) - (030‘/[51 Pn (Pr[E]buiId ))(11) Uy (Pr[E]buiId )
+ (0’95‘/[E]lorv (Pr[E]har ))(12) urv (Pr[E]har ) - (0’70\/[ E] prv (Pr[E]buiId ))(tl) urv (Pr[E]buiId )

Tr ui +T.o
S )+Amrv[REC—E]hrv(P T, )

r.har, "r.har

=-2np, g Yim(hg =€ (

- Amrl con{ E-ACC] hrl (Pr[E]har 'TrI[E—ACC] )_ Mg hrl (Pr[E]har v-ITr{c} )
{26}(105)

where the number of plates per module denotisd35. The variables in the above
equation are all defined in the sample calculapoesented above and therefore
only the solution to the equation is presented welds the melted ice layer

y, .(t) is a function of time, the equation above is stlgémultaneously with
equations (98), (100) and (104) by substitutmg,, ..., (Presented below) into

the relevant equations.

Solving the above equation into yields the masgasffrom the condensed liquid
receiver introduced at the inlet of the evaporatiating the warming sub-period

AmM,, recg - The mass flow rate of the harvesting gas per rieodutherefore:

A
My recg) = % =11790 kg/s {27}(106)

har
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And per channel (there are 30 channels per plagg)ifig one side of the plate, the

mass flow rate is:

Arnrv[REC—E]
t,_. xnx30x2

har

Myrecesn = = 0,0006235kg/s {28}(107)

Recall that the equivalent diameter of the tube,based on half the cross

sectional area of the channel, is:

D? - S gjen

0D=0012 m.
4 2

Therefore, the mean mass fl@, is:

G= % = 5513 kg/nt.s

4

A12.2.4 Predicting the Refrigerant Side Convective&Condensing Heat

Transfer Coefficient

The Shah Correlation for Film Condensation inside \értical Pipes

Shat?® modified his two phase convective boiling heansfar coefficierft®
model developed in Section 9.1 above to apply bm fcondensation inside
vertical pipes.

hl
Yy =— 0L pﬁ.s”{ = {29} (108)
1

Here, N, s IS the Shaf® two phase convective condensing heat transfer

coefficient, and the superficial heat transfer &ioieht of the liquid phase onli,

is calculated by the Dittus-Boelter equation todgeethe heat transfer coefficient
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- assuming all the mass flowing as a liquid. Thessntbow rate, predicted from
equation (105), depends on the thickness of icetemhelTherefore, different
coefficients will yield different mass flow rateand different mass fluxes. The

Shah correlation presented below is therefore nbthby substitutingh’, s

into equations (98), (100), (104) and (105).

The mean mass flux for the Shah correlation is:

m —E|C
G =—1=H = 4,387 kgint's {30}
D
4
. GD 0.4 krI (Tr[E]har)
hy = 0,023 )**Pr, (Tr[E]har)i
Hn (Tr[E]har) D {31}(109)
- 0023 4,387[0D,012 108135704 05325 =12220
0,0001549 0,012
h,=ha@- thar) %8 =7019 W/mz_C {32}(110)

where x,,,, is the thermodynamic vapour quality of the hanvesyas, assumed to

be an average value of 0,5 as per $fafThe ratiown. is dependent on the

condensing convection numb&oy,;:

05

Co, = ('i -1)°® Pl 0,08681 {33} (111)
har rl T har

V=~ B 1272 (34} (112)

h', iseg 1S Predicted by substituting equation (108) intmi&tion (112), yielding

N s = 892,60 W/MA.C.

Shah further states that “in the process of coraters liquid will be formed
whenever vapour contacts the pipe surface andttfeupipe circumference will
always be wetted at all flow rates and in all flovientations. Hence (the above)

equation may be expected to apply to condensatiall iflow orientations with
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minimum modification.?® A major assumption of this model is that vapour
quality variation is linear with channel lengthgcn. Shatf® simplifies equation

(108) where saturated vapour enters the tube aodasad liquid exits the tube to

one term if the arithmetic mean quality,,, of 0,5 is used:

209
h' 2pristire = Nigg (055"'—(—)) {35} (113)
r r[E]har

As mentioned above, all equations must be solvegdan the correlation used,
and therefore values of the previously predictathides will differ somewhat for

the different correlations.

