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ABSTRACT

This projest Report  identifies, in Lhe Dairy
Industry, a market . need which can be satisfied by
the development of an annular laminar £low

converiion asgisted milk pastenriser.

It is shown, through experimental work on a full

gized model, that the original design concepts

envisaged were unsound, but that a revised design
i could prove to be commercially viable.
Mathematical relationships are derived relating to
the specific £low and heat exchange conditions.
Comparison of these results with existing
publications enhances the findings of some other
workers, while casting doubt on the validity of
certain accepted material.

In keeping with modern farming trends, the report
examines the feasibility of PC usage in this
application and offers it as an alternative to a
proprietary control system.
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CHAPTER 1

INTRODUCTION

1.1 Purpose of Study

The purpose of this report was to validate the
conceptual design of the pasteuriser, as shown in’
Pigure 1.1,

1.2 Problem Definition

Discussions with small scale wilk producers over a
three year period indivated a need in the market for
a packaged milk pasteurising plant capable of
rrocessing 50 to 200 litres of milk per hour to
acceptable standards of hygiene.

Cenventional conmercial milk pasteurisers are
available in capacities from 250 1/h upwards,
howaver, this eguipment is ex import and thus
prohibitively expensive.

The smallest locally assembled unit is 750 1/h. A
unit of 450 1/h had been previously assembled
locally but production of this unit was discontinued
due to technical problems associated with holding
times as defined in seclion 1.2.1 following.
Conventional small pasteurisers are scaled down
versions of large industrial plants, and most
operate with either steam or hot water heated plate
heat exchangers. using an element of regeneration.
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the oost of the control and recording system,
required amler he Mitk By-Laws®'', does  nal
decrease with a reduction in unit capacity, and thus
becomes a disproportionately high percentage of the
unit cost.

1¢ was propogeu that this cost could be
substantially reduced by the use of a computer, in
that, with muitable sgoftware, the cont ol and
recording functions could be undertaken by a PC
already in use by a farmer for either accounting,
feed control or other purposes.

The following criteria limited the design, in that
practical considerations mmst take precedence over

dewign efficiency.

1.2.1 Legislation

The unit wmust pasteurise to meet the requirements of
the Standard Milk By Taws<*?, extracts of which
are an follows:-

“fhe pasteurisation of milk shall be performed by
heating every particle of wilk to, and holding it
at, s temperature of at lesst 72°C for at least
15  seconds, the sajd process being hereinafter
yefetred to as ‘the high-temperature short-time
method’. (HTST)

Apparatus used for pasteurising milk shall be so
desighed and operated and shsll be provided with
controls  adequate g0 as to ensure that every
particle of the mwmilk is mubject to the prescribed
range of temperature for the prescribed period.

the record required to be kept in Lerms of

Paga 3
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sub-section (5} and all temperature charts shall be
completed at the end of each day, shall be acenrvate
and complete and shail ab all times for a period of
not less than gix months be kept available for
inspection by the medical officer of health".

1.2.2 Hygiene

The wunit wust be easily cleaned and be constructed
in accordance with good food engineering principles.

1.2.3 Eeconomic Conmiderations

The wnit wust be cheap to manufacture and maximise

on Joecal content.
1.2.4 Control System

The wunit must have a control and recording systew
which 18 vrealistically priced and yet satisfies the

recquiremonts of 1.2.1.
1.2.5 Efficiency

The unit must optimise on regenerative heat exchange
between inceoming cold milk at 4°C and outgoing
pasteurised milk at 727¢.

2.3 Structure of Report

The  investigalion wam. condusted in  min  phazes,
namely: a survey of related litersture, a raview of
conceptual design, the manufacture of a scale model,
the testing of this model under various flow
conditions and the mathematical evaluation of these
test results leading to the improved design of a

protokype.

'
(
'
i




2.3.1 Ziterature Survey

A& comprehensive survey of literature pertaining to
milk pasteurisers and heat transfer was conducted at
the Animal and Dairy Science Research Institute,
1irena, the library of the University of the
Witwatersrand and other commercial libraries.

1.3.2 Concept Design

The concept design was reviewed in the light of a
preliminary literature survey with a view to the
construction of scale test model.

1.3.3 Manufacture of Model

a full size model of the heating section of the
proposed pasteuriser wag manufactured from
galvanised steel sheet. The heat exchanger
comprised a single anoulus surrounding a central
electrically heatnd core containing water. The
annulus was fitted with top aud Loktom connecticns
for +the working fluid and transparent panels through
which to observe fiow.

A constant head pump system maintained £luid f£low in
the annulus  and a dye dosing mechanism was
incorperated to obsewve £low conditions.

Thermometers were fitted at various points through
the system to record the temperature distribution.

1.3.4 Experimental wWork

The model was tested with water being pumped through
the annulug in four podes.




In lhe first mode no heat was applied to Lhe cenkral
core. ‘The inlet waler was connected to the bolbtom
of the annulus and dye was introduced for a
controlled period.  The pattern of the dye in the
annnlus was observed, as was the rate of clearing.

In the second mode, the inlet water was connected to
the kap of the anpnlus  and the test was in obher
respects as the first mode, !

In the third mode, the first mode was repeated but
in  addition heat was applied Lo Llie central core and
the temperatures through the system were recorded.
This mode was convection assisted flow.

In the fourth mode, the third mode was vepeated but
the water jnlet was connected to the top of the !

anonlus. This mode was convection opposed flow.

The results of the tests are recorded in the
Appendices and represented graphically in the text.

1.3.5 Mathematical Evaluation

The state of flow, the rate of decay of dye

corruption and temperature gradients were
" established from the . test results. It was ahown
that Lhe heat Lransfer was greater in convection :

i
‘ © amsisted Elow than cenveckion opposed.
i
|
H

; A correction factor 'C' was calculated to be applied .
to the LMTD when usinyg the s=standard Fourier

i Eguation.

| [

i : A Nosselt Number was calculated for the model in
Pl convection assisted mode and this Nusselt Number was

then compared with these derived using correlations

Page 6
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proposed by others researchers for similar f£low and

heat, transfor condilions.

The regquired heat: transfer areas were then
caleulated for all sections of the proposed

pasteuriser.
1.3.6 Improved Design

The original conceptual design was revised such that
all flows became convection assisted. The heating
section of the pasteuriser was reversed from counter
to parallel flow. A system to control the
pasteuriser through a PC was proposed and draft
software is included in the Appendices.

Design requirvements for shells, piping, pumps, end

plates and valven were: cxamined and a prototype

design suggested.

Page 7




CHAPTER 2

LITERATURE SURVEY

2.1 General

The Literature Survey was oconducted to research
existing material in pasteurisation and related
fields in order to appraise the following:i-

2.1.1 The Market

The nature and extent of small pasteurising
equipment available on the South African market at
the fime of writing was evaiuated by reference to:-

Standard sales literature on available plant.
Journals of the Society of Dairy Technology.
The Milk Producer

The Shell Farmer

The Farmex's Weekly

Food Review

8A Wine and Beverages

2.1.2 oOriginality

It was ascertainsd whethex the concept design, as
outlined in Chapter 1 of this report, was innovative
when compared with international and local
development over Lhe past five years. It was also
determined, by reference bto older standard works,
whather soch a design had been used in earlier
development of BI'ST milk pasteurising plant.

page 8
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2.1.3 Design Parameters

Current. information on the design of existing
pasteurisers and the pasteurisation process was
collected te enaure that the projezt design was
executed in accordance with good practice.

2.1.4 Published Works '

Reference works and yelated papers containing data
relevant to the annnlar heat exchanger embodied in
the ¢oncept design were examined.

211 intermational papers and patents related to milk
pasteurising plant mince 1981 were researched at the
library of the  Animal and Dairy Science Research
Institute at Irene to ascertain whether a similar
dmsign  of  small pasteurisers had either been

proposed, evaluated or patented. B

Tavesl igation in a similar vein was alse condnoted
through several early volumes on milk processing and
dairy engingering.

Material was alse obkained from the ARCI Technical

Library, the Enmgineering Library of the University
.y of the Witwatersrand and from the author's own
libravy.

2.2 fleat Transfer

i The following works were surveyed with reference to
1 heat transfer in similar flow conditions.
{
f
i

O
2.2,1 Heat Exchanger Design Handbook
J
The HEDI'® is a comprehénsive study of heal
|
| P
: page 9
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exchanger kheory, design and aonstruction published
in 5 volumes as [ollows:-

vol 1 Heat Exchanger Theory

vol 2 #luid Mechanics and Heat Transfer

vol 3 Thermal and #Hydraulic Dnrsign of Heat
Exchangers

val 4 Mechanleal Design of fieat Rxehangers

Vol 5 Physical Properties

A study of the HEDH'®’ indicates that it does not

cover the annular rie heat prog
for the mnini~pasteuriser as such, since no direct
eguation can be drawn from the text for a
straightforward solition to the problem in question.

The text addresses the problem of a small annular
exchanger with axial flow direction either in contra
or parallel configurations, but has no example of
congentric eylinders with the semi helical flow
condition proposed.