209
R sorsica = Mg (055+W—)) 7541055+ 038) =18180W/m2.C
r r[E]har
{36}

The Nusselt Equation for Flow in Vertical Tubes

A theoretical correlation for flow in vertical tubebased on Nusselt's equation for
film condensatiofi” is developed as a comparison to both &fatorrelations
presented above. This correlation can be usedlfocbndensation at the inner or

outer walls of vertical tubes if the tube diametetarge compared to the film

thickness (which in this case is true). The averstgel wall temperatur?s[E]har,

predicted from equation (98) above, is used indhiselation.

hfg g(prl _prv)krlg

N2y = 0.94 ~ m
L[E]chl r[E]har_Ts[E]har)i

n Tr[E]har

P

_ 3
=094 122900CD0[9,81(626,300 0%2?2)255325 = 421143 W/m2.C
35(8959-5673 —————
626,30

{37}(114)
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The melted ice layer over time is plotted in Fig@é&3 by inputting the three
vertical tube convective condensing heat transbefficients into equation (104)
above. The values of ice melted at the end of @0rs#s is summarised in the

table below.

Table A12.6 Convection condensing heat transfer cffigients and corresponding thickness of
melted ice layer

N par , N onace | Nzprsiia | N 2psice
[W/m?.C] [W/m®.C] | [W/m2C] | [W/mA.C]
Final values 4211 893 182

Final predicted thickness of| 1,149 0,786 0,143
melted ice layey, m [mm]
% Differenceym 0% 31,63%| 87,54 %

Figure 9.13 of Section 9.2.5 above is based orafisemption that the ice melts
for the entire harvesting period of 90 seconds. rd@foee, if it is assumed
conservatively’>, based on observations of the harvesting prodess glant, that
the valve change-over time, plus the time requit@dexpel the liquid to the
accumulator and the time required to heat up tbel stall to zero degrees at its
outer surface takes up half of the warming subgoenf 90 seconds, the final
melted ice thickness on one side of the plate mnsarised in the table below

(reproduced from Table 9.4 above).

Table A12.7 Convective condensing heat transfer cifieients thickness of melted ice for a
harvesting time of 45 seconds

N’ par N prinuice N osia h* prisnico
[W/mZ.C] [W/m%C] | [W/mAC] | [W/mAC]
Final values 4179 1435 343
Final predicted thickness of 0,877 0,651 0,226
melted ice layey;m [mm]

% Differenceym 0 % 25,82% 74,20 %

From Section 9.2.5: From Table 9.3 and Table 9t4Sgxtion 9.2) above, if the

harvesting time is halved, the thickness of icetatetlecreases by only 17 % for

h',siig » @nd increases by 58 % fd?r‘msmc}. Although this seems counter-

135 This assumption should be considered a lower limit of thiieiss of ice melted, with the
predictions shown in Table A12.6 above considered as an upyper li
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intuitive, as mentioned above, the Sf8llcorrelations are dependent on the mass
flow rate of harvesting gas, which increases asvdsting time decreases.
Therefore the decreased harvesting period thawvéren gas is in contact with the
steel evaporator wall is offset by the increasedveotive condensing heat

transfer coefficients for these correlations. Thas$elt correlationh’, iy

however is not as dependent on mass flow rate,owdth it is solved

simultaneously with the mass flow rate during tteeming sub-period of equation
(105). Based on this correlation, the upper ameetolimit of thickness of ice

melted is 1,149 and 0,877 mm respectively, whichstitutes a 24 % difference.
For the model developed in Section 8. above, a makme for the thickness of ice
melted of 1,00 mm is assumed when predicting théd URsociated with the
building of the subsequently melted ice layer. Tthis assumption of melted ice
layer thickness is substantiated and is furtherobaration of the mass flow rate
and average recirculation ratio required to buihe tentire ice layer that is

predicted in Sections 8. and 9.1.
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APPENDIX A13

Analysis to Prove the Simplified Control-Volume
Thermodynamic Analysis of Gas and Mechanically
Pumped Arrangements in Section 7.2.3

The analysis presented below proves that any URBemgted at the pumper
drum during the pumping and filling periods of tB&PS can be considered
inherentURDs.

Table A13.1 Variables used in the analysis presemtdelow

Variable Value Units
Co(Tiporr) 0,4533 k/kg.C
My (Tyiaca) 1451,00 kilkg
hy (Taca) 158,80 kilkg
Nireqo (Tirea) 336,8 kdlkg
h (Preq) 1485,00 kdlkg
M (Praca) 1451,00 kilkg
hy (T.roy) 177,80 kd/kg
hoteosg (Toppos ) 234,60 kJ/kg
hugrossi (Trgpos) 1469,00 kJ/kg

hy (Tey) 173,00 kd/kg
he(Pros) 1469,00 kd/kg
hy (Preo.s) 1456,00 kilkg
. 42 m

M) 2867 kg

Pam 835 kPa

o (Tipoer) 4,492 kg/m
4 (Praca)) 650,70 kgl
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Consider the modified pressure-enthalpy diagraomfFigure Al.2, of the CGPS

which depicts the processes in Figure 7.2 duringguag in the pumper drum.

Process minor refrigerant flow
throughpumpingexpansion valve

Processrefrigerant flow from pumper drum through evapanat

Process major refrigerant flow

throughmain expansion valve
liquid in pumper drum\from accumulato
residuaNiquid in

gas in pumper drum

P pumper drum
[kPa]
4
pumper drumyj-------—--—--- 7_ __6 <
\
accumulator} - - - - - -------- m

h [kJ/kg]

Figure A13.1Cold Gas Pumped System: Processes during Pumpingtime Pumper Drum

In Figure A13.1, the process through thempingexpansion valve has small
arrows — denoting theninor flow of condensed liquid through this expansion

valve to the pumper drum. In this figure, it iSrséleat:

« the major refrigerant flow through the main expansralve drops (as for the
mechanically pumped system) all the way from cosddriquid pressure to
accumulator pressure;

« the minor refrigerant flow through the pumping exgian valve drops from

condensed liquid pressure to pumping pressure.



Minor gas-liquid flow from pumping

i o+ . ;
expansion valvémr,[pm], me[pm]l [closed] Insulation rounc
| pumper drum
PSS LSS SIS YIS TSI S S S SIS LSS SIS LSS ST WSS SSSASS {,
o as

4 Warmed, uppermost layer of liquid from accumulator 9 2
2 /
R f

PP PP FPPFFF I 777 P77 7777, | (I TIIIIIIISIIIIIIIISS S

Cold liauid f | v Control
old liquid from accumulator, at o
d Cold liquid envelope

accumulator temperatt

Warmer top layer of liquid from (a) expansion valve &
condensed flash gasM,pp.5i + My gy poj

Figure A13. 2 Interior of pumper drum during pumpin g

Now, for the control envelope around the pumpendaoi the CGPS as shown in
Figure 7.1 above, the following analysis is perfediio prove that all the URDs
generated over a complete pressurising and vepenigd of one pumper drum
amount to (add up to) theherentURD of needing to compress the flash gas
generated in expanding liquid down from the conddnéiquid receiver to

accumulator pressure (4 — a in Figure 1.).

From Figure A8.7 of Appendix A8, and Figure Al312ow®e, at the end of the
pumping period, the liquid in the pumper drum odesafa volume of the pumper

drum referred to as the residual layer, which dosta

(a) flash gas at pumping pressure;
(b) a warmer, top layer of liquid, comprising:
(i) the unflashed liquid from the expansion valve, plus
(i) the liquid from flash gas condensing on the surfzfdhe cold liquid
from the accumulator, and on the pumper drum walls;
(c) the uppermost layer of cold liquid from the accuatol — warmed due to
condensation of flash gas on top of it;

(d) underneath, the remaining cold liquid from the acalator.
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At the end of the pumping period, it is assumed tiwh portions of liquid of
(b)(i) and (b)(ii) above are at saturated pumpgerggeraturél,jpp+; . Performing a
control volume energy analysis at the pumper drupiiping expansion valve
during the pumping period:

Figure( ,0313.3 Control Volume: Pumping expansion valg at the entrance to the pumper
drum

dEcv/dt = ch _ch +Zrni (h| +Viz/2+ gz )_Zmo(ho +V02/2+ gZD)
Which simplifies to

hrI[REC]o (Tr[REC] ) = hr(I V)[PD+]i (Tr[PD+] )

where h, e, is the enthalpy of the liquid at the entrance lte pumping
expansion valve from the condensed liquid receaedh, , -5, is the enthalpy

of the two-phase mixture at the inlet to the pungrem.