1f, however, a congentric cylinder is considered to
be opened out in the form of a plate, there are
parts of the plate heat exchanger section of
HEDH‘?* thak might be applied. The principles in
the general section on sheil and tube exchangers
could be applied +to the concentric cylinders

thenselves.

It is suggesied 'that, in validating the coneept
design, the following sections of WEDH!'Z’ be
applied, but reference is made to other secktions in
the course of the final calculations.

page 10
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© volume 1 Heat Bxehanger Theory

sections 1.2.1.tc  1.2.3. provide the general
background theory related to the use of further
equations in the vdlume.

Chapter 1 of this report suggests the determinakion
of a factor 'C' for application to the standard TMTD
in the Fourier heat transfer eguation.

With this in mnind the 'F' correction factor method
outlined in 1.2.4. may be used and in fact 'C'
approximates 'F' ‘inasmuch as 'F' is applicable to
problems with constant 'n’, while 'C' is to be
determined for a variable 'u' value.

P —
uF /A Tim

It is, however, the purpose of the report to
experimentally determine values of /% T and
caleulate a valuz for 'C' for the particular
exchanger.  The general principles of section 1.2.4.

are applied.

Section 1.5.1. covere the 'F' correction factor
method and outlines ite background and conditions
for validity, however, the charts included in this
section only cover shell and tube exchangers, and
eross flow arrangements.

The nearest application to the concept design ig the
ideal covnterflow chart. This is clearly not

page 11
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applicable, since *F' in this case would be egual
to 1,8.

The clesest shell and tube arrangement wmcnld appear
to he lhe TEMA R shall, 2 in series, but this has
parallel flow conditions not present  in  the

concept. design.
Volume 2 Fluid Mechanics and Heat 1ransfer

The concept of a' dowble pipe heat exchanger and
concent.ric  annmlar ducts is covered in section
2.5.1. both for laminar and turbulent flow. fn
these examples, however, the flow is assumed to te
axial, while in the concept design b is

semi spiral.

Section  2.5.7. covers correlations obtained by
Churchill®#’ for buoyancy induced laminar flow for
air in vertical channels.

it is possible that this data counld be applied to
the concept design, though it is specifically
applicable to channels with open ends and may not be
compatible with the closed circoit envisaged in the
pasteuriser. However, one might consider the
laminar pumped flow fo be eguivalent to open ended
channels with free convection.

The topic is expanded further in sections 2.5.8 and
2.5.10, which cover laminar ‘assisted’ convestion in

vertical channels.

Volume 3 Thermal and Hydraulic Design of Heat
Bxchangers

Seckiens 3.1.1. to 3.1.3. provide a general




§
§
'
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background o heat exchanger design and 3.2.2. deals
with donhie pipe heat sxchangers, bul Lhesn are
again limited to axjal f£low and generally with
finned inner tubes.

Section 3.3.9. on shell and tube heat exchangers
covers the performance evaluation of a geometrically
spocified  exchanger and bhe mathods proposed in this
section could he used to estimate the performance of
the geometrically specifierd pasteuriser in order to
determine the hzat transfer area reguired.

Sections 3.5.7 and 3,5.8 refer to the estimation of
heat  transfar coefficients and  kransfer area
respectively, but in general terms for consideration
only in the caleulation phase of the project.

As previously fentioned, the concentriec cylindey can
be considered in an opened out form as a plate

exchanger.

The analogy though, while reflecting quite well the
mainstream flow, does not give a true representation
of the interaction between the two streams at X and
Y in the stagnation zones. !

Paraliels, however, can perhaps be drawn with the
data on plate heat exchangers contained in section
3.7. though the aspect ratic of the projest
exchanger is 1:3, while that recommended as a
winimm for plate heat exchangers is 1:8.

This difference highlights the probability of

extreme temperature gradients across the exchanger
and the visk of enhanced.stagnation zone formation.

page 13
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Volume 4 Mechanical Design of fleat Exchangers

This volume covers the construction detailr of
various industrial process heat exchangers ond is

not. relevant bo this project.
volune 5 Physical Properties

Volune 5 contains physical properties recorded for
calculation purposes in the preceding volumes. and
as such are referrad to as reguired.

2.2.2 Process Heat’ Transfer

process Heat Transfert*’ is generally a basic work
on heat transfer calculations, with Chapter 20 and
its reference to flow in jacketed vessels being of
pessible relevance to the concept design.

2.2.3 Heat Transfer Equipment

Heat Transfer Bguipmentt®’ is Volume 2 from the
Process Equipment Series and in Chapter 10 covers
design considerations for spiral plate heat:

axchangers proposing certain nqnations.

These empirical eqoations are of some relevance in

R caloulating the perf of the concept design,
in that the water to milk heat exchanger 1is a

@ combination of axial and helical £low and the milk
te wilk in a lesser degree approximates the helical .
to heliaal FElow. Certainly the section on apiral

plate exchangers is of interest to the project. i
2.2.4 Heat Transfer

In Chapter 6 of Heat Transfer'*®> work done by




&y G

flowaelh'?4>  in 1938 in determining the houndary
layer thickness for laminar flow over inclined flat

plates is covered.

The section on design considerations in Chapter 12

covars erag h aies o8 and
might. be used in conjunctisa with the paper by
Bowman, Mueller and Nagle®*®  ¢n evaluate a

egonvection factor for the test model.

Gebhart¢*4? incluses a sitvstior of variable 'u®

value covered by the equakions:-

B 1 v g
g = —_— [ V.dA LT WALNS P
Ax o

= (Wabny Bet/A Tola

The bterm in the first of the above equations is the
average vilue of 'n' over Lhe exchanger area.

2.2.5 dbook of Heat E 1s

The  Handbook of fleat Transfer Fundamentalstts>
examiney the low flow condition envisaged in the
test model and raises the possibility that the
concept of the conduction layer model and the
possible development of & centr. 1 temperature region
might be relevant in verilying the stability of the
aondustion reglme. The development of rolls or
waves with the asgociated breakdown of the
stagnation areas are also connidered.

Chapter 5 entitled 'Parced Convection ~ Bxtervpal
Flows', offers a simplified wnethod for the
¢aloulation of conduction thickness for low spaed
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flows with constant £luid properties.
2.2.6 Heat Trausfer Engineering

NHeal transfer Wngineaving %Y in A valnable book
on basic heat transfer problems with a chapter
specifically related to the testing of experimentol

apparalus and the validat ion of experiment cesulla,

Reference will be made to this work during the
aollection of data from the wolel tests.

2.2.7 Mean Temperature Diiferences in Design.

This paper by Bowman, Mueller and Nagel‘*® covers
in grester detail the relevant section of the Heat

Design dbook‘?! for heat exchanger
condiliong which are  neither parallel nor

counterflow,

The assomptions nof the paper are consistent with
thuse of Lhe project, with the exception that the
project has assumed a small change in 'u' value,
brought about by a change in flow rate scross the
exchanger and asmociated possible change in beundary
layer conditions.

It would appear Erom the paper that while the
prineiples of infinitesimal stream sections, having
a range of temperature differences, embodied in the
text on crossflow exchangers can hbhe to a certain
extent valid for the project it is mere likely that
the e factor ulbimately determined will
approximate that of the mingle shell and three tube
pass arrangement indicated in Pigure 6 of that text.

The results of the project experiment, to




extent, serve as extensions to the work carried out
by Messrs Bowman, Muelier and Nagle<'s+,

2.3, Fluid Flow

Aspects of fluid flow comparable to the laminar flow
thyough the annulus in the conoept design were
surveyed and the follawing literature was found to

be relevant:-

2.3.1 Natural jon b ic
Vertical Cylinders.

This papar by de Vahl Davisg and Thomas‘?®’ covers
natural convection and heat transfer between
vertical concentric cylinders having radius ratios
between 1 and 4 and aspect ratios between 1 and 20.

The concept design falls within this category.
However, the paper is related primarily ta
conventive heat transfer between the walls of clomed
annuli, rather than wikh the counterflow situation
proposed in the project. It was decided
nevertheless to include the paper in view of the
vory low project flow rates and possible relevance
of natoral convection assisting or retarding the
propagation of stagnation zones.
2.3.2 Convection in  Boxes. An experimental
investigation in vertical cylinders and annuli.

This paper hy BStork and Mullent®! studies the
formation of convective rolls in annnli when veiwed
from an axial aspect.. The nature of the experiment
was such that the model Qdimensiohs were very small
and as such not similar to the test model.

age 17
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Hewever, the developrent. of  convective sbreams iu
relal ton In gap width g inlerest ing  and proved
relevant in the experimental stage of the project.
The paper incindes photographic examples of
conveclion  roll  dovelopmenk and simtlar gevelopment
waes found in the flow pattern of the test model.

Tt was  experhed  thal with a enunterflow condition
and possible stagnation zenes, the flow pattern in
the model, while remaining laminar, would have been
naeverthelesa substantially different.

2.4 Milk Pasteurisation

The following works were researched ta aseerbain
enrrent trends in milk pasteurisatien.