From the tests performed at the plant, from Tablea®ove, the pressures at the
receiver and (pumping) pumper drum are 1133,5 kith563,5 kPa (absolute)
respectively. The quality of the refrigerarifps+; at the pumper drum inlet is
therefore:
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|”|rl [REC]o (Tr[REC] ) = I”|rI[PD+]i (Tr[PD+] )+ XIr[PD +]i (hrv[PD+]i (Tr[PD+] )_ hrI [PD+]i (Tr[PD+] ))
3368 = 2346+ X'y, (1469-2346)

X' posy = 0,0828

Now, from Section 7.2.3 above, over the pumpingqgaerthe minor refrigerant

mass inflow (across the control envelope) from ligeid receiver is more than

that needed just to pressurise the drum. The balanthe additional mass inflow
needed to maintain that pressure as some flaskayaienses on top of the cold
liquid, and on the pumper drum’s shell. Therefant Figure 8.9 above, as the
liquid control sensors switch the pumper drum bingj once it reaches 10 % of
its drum height, it must be assumed that a pontiothe residual layer includes a

portion of the gas that is condenseg . o, -

Denoting the initial liquid-vapour mixture requiréa pressurise the pumper drum
before any gas condenses in the process denotdtetsubscript 1, the mass of
liquid and vapour resulting from this two-phase tie that enters into the
pumper drum over the initial pumping period (ilee tmass due to (a) and (b)(i)

above), based on the analysis performed in AppeA8iabove, is:

m

X' o V[PD+]i1
o mrv[F’D+]il + mrl[PD+]i1
2
X' poag = 2978 Rpp; Lipo v (Tr[PD+])
r[PD +]i
2’978:RPD]2L[PD]ION (Tr[PD+] )+ My po+ia
0,0828= 2007

261O7+ rnrI[PD+]i1

0 My ppayin = 288,79 kg

where m,.p.;; IS the corresponding mass of liquid that accomgmiine two-

phase mixture at the outlet of the expansion valve.
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Processes at the pumper drum during the pumping péod

From data recorded at the ERPM plant, the temperaifithe pumper drum’s
outer shell during the pumping period is shown iguFe 8.11 above. The
maximum temperature rise at the pumper drum is aredsas 1° C above filling
temperature. From equation (61) of Section 8.44 internal energy temporarily
stored in the steel of the pumper drum during themging period is:

AU ooy = Moo (T ipoo JTheagroy — Tipon) = 2867.0000,453301 = 129961 kJ

In Section 8.4.2 above, the warming of the uppati@o of pumped liquid is
assumed, in equation (61), to result from a furfi@tion of pressurising gas that
condenses on the surface of liquid. Predictingtémeperature rise of the upper
pumped layefT, cicpp-g) from test data, as well as the mass of liquid waltoe
this temperaturen, cicipo-g) iS performed in Appendix A8.2.3. The internal eyyer

temporarily gained by this upper portion of ligiildm the accumulator is:

AU rl .circ[ PD-E] = rnrI .circ[PD-E] (hrl (Trl .circ[PD-E] )_ hrl (Tr[PD—] ))

where from Appendix A8.2.3:

n”'rl.circ[PD—E] :1221’12 kg

0AU, crepo-g) = 122112(17910-17780) =158747 kJ
where it is assumed that the enthalpy of the uppgron of circulated liquid is

initially at [filling] pumper drum temperature.

If it is assumed that first the pumper drum isyfyliressurized before any gas
condenses, the mass of gas that must conderggep; during the pumping
period to account for the “warming” of the pumpeum walls and the upper

surface of the liquid is:

rnrv{c}[ PD] (hrv[PD+]i (Tr[PD+] )_ hrl [PD+]i (Tr[PD+] )) = AH rl .circ[ PD-E] + AH r.s[PD]
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. 158747+129961 _ o,
(1469- 234,6)

Omygep = 234 kg

From Figure A13.2, the residual layer in the pumghemm now consists of (b) —
(d) above. If it is assumed that the liquid con@ehsom the gas, takes up an
inconsiderable amount of volume in the pumper drilman to maintain pumping
pressure, a commensurate mass of vapour must etugether with its
accompanying mass of unflashed liquid (denotedhieystubscript 2). Since the
guality at the outlet of the pumping expansion eaks/predicted above, as well as
the mass of gas required to compensate for thaterwed, the extra mass of

unflashed liquid at the outlet of the valrgpp+j2 can be predicted:

234

00828= —————
234+ M, (o041

M ppeiz = 2592 kg

Total mass of liquid and vapour entering the contrbvolume during the

pumping period

The total mass of liquid and vapour that expandssscthe pumping expansion
valve therefore includes the following:
(i)  unflashed liquid if no flash gas were to condense,;
(iv)  accompanying flash gas if none were to condense;
(V) extra unflashed liquid entering with the extra fl@ss to maintain
pressure;
(vi) extra flash gas to replace that condensed:

EM, reo = ZMyrpoey + ZMypoe = 28879+ 2607+ 2592+ 234=34312 kg

The total mass of liquid contained in the residagér of the pumper drum at

pumping pressure is:
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My poagi = Mygpoagin T Magpoagiz ¥ My = 288,79+ 2592+ 234=31705 kg

The total mass of vapour contained in the pumpa@mdxt pumping pressure is:
ZMyeoagi = Mygpoagin ™ Mg + Myposyiz = 2607 234+ 234=2607 kg

Processes during the depressurisation of the pumpeirum

If the outer control volume shown in Figure 7.2 abas now considered, at the
end of the pumping period, the liquid that entetieel pumper drum during the

pumping periodZm, p,;; is allowed to expand to accumulator pressure tirou

the gas return valve.
The quality of the mixture at the inlet of the agruator and after

depressurization is:

hrl [PD+] (Tr[PD+] ) = hrI[ACC]i (Tr[ACC] )+ X'r[ACC]i (hrv[ACC]i (Tr[ACC] )_ hrl [ACC]i (Tr[ACC] ))
2346 =1588 + X'r[ACC]i (1451-1588)

X' jacep = 005866

Zm,eps; flash cools down to accumulator temperature bypesating a portion
of the liquid:
' rnrv[PD—]i

X ace) =

Myieogi T Mipeooi

m )
0,05866= — Pl
31705

0 My po_y =1860 kg

0 My po.y = 29845 kg

Of the remaining liquid in the pumper drum now a&twamulator pressure, a
portion must evaporate to re-cool both the steethef pumper drum and the
uppermost layer of liquid from the accumulator thats “warmed” temporarily

during the pumping perio&ome liquid in the accumulator must also evapdrate



35¢

re-cool the vented pressurising gas to accumufaessure. At the accumulator,

from equation (55):

AH rv.ven{(PD+)-ACC] = mrv.ven((PD+)—ACC] (hrv (Pr[PD+] ) - hrv (Pr[ACC] ))

DH 1 vengpoe)-ncg = 2607(146900-145100) = 46383 kJ

The mass of liquianeypp; at accumulator pressure, both in the pumper dmn a

in the accumulator, that evaporates at the endeoptimping period is therefore:

nqu{e}[ PD] (hrv[ACC] (Tr[ACC] )_ hrl [ACC] (Tr[ACC] )) = AU rl .circ[ PD-E] + AU s[PD+] + AH rv.ven{(PD+)-ACC]

158747+129961+ 46338
m _ g ) = 2 9 k
rl{e}[ PD] (1451-1588) >

Therefore, at the end of one pumping and ventingoge the mass of liquid
remaining in the pumper drum (at filling / accuntatapressure - but before
filling recommences) that can be used, during tiet pumping period, to build
ice at the evaporators is:

My po = Mypooy ~ Mygeren = 29845— 259 = 29586 kg

The mass of vapour arriving at the accumulatott ilging the venting period is:
SMytaca = Mo + Migerroy + Myroag = 2607 +18,60+ 2592= 4726 kg

And finally, the mass of liquid that enters fronetbondensed liquid receiver to
supply this liquid and vapour is (again):

My rego = ZMyppsgi F ZMyppsy = 288,79+ 2607 +2592+ 234 =34312 kg

Had Zm, req, €xpanded across the major expansion valve of &igur directly

down to accumulator pressure together with the meagdrigerant flow, the
following masses of vapour and liquid would be sesnthe inlet of the

accumulator:
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hrl [REC]o (Tr[REC] ) = hrI[ACC]i (Tr[ACC] )+ XIr[ACC]i (hrv[ACC]i (Tr[ACC] )_ hrI[ACC]i (Tr[ACC] ))
3368 =1588+ X',[ACC]i (1451-15898)
X'r[ACC]i =013775

The mass of vapour thus produced for a liquid imlass of 343,12 kg is:

My acai

X' o=
rTACC]i
mrv[ACC]i + rnrI[ACC]i

m )
0.13775= 2=
34312

Myiace = 4726 kg

My acai = 29586 kg

Therefore, all the URDs generated over a compleessprising and venting
period of one pumper druamount to (add up to) theherentURD of needing to
compress the flash gas generated in expandingdligown liquid from the

condensed liquid receiver to accumulator pressured in Figure A13.1 above).