2.4.1 Milk and Dairy Products

Milk and Dairy Productsi#?) ig an invaluable
reference work on milk process technology and
presented  in a form easily understood by
non-scientists. It provides a background on the
microbiological aspects of pasteurised milk which is
raquived ko appreeiake  the effeots of  produnt
retenkion in the possible stagnaticn zones of the
regenerative heat exchanger.

2.4.2 ASHRAE Guide 1978 Applications

The ASIHRAE(S)  gunide contains material of a general
nature in Section 31 which is devoted to dairy and
milk process technology, An interesting observation
tn  thiz  section is that the minimum feasible
gaparity for a continuous pasteurising plant is
considered to be 900 1/h as against the 200 1/h
envisaged in the concept design.

page 10
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2.4.3 Dairy Science Abstracts

These publications: summarise important scientific
and technoclogical literakure on milk production and
milk processing since 1939,

Dairy Jeience Abstracks(®®: are published monthly
by C A B International UK and contein approximately
8 000 abstracts per year taken from recent journals,
reports, boocks, patents, standards and conference
papers published throughout the world. Each issue
has subjrcet  and  aulhor  indexes, and Lhere are
ve annual indexes for each volume.

cumula

An iniLial  investigakinp revealed mome bwenby Eive
papers published internationally between 1981 and
1987 and having possible relevance to the project in
that. Lhoy focussed both  on  new melheds of
pasteurisation and on refinements to old methods.

The alternative process considered for the project
wag Lhe use of microwave technology, but while this
wight still be a possibility for a future
invesligation, the complexity involved in producing
a aommarcially viahlen prototype was «onsidered
unrealistic for this particular project.

It is dinteresting to note that, while microwave
technology has been suocessfully applied to packaged
milk, little has been researched on its application
to flowing milk in a continuous plant.

It im apparert from experiments by Shibing'3®), as
published in the Bgyptisn Journal of Dairy Science
1983, that microwaves were suocessfully used on
flowing buffalo milk without any resulting
deteriarcation nf creanline or flaveur. Ik may well
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be that with the advent of mmall domestic microwave

cooker  unita & swall  pilet  planl could he

constructed.

The abvious advanlage of o microwave wnil over a
conver.“ional water heated plant is that no diversion
valve would be required since, as a virtually
instantaneonr  process,  there wonld  bhe  ne warm up
time, and the system would either be 'off' or ‘on'
with the microwave unit interlocked electrically
with the milk pump.

Regardless of whether the milk were pasteurized by
microwaves or by a hot water heat exchanger, the
plant would still have to have a regenerative heat
exchanger to cool the ontgoing milk.

The paper indicated that molar heaters have been
used with some success on large plants in Australia,
but generully to operate on the basis of thermal
stovage in bthe hot water supply, rather than direct
heating of the milk itself.

This is commendable from an energy saving point of
view but wonid nal be  practical far the =mall
Farmer.

After focussing the project propesal on &
cylindrical annular  heat  ewxchanger, the Dairy
Science Abstractgt2o? were again reviewed and
relevant papers copied where possible. These papers
are discussed later' in this Chapter.

The following papers were also considered relevant
but at this stage were either not obtainable or not
The Abstracts, however, are
included for interest as follows:

available in Bnglish.
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2908 olasidas, FNTD

In Dbairy Science Abstract 2008 Tulasidas, T.N.(22>
information pertinent to heat transfer and basic
dasign of plate heal  exchangers §s reviewed. An
efforl. ju made to develop a better concept on design
and application of plate heak exchangers in the
dairy industry, based on the available information.

4358 Wernimont, D.¢???
In Dairy Science Abstrvach 4358 Werninmonk, D.¢?%

exchange technigues used in aseplic
and the

four  heat
processing of foods ave described,
applications  in  which they funntion besl are given.
Technigques are (i) plate heat exchanger, (ii)
scrapad-surface  heat

tubnlar  exchanger, i)

exchanger, and (iv) steam injection.

Optimal applications are considered to be (ii) for
high-pulp Jjuices and heat-gensitive products, eg
whole and 2% fat' milk, £lavoured milk amd dairy
creamer, (iii) for ice cream mizes, yoghurt, fats
and  oils: and (iv} for products to be heated
rapidly, eg milk and ice cresm mixes.

7589 Marinoza, R.A. (Canada)‘=28?

Iin Dairy Science Abstragt 758% Marinoza, R.A.
(Canada)‘2?) an apparatus for pasteurising (with
infrared radiatien) or sterilizing (with nltraviolet
radiation) liguid foods including milk, oream, fruit
juices, breer, syrups, molasses eto iy described. It
congista of a linear svurce of radiakion sarrounded
by a bhin annular jackek, the inner wall of which is
permeable to the radiation for it to reach the thin
layer of product flowing through the jacket.
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1310 Anle, 0.; Noren, T. (Sweden)(?%?

in Dairy Science Abstract 1310 Aule, 0.'3¢’ a
platn  heat-exchanger is dmseribed for use on the
Farm far paslienriging  freah uncooled milk to abont
72°C, wikh efficient heat regemeration and an energy
consumption of about 5§ W/l milk. The milk is
preheated  regeneratively,  Farbher  heabed  from
electrically-heated hot water, held in a holding
coil and cooled in stages to 2°-6°C ready for bulk
storage on the farm.

4660 Wiggens, A. T.(28)

In Dairy Science Abstract 4660 Wiggens, a.<2n>
views the projected banning of sales of non-heat
treated milk in Scotland in 1983, and in England and
Wales in 1985, the choice of systems for on-farm
pasteuristion is discussed and & list of systems
tested ab the West of Scotland Agricultural College
is appended.

2.4.4 International Dairy -  Federation.
Bulletin 200 Monograph on Pasteurised Milk
The Monograph on  Pasteurised Milk<”’ is a
comprehensive  study of all  aspects of milk
N pasteurisation. It was compiled under the
chairmanship of Dr O Cerf of France and approved for
© publication in 1986. A a recent work it summarises
in 15 chapters ocurrent thinking with regard to
biochemical, nubritional, hyglenic, constructural

and other aspects of pasteurizing plant.

© Tt deals also with historical data, distribution and
i legislation and as such is a vital reference work

i
); for a project of this nature.
|
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The follawing noltes  summarise those areas of
partictar ralevance Lo the concept dealgn.
Chapter 6 Pastenrisation of Milk - Design and

Oparat ion
M & van de Berg!7??

This paper covers the principles of heating,
pasteurising and cooling milk with particular
reference Lo the ‘process technology of flavours and
bacterial growth as influenced by the design of the
apparatus. 1t also addresses in mimple terms the
bhasic prohiama asgoaiated with leakage, cross
cankamination of raw tn pasberrised miltk, and the
effents of corrosion and detergents.

Of parlicular  interesl in this paper is the neekion
which covers the initial testing of a pasteurising
plant, sither of new design or one that has been
signtfinantly modified,  to  determine  the
acceptability of the unit as an effective means of
pasteurisation.

The  paper  cavers the question of efficient
regenaration, holding times and holding efficency,
as well as cooling and protection against under or
over pasteurisation.

An interesking point is raised in section 6.6.3. of
the papar relative o Ehe growth of bacteria in
stagnation zones of regenerative heat exchangers.
It is swggested thak this is acceptable with a
reduced cycle time.  The cycle times of the test

made} was chacked against these aritevia.
Stagnation was hnot as critical an area az was at
firsl thought .
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Chapter 10 Mecha

eguipment with speciat refeorepre Fo hyglene.,

al  design of pasirurisation

il Wainess (USA)<7?

This paper addresses  the particalar aspect of
mechanical design of pasteurisers where hygiene is a
priminary ronaideratinon. The ronsideration af valve
design and general interconnecting pipework design
are covered both for batech and cortinvous

pasteurising plant.

The general requirements for construction of heat
exchangers, as oputlined in Chapter 6 of the
Monagraph are expanded in mome detail, both for
plate and tubular configorations.

The paper also deals with the criteria applicahle to
the selection of milk pumps, design nf holding tubes
and milk te milk regenerative systems. Certain
comments from this section on pressure distribution
in these systems are incorporated in the prototype
design.

Chapter (1 Tostrumentation  for Heat  Transfer
Systems.

H Wainess and € A Andarson (USA)Y:”?

In a cribtical process such as pasteurisation
ingtrumentation  and  contrels are of  primary
impartance. .
In their analysis of the system required Waines and
Andersont?? examine the accuracy reguirements,
conatruction and optimal locations for the various
components comprising the instrumeéntation, control
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and recording systems for both batch and continuous

procennes.

This data was used as 5 basis for assessing the
suitability of ancillaries specified for the
prototype design.

The paper covers further the importance of pressure
relationships within a tive heat

and suggests some form of pressure monitoring and
control. This level of sophistication is not,
however, envisaged for the prototype design.

Chapter 15 Congideration in relation to aame
technological and engineering aspects.

H G Kegsler”?

H Kegsler?? has examined critically in
section 4.0 of this Appendix, the nature of
residence time distribution in holding tubes and
while this may possibily neot be relevant to the
concept design due to its potentially short cycle
time the holding tubé will nevertheless be
calculated on the basis suggested in the paper
within the limiting criteria of standard piping
sizes and ease of cleaning.

1t proved practically necessary for the project
holding tube to fall short of the suggested
criteria, being lengkth to diameter ratic greater
than 200, with no laminar flow and Re greater than
12 0090,

2.5 Pasteurisation Plant

This section covers the works related to various
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types of pasteurisers and their constructional
details.

2.5.1 The Market -~ Milk Industry

The Market - Milk Industry**?? describee on
Page 322 a steam heated tubular milk pasteuriser,
and almo of partioular interest, the Stassaniger
double tube heat exchanger invented in France by
Henri  Stassanot*7’. The significance of this
heater is the narrow intertube gap of 0,6 - 0,8 mn.
The hook sugyests that conventional  tubular
milk/water heat. , exchangers of that period had
intertude gaps of around 12,0 mm.

2.5.2 Milk Production and Control

Milk Production and Control'*®’, as a standard
work on milk production, provides background
material in conjunction with other more recent
papers. The chapters on pastenrisation plant
contain additional data on constructional details
not found in other works.

2.5.3 Dairy Engineering

DPairy Engineeringt*®’, as an authoritative text of
the time, is a useful reference work for
constructional dekails of older wmachines. No

reference was found to a unit similar to the concept
design.

2.5.4 DLiguid Milk. Develoy in Heat T
Plant

Much of the paper by Cattellt2?’ ig unrelated to
the concept design, but certain secticns concerning
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the fouling of nilk heat exchangers plants with
increasing  temperabure are of inkeresk, ar is Lhe
section on the evolution of plate heat exchanger
design for pasteurisers.

Development in pasteurising plant over the last few
years appears to have been concentrated on UHE
toltra fligh Temperature) plant and aseptic
processing, rather than new generation HTST (High
Temperature Short Time) units progressing from the
conventional plate !neat exchanger.

2.6. Market Assessment

The  follawing  literatwie  was perused and
manufacturers approached: to assertain the current
availability of eguipment and ancillaries.

2.6.1 7072 Attwell, P,

In Dairy Science Abstract 7072 Attwell, P.%28) the
increasing demand in South Africa for small
pasteurisers as smaller dairy operations enter the
market ig discussed, with various reasons for th
trend being proposed. Several models of small or
“mini’ pasteurisers supplied by various companies
are ther. described, considering details such an
capacity, construction and operating conditions.

The paper was used as a reference guide to the
current 'state of the art' in the South African

market.

2.6,2 6082 Thomas, E.B.: Peters, M.C.{USA)
(CREPACO INC}

In Dairy Science Ahstract 6082 Thomas, B.B. (29!
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the heat-exchanger discussed comprises a vertical
3acketesd cylinder encloming a dasher, whiech in
conjunction with the interior cylinder walls forms a
pagsage  through whick the product flows. The
configuration and mize of Lhe various componnnks may
be varicd depending. on the type and density of the
it is cooled or heated.

P ¥ and

The heating/cooling agent may be a gas or liquid,
and the plant may be provided with electrical

heating. in the version described the plant is for
nse with milk products but other foods may be
procesaed, and the plant  may be operated
ageptically. ’

The synopsis from the Dairy Science Abstracts
1985¢2e> indicated a possibility that the
pasteurizser patianted in the USA might have been of a
similar design to the concept design.

However, the local agents for CREPACO INC were
approached and details of their machine were
obtained. It transpired that this is a vertical
jacketed vessel of small diameter, with a central
axial agitabor. The product passes axially thromgh
the agitated tube and it iz especially suitable iox
viscous liguids. The design concept is not similar
to that proposed in the project.

2.6.3 APV {Pty) Lid

Primarily in the large dairy market, ARV (Pty) Ltd
have athempted on various occasions to produce a
competitive swall pasteurimer. Their lazt venture,
a wunit wich 1 000 1/h capacity, was a scaled down
version of a laiye plant designed in the
conventional manner. It had @ plate heat exchanger,




fucesaen]

regenerakive but no cooling section, and electric
hol waler heabing. ‘This unlt has now been shalved.

2.6.3 Alsa  Engineering  {Pty)  Ltd formerly
Alfa Taval (Pty) Ltd

The company made great inroads into the local market
with their Microtherm, a typical plate heat
exchanger unit of 900 1/h c..acity, but being
innovative in that there was much plastic included
in the design.

The plant was originally cheap and popular but with
the fall in the value of the rand, as an imported
item it became uneconomic.

In keeping with current Swedish thinking on South

Africa, AlEa Laval have disinvested and changed

their local name with the future of their equipment N
becoming uncertain in the short term.

2.6.4 Filmatic (pty} Ltd

A Cape Town based company which has developed a
range of small nilk pasteurisers starting at
750 1/h. These are coaventional units similar in
design to the APV wunit described in 2.6.3 above.
The company is making good ground on the local
narket but relies on imported heat exchanger plates.

i
jo {
qg 2.6.5 F Read & Sons Ltd - UK
! !
i The company produces the only truly mini pasteuriser "
lo with a capacity of 250 1/h. The excellent un'‘ of i
{ compact plate hoat ekxchanger design is unfortunately ( ;
1 too expensive to import with the rurrent
Rand/Sherling exchangs rate. Lt

i
1
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2.6.6 National Dairy Equipment (Pty) Ltd

NDE are agente for the Pamsilac pasteuriser, a
Danish unit similar to the APV plant. fThis small
paBteuriscr with conventianal design has nobk had a
great deal of svccess primarily because of price and
lack of aesthetic appeal in the design,

2.6.7 Computer Interface

It was determined thst analogue/digital PC interface
boards having from 3 channels upwards are available
at a reasonable ‘cost either from VKN Distributors
(pty} Ltd or Bagle Blectronics [(Pty) Ltd.

2.6.8 Diversion Valves

A significant cost centre in small pasteurisers has
always been the stainless steel diversion valve.
SAE Afikim in larael offer a food quality
polysilfone 2-way valve obtainable either with
pneumatic or spring operated mechaniswm. This valve
is 3 low cost item and should be suitable for
conversion to 24 volt DC solenoid operation. Sanmple
valves have been ohtained from Isreal.

2.6.9 Controls

Literaturs has been obtained on standard Sekonic
controller/recorder units £from Temperature
Controls {(Pty) Ltd. These may be proposed in the
project as a controller only, for use in conjunction
with the PC recording functions.

2.6.10 Mephsa (SA) Argentina

An approach was made to the South American Trade
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Conguls for details of small pasteurisming plants.

The intention was to  determine the level of '
development . of commercially produced plants in b
countries having a similar third/first world
socio-economic mix to South Africa. Literature was

obtained from MEPHSA (SA) but no mini-pasteuriser

was available other than a rather interesting batch

pastenrising unit. '

i
|
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CHAPTER 3

THEORETICAL REQUIREMENTS

3.1 Conceptual Design

An  initial survey in the Food Industry, and the
preliminary calculations inciuded in Appendix A,
indicated that the concentriec cylindrical design
proposed was both innovative and satisfied the
reguirements of 1.2.2, 1.2.3 and 1.2.4. However,
certain areas nevertheless required investigation.

3.1.1 Flow Pattern

The flow distribution around the cylinder was
thought to cause stagnation zones in the annulus, as
indicated in Figure 3.1.

it was thought that the occurrense of these
stagnation zones might induce a retention time of
sufficient length to promote growth, in the outgoing
milk, of the undesirable organisms remaining after
pasteurization.

The pasteurisation process eliminates  95% of
undesirable organisws and the temperature in the
stagnaticn rzones appeared likely to be around 40°c,
at which temperature the remaining 5% would readily
propagate.

3.1.2 pmnticipated Heat Transfer
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It was suggested that the oylindrical heat exchanger
with diagonally opposite connectione wonld ‘have
stagnation zones, as depicted in Pigure 3.1, with
these stagnation -zones havihg a lower temperature
difference between each other than the temperature
difference at the centre of the heat exchanger,

zone 3.0.

The anticipated temperature gradient from jnlet to
outlet followed a helical path around the annulusg
and was comparable %to a conventional counterflow
heat exchanger. A further temperabure gradient was
anticipated orossing the direction of flow from
stagnation zone 1.0 to stagnation zone 2.0. Thia
temperature gradient im represented diagrammaticaly
in Figure 3,2.

It followed from the above that the standard Fourier
heat tranafer eguation, @ = vd INID, was no longer
valid for this application where:~

u = Overall Heat Transfer Ce-efficient
A = Area

LMID = Log Mean 'Pemperatiive Difference

Q = Heat Transfer Flux

since the IMTD i not a true reflection of the
relationship off @ to heat trangfer area A.

Initial  caleunlakhisus, included in Appendix A,
indicated that the f£low rate through the exchanger
would  be laminay and practical considerations
precluded the reduction of cross sectional area to
increase velociby. | 8imilarly, cost and bhygiens
conaiderations resktrictd the use of helieal baffles
or dimple plate.
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This laminar £low would inhibit heat transfer and
promole stagnation zones.

it was necessary to determine a dimensionleas factor
*¢’, being a fundtion of cylinder diameter, height,
internal spacing and flow rate, which might be
applied to the overall hest transfer egnation as
Q = Cud LMID, The application of thiz factor would
correct the IMTD for this specific application and
hence verify the area A necessary for the effective
heat exchange required or, conversely to determine
the maximum flow rate achievable from a practicably

sized unit.

The determination of the correlation between the
various elements comprising the factor 'C' for
cylinders of different proportions and flow rates
was outside the scope of this report.
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CHAPTER 4

MODEL DESIGN

4.1 General

This chapter describes the model constructed and the
limitations of the model and the test rig 1sed.

4.2 Model Construction

The model was constructed to verify the principles
involved in the conceptuai design. To undertake
this verification it was only necessary to simulate
flow through the first annulus of the proposed
deaign, The model am such, was a sfagle annulus
around the centrally heated core. The use of a
gingle anpulug | faeilitated the fitting of
transparent obgervation panels and  mimplified
sealing of the annulua ends.

Various materiais for congbruction were considered
and in the event 0,Bum rolled galvaniszed mild steel
sheets were used, with 3,0mm high impact plastic
panels and soldered joints and fittings.

Heating of the water i1 the cenbral core was
provided by two 3,0kW immersion heaters with
thermostats adjustable from 40°C to 75°C. Holes were
drilled through the centres of the panels and at
other strategic points in the annulus through which
the bulbs of mercury and glass thermometers could be
Fitted. A hydrauwlic leak test wam undertaken in the
works before the holes in the annulus were drilled.
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The central core was fitted with a valved drain
point.

The test rig was fitted with a means of controlled
dye injection to the water at the inlet of the model
and for test purposes water was passed through the
annulus with the contents of the central core being
gkakin.

The dimensions of tha model were denerally in
accordance with Pigure 4.1. The leading dimensions
of 1 200mm high < and 600mm diameter were those
proposed for a production wunit and suited to
standard plate sizes with the minimum of cutting and
wastage.

The diameter of the inner cvylinder was 375mm thua
leaving an annular width of 12,5mm. This gap was
maintained by the use of spacing lugs at the top and
base of the inner cylinder, positioned to avoid
interference with the flow, The thin material
necesaitated a number of swages to the inner and
outer shells, bub these gwages were located opposite
each other so as not to cause restrictions.

A further smaller cylinder was positioned so as to
take up approximateiy 2/3 of the inner cylinder
water volume and- thus reduce both the weight and
heating time of the appliance.

the inner cylinder was psinted white behind the
chservation panels i order that discoloration on
the introduction of blue dye could be more easily
ohserved. Thermometer mounting brackets were
attached to the outside shell in the positions
indicated in Figure 4,2 and ultimately thermometers
sealed into the holes with flexible sealant,
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The dosing of dye was effected with a valved dosing
assembly as indicated in Figure 5.1 and comprising a
clear water by paass valve (red) and two dosing
valves {yellow) with a removable glass container for
the dye cubes.

4.3 Linmitations

The method of construction introduced certain
incongistencies in the annular dimension which would
not onocur in a production model having machined end
rlates tu correctly locate the shells.

The concept design propeosed an nxternal heat source,
storage tank and hot water pump instead of the
atatic heated water wused in the model. The former
would have been more easily monitoreds while the
latter was much cheaper te manufacture,

In the experiment water temperatures were checked at
the *top and bottom of the heated cove and an
arithmetic mean determined for use in valculations.

The heat balance of the model was such that the heat
lost by the immersion heaters was gained by the
working f£luid in the annulus. The extent of this
gain was studied both in convection assisted and
convection opposed flow. In relation to the concept
design, convection assisted flow in the model
approximated parallel flow, and convection opposed
£low approximated counter f£low.

In temperature detection, economics determined that
mercury in glass thermometers be used in place of
mulei-point  electronic  ingtruments and it wam
considersd that the spacified accuracy of within
0,5°C wae adequate for the experiment.
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The purchase of an SABS certified thermcmeter for
calibratior purposes was consis2red and rejected.
calibration of twelve tbermometers was carried out
agaipst the thirteenth theruometer which was found
to have a mean of Lhe range of readings of all the
thermometers at ambient temperature.

The Ricketts Rlue dye cubas used in the test had the
disadvanrtage that they do not dissolve uniformly
thus making the wuse of an accurate comparator
impossible. Also, irregular dissolution of the
cubew brought about changes in density of the dyed
tiguid.
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CHAPTER §

TEST OF MODEL

5.1  General

This chapter contains the consolidatl results
obtained from the experiments descri. .d under
section 5.2, ‘arid derives certain mathenatical
relationships £rom these results. These

relationships are then compared with established
theoretical or experimental data given by earlier
workers in this field.

The test results for flow in the annulus are
collated in the following forme:-

Convection amsisted with central core heated.
Convection opposed with central core heated.
Bottom flow comnection with central core unheated.
Top flow connection with central core unheated.

for each of the following:-

j Sequence of panel corruption, Tables Cl, €2
Sequence of panel clearing, Tables €3, C4

Time taken to corrupt from 2ero base, Tables C5, C6
Time taken to clear from zero bame, Tables C7, C8
Pime taken to corrupt per panel, Tables €9, €10
Time taken to clear per panel, Tables C11, Cl12

O Temperature distribution, Figures €l to €5

4]
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i
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J From the experimental data it was possible to make
certain observations on flow patterns, cycle times
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and retention times and then to investigate the

£ollowing:~
5.1.1 Flow State
The Reynolds Number and flow coriition were
confirmed for the specific annular gap and diameter
of the experimental model.

5.1,2 Decay Time

An  expreasion for the decay time of the clearing of
a panel was derived and the residual concentration
after a given period calculated.

5.1.3 Transfer Areu

The theoretical ~heat tranafer areas for bhoth
parallel and counter flow modes were calculated.

5.1.4 LMID Facktor

LMD factors for the experimental model in both
convection assisted and’ convection opposed flow
modes were derived.

5.1,5 Nusselt Number

The Nusselt Number for the experimental model was
derjived and the actual and theorstical heat transfer
co-efficents compared.

5.1.6 Comparison with Established Data

The mathemetical relationships derived f£rom the

experimental regults were compared with other
relationships documented in Valume II of the
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HEDH'"’ for convection assisted and convection
opporad laminar flow. The wvalidity of these
alternatives in this application is discussed.

5.2 ‘Test Method

The arrangement of the test rig and the method of
testing are outlined in the Following mections.

5.2,1 Thermometers

The thirteen mercury in glass thermometers were
checked at an ambient temperature of approximately
13,5°¢C. The thermometer reading 13,3°C was chosen
as a standard since it was the approximate mean of
all the thermometer readings. The deviations of the
other twelve against this thermometer are tabulated
in Appendiz B.

The thermometers were numbered with No 1 being the
standard thermometer and deviations were again
compared i{n a warm water bath at approximately 40°C.

£ 7.2 Annular Thicknees '

The thickness of the annular space was measured with
a vernier at acach thermometer entry point and the
average found to be 12,lmm, These measurements are
tabulated in Appendix B.

5.2.3 Test Rig

The test - rig was connected as shown in Figure 5.1
for conveotion assisted flow, the water supply being
provided from a centrifugal pump maintained at
constant suction head by a reservoir, This was
necessary as no mains water supply was available.
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Flow rate was determined by recording the time taken
for the discharge to £ill a 4 litre container.

The discharge was taken through a glass jar against
a white background to facilitate identification of
the presence of any dye.

5.3 Procedure

Tests were undertaken to record the temperature
distribution for given flow rates under gtable
conditions with the water heaters on. These were
both for convection assisted flow as in Figure 5.1,
and convection opponed flow with the connections

reversed.

In each case, as shown in Figure 5.1, the red clear
water valve was closed and yellow dye by-pass valves
opened to observe, through the clear inspection
panels, the rate and pattern of corruption of the
annulus by the dye.'

The time was recorded on the first entry of dye into
each panel and again when each panel was full of
dye. The time at which dye was first observed in
the discharge was also noted.

The tests were .hen repeated with the yellow dye
valves closed and the red clear valve open. The
time of decay of the dyed panels was recorded from
the stark of decay until the panels were
substantially elear of dye. The time of clear

discharge was also recorded.
The flew pattern through Lhe annulus without the

heaters on was ohserved and times recorded as
previously.
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This section comprises the Test Sheets numbered 01
to 17 conpleted during the £low and temperature
distribution tests and contained in Appendix B.

significant observations made during the testing
progranme were as follows:-

with bottom feed and no primary heating, the flow
was, as anticipated, generally diagonally helical
with the appearance of stagnation zones at Panels 3
and 9.

With top feed and no primary heating, the flow was
vertically down from inlet te bottom of the annulus,
with dye discharge occurring immediately after
contamination of Panel 3 and before contamination of
Panels 4 and 8 was complete.

with bottowm feed and primary heating, the flow was
convection assisted, and it was observed that the
convection forces were such that they were
pradominant, causing the flow to be vertical fairly
evenly distributed around the cirvumference.
Convective clearing was ' such that stagnation zones
did not ocour. The temperature gradient was even.

With top feed and primary heating, the flow was
convection opposed, resulting in a flow of entering
cold water directly to the bottom of the annulus,
with partial mixing and convective migration
vpwards. This resulted in an uneven temperature
gradient with fluctuations and hot spots. Clearing
in thim mode was difficult to asseas due to the even
and gradual convective diffusion of the clear water
upwards through Panels 4, 8 and 9. This flow
pattern is depicted in Figure 5.2.
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S.4 Observations on Test Results

In general terms the test results appeared
sufficiently consistent, given that the experimental
equipment. was basic by laboratory standards, and
that Sroblems were, experienced with only two
operators attempting to accurately record the
rapidly «ohanging vesultas. Por ease of referenre
Tables €5 to €12 have been averaged arithmetically
to indicate mean readings and the associated
accuracy of individual tests.

The nature of the test programme did not justify
expanded discussion  on  statistical  error

measurement.

in certain cases, readings were missed through
interruptions and difficulty was experienced in
mainteining a consistent level visually at which a
panel was declared te be 99,5% clear.

Uneven dissolution of the Rickets Blue Dye precluded
the use of a test tube comparator ar originally
i . In r t it would have been useful
to have had a small sealed section of annulus

containing clear water behind each observation
panel, against which the adjacent ligwid could have
been compared.

The use of a stopwatch would have simplifimd time
keeping rather than the cumulative method used with
an ordinary cloeck.

In the top flow connection configurations, the
discharge pipe had to be raised to ewpty above tune
height of the unit to ensure complete £illing of the
annulus. With a simple loop in the discharge pipe
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the syphoning effect tended to draw air into the
annulus through minor leaks.

8ince fhe clearing of dye from panels tended towards
asymptotic, with large changes of time oecurring for
very  small in ion, it was
reasorable to take the arithmetic average of results
in  each case and use these as a basis for

caleulation.
5.4.1 Corruption and Decay Sequence

Tables Cl to C4 indicate the sequence with which the
panels were corrupted by the introduction of dye,
and cleared on the re-introduction of alear water.

In Table €1 the sequence of ‘orruption is the same
for both bottom and top fluov econnactions. This
sppeared to have been caused by a slight density
difference between the cold dyed water entering the
top of the annmluas and the water existing in the
annulus. This density difference was assumed to
have been dAve- to the inclusion of the denser dye
material in the flow, possibly assisted by thermally
induced ecurrenks in the anralus from ambient or
solar gains. The ocuurrencs, while noteworthy, is
of no relevance te a milk flow condition.

Regrettably temperature gradients were not recorded
where no primary water heating was applied.

The similarity of results in sequence of filling
show the flow of entering cold water in convection
opposed mode directly to the bottom of the annulus
ak panel 3, with the separation of the convective
rolls rieing to corrupt Panels 4, 8 and 9, while in
the convection assisted mode the corruption is
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horizontally even from the bottom up.

Comparable corruption in convection opposed flow
would thus have been 92, 8, 4, 3 and this would be
expected with a sufficient increase in mechanically
induced flow rate. - It was noted that with bottom
connection the flow tended to be helical at Panels 4
and 8.

The sequence of clearing of panels with no heat,
when compared with the asimilarities of the sequences
of corruption, indicate that the primary cause of
density diffevence was due to the inclusion of the
dye, since the entering clear water more readily
cleared to the top point of the amulus with the top
entry.

The same principle applies to the clearing with heat
applied in convection opposed mode. The change in
sequence of the results in convection opposed mode
was  ascribed to a reduction in flow rate for Tests
15 and 17 with an associated possible predominance
of convective forces. , The denser dye material
collected in Panel 3.

5.4.2 Time taken to Corrupt from Zero Base

Tables ©5 and C6 indicate the average times fur
corruption from the start of each test.

Table €5 shows that, for oconditions of no heat,
cycle times of B minutes 12 seconds for bottom
conneclion at a flow rate of 4,090 1/m and 7 minutes
33 seconds for a top connection and flow rate of
3,386 1/m are similar.  The slight difference
indicating that the denser dyed water clears more
readily when the flow is in a downward direction.
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Table (6 compares the filling tis .rom a zero base
for opposed flows.

From an inspection of Tables €5 and C6, the even
horizontal ecorruption of convection assisted flow,
and the rapid corruption of Panel 3 in convection
opposed flow is apparent. The convective migration
upwards from the bottom, first to Panel 4 and then
te Panels B and: 9 can also be noted. These flow
patterns are indicated in Pigure 5.2.

The average cycle times are similar in both cases at
approxin tely 5 minutes 30 seconds each.

$5.4.3 Time Taken to Clear from ZJero Base

Tables €7 and B indicate the average times for
clearing from the start of each test.

Table €8 compares the clearing times from zero base
for covection assisted and convection opposed
£lows. The significarce of these results is in the
cyele times where convection assisted mode is on
average 3 minutes 15 seconds less than the
convection opposed mode, with oycle peaks having a
difference of 6 minutes 25 seconds.

With pasteurisation in mind this indicates the
advantage of employing convection assisted flow i a
milk to milk tive heat % . Both
cycle times are well within the accepted maximum

cooling time of one hour to reach 7°C. This is
normal  for batch pasteurisers, but the project
desiyn is required only to cool to 15°C, with
sub-cooling €o 7°C taking place in an external
tank. However, even taking this into account the
cycle times are acceptably short,
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5.4.4 Times to Corrupt and Clear per Panel

Tables €% to (12 indicate the times taken to fully
corrupt and to fully clear each panel under various
flow condilions,

The relevance of these results is in the
investigation of retention times at panels having
different temperatures, particularly those that
would occur in tJ: milk to milk regenerative heat
exchanger.

Under these circumstances Panels 4 and 8 would he
those most 1likely to be at a mean temperature
conducive to the propagation cf residual bacteria
and these retention times of 9 minutes 45 seconds
and 7 minutes 04 seconds for clearing in convection
assisled mode are within acceptable limits based on
a linear cooling rate of 1°C per minute and thus
approximately 10 minutes to cool from 45°C to 35'cC.

Assessment of the value of the maximum retention
time per panel was made in conjunction with the
average cycle time, to obtain a true reflection of
the suitabilty of the proposed method for

pasteurisation.

In any event the ultimate test is in the quality of
milk finally produced when standard quality control

measures are applied.

. The theoretical concentration of original milk

retained after a given period ean be caleulated
uging a decay equation and this is diszcussed later
in this chapter.
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5.4.5 Temperature Distribution

A comparison of the actual temperature distributions
Eor convaction assisted flow, being bottom entry
parallel flow and convection opposed flow, beiny top
entry ecounter f£low' are shown in Figures €1 and 2.
The data in each case was secorded for 3 tests
having similar flow rates so that the average
temperature could be taken at any point.

The horizontal, diagonal and vertical temperature
gradients are- represented graphically in
Figures €3, C4 and C5. Using existing porrelations
it is possible to calculate, from Figures C2 and €2,
the theoretical heat transfer area reguired for the
actual heat transferred under the teat conditions.
From this the correction factors applicable in each
case can be caloulated.

The graphical representations in Figures €3, C4 and
¢5 show alearly the even temperature distribution of
convection amsisted flow when compared to convection
opposed  £low. The horizontal temperature gradient
for convection oppesed flow in Figure €3 hetween
points 10 and 9 demonstrates the result of
convective migration upwards in rolls, similar to
those found by Stork & Mullem'®’, even though the
main stream iz downwards. This is highlighted
further in the diagonal and vertical gradients shown
in Figure €4 and C5 which figures also indicate the
effect of conling in the flow hetween mid point and
dizcharge.

In each experiment the thermostats on the immersion
heaters were set at 70°C and as such never switched
off. This had the advantage that the heat input to
the vore was constant and net cyeclical for
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calenlation  purposes. However, it had the
disadvantage that the control cyele for annular
discharge temperature, when operating about a
thermostat set point in the primary heating water,
eould not be evaluated. The annular gap of 25,0mm
in the primary water vensel was assumed to be
gufficient]ly wide to approximate an infinite vessel
for the priwary beat source.

5.5 Datermination of Flow Condition

The flow is shown to be laminar with a Reynolds
Number of 141 at a flow rate of 3,545 1/m and an
average annulsr gap of 12,lmm.  Caleulations are
contained in Appendix D.

5.6 Derivation of Decay Time

The calculation in Appendix E indicates that the
probable residual concentration of original milk in
a panel would be 0,70001% after 30 minutes. While
this is an approximation, it does indicate the level
of dilution within the risk period for propagation
of residual bacteria 'in the outflowing pasteurised
milk. It can reasonably be assumed that the level
of contamination with this dilution would not affect
the commercial acceptability of the milk.

5.7 Derivation of LMTD Factor

The ecaleulatisns in Apperdix F  show the LMTD for
convection aswisted flow to be 5,77°C and for
wonvection opposed flow ta be 14,20°C.

Aceording Lo Kernt4’, in conditions where the
viscosity is in the region of one centipoise (10-2
Ns/m®) at the cold terminal and the temperature
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range is balow 40°C with a difference of below 10°C,
The arithmntie mean of kthe inlat and ouklet
temperstures can be ‘used to evaluate f£luid

properties.

For convection assisted £low, the above criteria
apply and the arithmetic mean temperaturs in the
annulus can be taken from Figure 02 am:-

33,9 + 13
T mean = — " 23,45'C

Por convection assisted parallel flow, the flow rate
from Figure C1 was 3,157 1/min or 189,42 kg/h for a
temperature rise from 13'C to 33,9°C.

Thus kaking o, @ 23,45°C = 4180 J/kg K according
to ASHRAE3}

8 = men/\T
= 189,42kg/h x 4180 x (33,9 - 13)
16547,78 kd/h

= 4,5966 kW
and for ion d flow, the flow
~ rate from Figure €2 was 3,025 1/min or 181,46 kg/h
H for a temperature rise from 13°C to 21.5°C.
Lo
i Then
| 9= 1,7911 kW
| The heat transfer surface available in each case is
! identical as:-
1o,
b A = annulus ID % ¥ x length

! = 2,171 w?

Page 56

R ey




s |

~

Neglecting radial  conducktion dwe to the small
differcnee  in  radii, then the heat transfer to the
annulus is:-

Q = uA LMTD

or more specifically, allowing for changes in film
co-efficient for convection assisted and convection
opposed f£lows then:-

R = uA C LMTD

where € is a dimensionless factor specifically
related to the performance of the test model under
certain parameters of flow condition, flow rate and
temperature gradient. C also serves as s measure of
the efficiency of the usage of the heat exchanger
surface available, when compared with an ideal
theoretical exchanger having the same 'w' value
and IMTD.

Thug for convection assisted flow:-

45%6,6 W = uc x 2,171 x 5,77
and
366,94
s 10
u

and for vonvection opposed £low:-

1791,1 W = uC % 2,171 x 14,2

thus, if it is congidered that for an ideal
theoreticsl heat exchanger ¢ = 1,0, then decreasing
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values of ¢ are associated with falling efficiency

and

c isted 366,94 & q
saister = St S
assis 55705 oppose

= 6,3167 C opposed

Assuming the galvanising of the heat transfer
surface to be 0,075 mm thick and

1
Resistivity R = x
k for zinc = 112 W/m K
k for steel = 45 W/m K

thermal resistance of zinc:-

0,075 x Lo-2
112
thermal resistance of steel:~

= #,667 x 10-% miK/W

0,0 x 19-3
R = —‘”Is— 20,17 x 10-4 miK/W

¥ % Ryt * Runaz * Rua

Fouling factors are not to be considered as a
production unit would be cleaned between each 4 hour

cycle.

It ¢an then be assumed that the resistance of the
annulus  inner wall is so low that it can be
neylected and the value of ‘u'can be based on
surface co-efficients h,:. and h.e only, thus:~

U = Rug + Rao
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Since the experimental apparatus approximates, in
convection assisted £low, two vertical flat plates,
the correlation suggested by ASHRAE Fundamentals
Vol 1977¢2? Section 2.12 Table $ for natural
convection can be used as follows:-

Nu = 0,56 (Gr Pr)°o-=s

This being applicable for laminar flow with (Gr Pr)
between 104 and 10°.

Calculations included in Appendix G indicate:-~ =

The Grashof Number:-
Gr = 2,226108 x 10°

The Prandtl Number at 23,45°C:- .
Pr = 6,405

The value of (Gr Pr) then becomes:-~
“W (Gr Pr} = 1,4256221 x 107

which 4s ¢ 10° and thus within the limits of the '
correlation: -

Nu = 0,56 (Gr Prio-»s
= 34,412

}1 and '
|
|
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W L 32206
b n,0494
= 417 w/m'K .

This compares reasonably with the experimentally
derived overall heat transfer of:-

uC = 366,94 W/m*K

The value of 'h' calculated, is egual to the overall
transfer co-efficient 'u' since the LMID was nsed to
compute the Grashof Number instead of the mean wall
and annular £luid temperatures.

The value of 'C' can be calculated for convection
ampisted parallel flow from:=- i

uc = 366,94 W/n?K
where
u = 417 W/mK

¢ = 38894 g a79052
417 \

and for convection opposed counterflow:-

_ 50,09

= = {,110859
524

where 524 W/m?K is the value computed uging the
Graghof number corrected for an LMTD of 14,27°C.

Both values relative to the correlation:-




Nu = 0,56 (Gr Py)®.22

1f, however, a direct applicvation of the LMD were

required without the
guitable correlation
derived as followsi~ .

p£4
h = 366,94 W/m*K

_ 366,94 x 0,0494
- 0,6

and
30,21 = K {Gr Pri®-2s

30,21

of a 'C' facter, then a

where 'R' is a constant

B % w———aie = 0,491626

61,4492

Thus for the test model:~
Nu = 0,491626 {Gr Pr)°.3®
at 200 litres per hour in convection assisted mode.

Assuming then that the wall resistance is negligible

on either side of the

and the surface .resistances

wall are egual, then from:-

oo Bns Beo
T Max ¥ o

h,.?
PR

2ha

e = Zu

where hn = hus = hno

and for convection assisted flow

e
T —
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he = 2 x 366,94 = 733,9 W/m?K

5.8 Comparison with Alternative Correlations
5.8.1 Sieder Tate

On the assumptiop t}xat the flow through the annulus
is laminar forced convection, then both Kern¢®®

and ASHRAE ) propose  the  Sieder  Tate
relationship:~
} o,

o [[]E]E]
e

Por the experimental model the value of [

a1

am

can he taven as 1,0 and |

D, |2
Nu = 1,86 | Re Pr o=

49,418 (29
= 1,86 141 x 6,405 % —eree
1200

= 6,2070
which is very much less than the actual value of:-
Nu = 34,412
This worrelation is aluwo proposed in the

APV {Pty) Ltd Heat Exchange Handbook®®’ with the
elarjfication that for the term:~
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The exponent 'n' is a function of plate type varying
between 0,1 and 0,2 while the constant of 1,86 can
vary between 1,86 and 4,5 depending on the plate
type.

Clearly in the experimental model, the value of the
constant would appear to be closer to 10,0 if the
correlation were to be valid.

5.8.2 Heat Exchanger Handbook

The HEDH ¢ 2 expands thig evaluation in
sections 3,7,4 and 3,7,5 as follows:-

Based on normally experienced flow through a plate
exchanger, the £low wonld be expected to be laminar
ati-

Re < 10

and tarbulent ab:i-~

Re 2 1000

It states further that the tranmition area between
these values of Re is difficult to predict wibhout
accurate testing ani lies between plate heat
exchanger and flat plate theory.

It proposes that for f£low in this region the heat

transfer can be caleulated by interpolation between
the laminar value of:-
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Nu = 1,68 [R(s Pr

and turbulent of:-

Nu = §,2{Re)°-87pro-*

for values of 'l' between 0,7 - 2,0m and D,
between 4,0 and 7,0mm with an 1/w aspect ratio of
more than 1,8.

To compare these two values for Pr = 6,405 arn Re at
both 1000 and 10, then ecritical ivasclt numbers
would be:~

Bu = 42,84
Bu = 2,476

and by interpolation for Re = 141
Nu = 7,8

which is alse invalid for the test model.
5.8.3 Cheremisinoff
It is proposed in Chapter 10 of #Heat Transfer

Equipmentts? by Cheremisinoff, that for spiral
plate heat exchangers:-

h 1a [ Teere
2 21,86 {Re)=/3(pr)-7/3 L L
o8 1

where D = the spiral dia
and G = mass velocity
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which, when caleculated for the test model gives a

more realistic value of:-

k= 200 W/m?K
and
Mu = 16,5

However, this is still half the correct value.
5.8.4 Pobihausen

it iz proposed by Pohlhausen  in
section 2.5.1 that for parallel plates:-

<*fpes
Na = e
1
where

Pe8
o = 1,460 for — » 10°
1
and
c = 3,78 for 5‘;5 < 100
where Pe is the Peclet Number

Pe = Re Pr
and 8 is the equivalent diameter then:-

PeS

— = 37,19
and

Nu = 12,6
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5.8.5 8tephan

For annular ducts the HEDH‘?? gives the f~ilowing
correlation developed by Stephan for:-

0,1 5 Br s 10°
0 < di/de § 1,0

Re ¢ 2 300 4

d*:l 0,19[Pe(dy/1s10 @

N = Notf [d_. 1,040,11715e(dy/1110- 487

Using the chart in the HEDH'®* of Nu. against
de/de, Mu. was  taken as 4,7 and £(d./da)
calculated from:-

a, Jere
gl & oo | &
do do |
N o= 7,06
which is invalid for Lhe test model.

5.8.6 Martinelli

Por free convection in annuli, Martinelli, in
HEDH2’, derived the following correlation:-~

a g Te.7s Jarss |
Nu = 1,6 Pe T + 0,0919 ar Gr Pr T

where A = +1,0 for convection amgisted flow

and  a = -1,0 for convection opposed £low

and F is evaluated from a graph as a function of
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1/4 (pPed/1} where 'F' becomes asymptotic at a value
of approximately 0,035.

The equation yields Nu = 8,2 for convection amgisted
flow and a negative Nu when the Grashof Number was
corrected for the convection opposed LMID. Clearly
this is an invalid solution for this experiment and
HEDH'?> doas suggest that the relatinnship should
be nged with care.

However, it is also suggested in HEDH‘?', that the
effects of the free convaction conld increase the
vate of heat transfer to a value of three or four
times that of the forced convection alone, and this
would appear ta be borne out by the Wusselt Numbers
derived from various corrislations in this section.

5.9 ive Heat s

Faged on a derived value for ‘u’ of 3R6,94 W/m%K,
the area reguired for the regencrative milk to wilk
heat exchanger can be calculated approximately,
assuming a cold fluid entering temperature of 4°'C
and a pasteruised milk léaving temperature of 15°C,
with a uniform temperature difference of 11°C.

If losses are ignored then the heat lost by the warm
£luid equals the heat gained by the cold fluid.

The heat lost by the warm £1u:? in cooling from the
pasteurisation temperature of 72°C down to 13°C ismi~

©

= mep/\T

= 189 x 4190 x (72 - 15)
=10 773 ki/h

= 12 528 3/s
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Q = uA LMTR
12528 = 366,94 A 11

A = 3,10 m* being the surface area required for
regeneration.

The available heak transfer area in one pass of the
annulus is 2,1 w?.

5.10 Summary and Conclusions

The experimental process has established some
clearly defined conclusions relative to the original
praject proposal and cast some doubt on the validity
of certain established correlations when used in the
test application.

5.10.1 Concept
It i« concluded that: the original concept design

with the central annulus of the pasteuriser in a
ion flow mode would not work,

due to the unexpectedly high influence of convective
forces at low flow rates. However, in the
convention assisted parallel flow mode, the concepl
of an annular heat exchanger with heated central
core s valid,

5.10.2 Stagnation Zones

The stagnation zones as originally envisaged in the
congept design do not appear in the convection
asgigsted parallel flow mode and the dilution rate of
residual milk would be such that the visk of
bagterial propagation in the pasteurised milk would
not. present a hazard.
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5.10.3 rPracticability

The surface area envisaged for the regenerative

section in the pt design was i and a

commercial prototype would have to have @ double
annulus in order to increase the heat transfer area.

Certainly, practical ‘ modifications such aB
corrugating the heat transfer surface could be
introduced to enhance the heat transfer rate and
area, but within the terms of design reference for
simplicity and ease of cleaning, it is preferable to
have a double annulus.

5.10.4 Mathematical Relationshirs

It has been shown that the relationship:-

Nu = 0,491626{Gr Pr}o-25

is valid for the test model at the flow rate of
approximately 200 1/h. 8ince this correlation is
independent of Reynolds Number, it will also be
valid for the regeneratibn exchanger with a revised

Grashof Number.

It has also been shown that if the standard
correlation of:-

Nu = 0,56 {(Gr Pr)°-3r

were used to caleulate the heat transfer
co-efficient then a dimensionless factor of:-

¢ = 0,879952

should be applied to the LMTD when caloulating the
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area required in the convection aszisted flow mode.
5.10.5 Existing Data

Comparison witli the existing experimental data of
others, indicates that correlations which include
the Reynclds Number are less likely to be accurate
than those which are based on the Grashof Number,

Presumably this is because the effect of nakural,
free convection distorts the relationships at low
flow rates and values of Reynolds Number. Thim
would also account for the invalidation of the
Martinelli relationship, where a higher value of
Reynolds Number would have yielded more realistic
figures.

The HEDHC?), cautjons the reader to exercise care
in the use of the Martinelli equation but does not
give the limiting criteria within which the eguation
can be reasonably spplied. Tt is suggested that some
relationship between Reynolds Number and buoyancy
forces are these limiting criteria.

5.10.6 ‘Temperature Distribution

It has been shown experimentally that the
temperature gradients through the annulus are evenly
digtributed in convection assisted parallel flow,
and very irregular in  convection  opposed
counterflow.
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CHAPTER 6

PROTOTYPE DESIGN

6.1 General

This chapter outlines the design and manufacturing

for a p ype milk pasteuriser based on
the findings of previous experimental work., The
final ar of the iser is shown in

Figure 6.1,

6.2 Shells

It was deduced in section 5.9 that a heat tranasfer
area of 3,10m? is reqguired for the regeneration
section of the heat exchanger. Assuming that the
height of the exchanger is fixed at 1 200mm by
standard plate size, then a wean annular diameter
for half the area reguired would be 41lmm, and
taking an annular gap of 12,5mm then the outside
annulus  would be 417,25mm, and the inside 404,75mm.
However, allowing a 10% margin of error to
accomnndate the effects. of poseible over-heating,
then the surface area of each annulus becones
1,705m%, and the mean becomes 450,2mn  diameter,
making an outside shell of 458,45mm. For simplicity
of manufacture and taking into account the surface
requirements of the heating section, this value is
taken as 500mm, thus:-

outside annulus diameter = 500mm

second  annulus diameter = 475mm

third anpulus diameter = 45000
Page 71
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fourth annulus diameter = 425mm

This completes the tion heat h . The
milk input is between the second and third annuli
and the milk output between the first and second and
third and fourth annuli.

If the f£ifth annulus, being the final heating
section, follows a gimilar spacing, then its
diameter would be 400mm. However, there is a strong
case to have 7Ps 1,2m for the heating shells so that
the two shells could be made from one sheet of
1 200mm x 2 400mm.

Thus the outer heating cylinder can be 395mm
diameter and the inner hot water cylinder 370mm
diameter, both being cut from a single sheet without
wastage. .

Assuning a milk leaving temperature from the
regeneration sections of 61°C, the temperature rise
in the heating section will be 72°C - 61°C = 11°C
and the heat input required, assuming a specific
heat of 4180 J/kg K and £1ldw 200 1/h.

Q= mog/AT
= 200 x 4180 x 11
= 9 186 ki/h
= 2 559 J/s

Thus, for a heat transfer rate of 366,94 W/m*K and
an inner annular area of 1,395m®:i-

2559

MTD =
366,94 x 1,395

= 4,999°C
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the IMTD can be manipulated by adjustment of the
thermostats in the case of fixed heaters. or with
forced circulation hot water at four times the milk
flow rate, the temperature fall in the water would
be about 3°C, thus having an entering temperature of
approximately 76°C - and a leaving temperature
of 73°C.

(76-61) - (73-72)
Then LMD = —————m—————
tn 2
T
_ 14
T Ints
= 5,18'C

This difference of 1°C at the pasteurised milk
leaving point would be ideal for an optimum control
condition of approximately ©,5°C.

The shells would be manufactured f£rom 304 grade
stainless steel 0,9mm thick in a standard 2B finish
with one longitudinal weld. i

6.3 End Plates

Bnd plates are to be manufactured from food guality
polyethylene, an attractive milky white material,
eagily machined and resistant to temperatures up to
120°c. The material is heat weldable for fully
sealed piping connections and an end plate of 25mm
thick and 600mm diameter will not easily deform when
tightened againgt the annuli.

The aad plates asre to be wachined with concentric
grooves having centre lines of the diameters of the
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annuli  and sufficient clearance to enable the annuli
to be earily located. The grooves would each have a
gasket manufactured of food guality rubber forming a
woderately compressible seal at each end of the
annuli. The space between each pair of grooves
would be drilled and tapped, or heat welded, with a
suitable 10mm nominal bore comnection and the bottom
plate would be drilled and tapped for the fitting of
the three electric heaters and drain. The end
plates would have an outside diameter of 600mm, thus
allowing an overlap of 50mm all round for the
fitting of four tie rods on the outside of the
annulii between the end plates with which to draw up
the ends on the annuli. The bottom end plate would
be fitted with four adjustable feet.

6.4 Holding Tube

The purpose of the holding tube is to ensure that
all particles of milk entering f£rom the heating
section of the pasteuriser at 72°C, remain at that
temperature for a period of at least 15 geconds
before cooling commences. Based oh a flow rate of
250 1/h, the maximunm envisaged for the project, and
a vertical holding tube of 1 200mm long, then the
velocity necessary for a 15 second pass would be:-
—-———-——1 200 = 0,0Bm/s

15 x 1 000

This would necessitate a pipe of 33,23mm diameter.
Howevel, taking into congideration the pipework
leading into the holding tube, which in itself would
form an  extension of the holding tube, the
commernial  siZe . of 32nm nominal bore could be
selected. The diameter should not be excessive as
this would allow too much cooling and also ih the
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vertical position would allow separation of the flow
pattern due to reduction in mechanically induced
velocity with a  proportional increase in the
significance of convection forces. The holding tube
would be connected with bottom entry to ensure even
convection assisted flow. Clearly this holding tube
does not meet the criteria recommended by
Kessler‘?’in the DF Bulletin, but will suffice
for this application.

6.5 Piping

All piping, din accordance with good practice, would
be constructed from dairy tubing in 304 stainless
steel. Piping would be fitted with adeguate uniors
for easy dismantling to clean and, while a diameter
of 10mm wonld theoretivally be suitable, with a
velocity of 0,5 m/s and a pressure drop of 420 Pa/m
at 250 1/h a practical minimum size for cleaning
would be jS5mm diameter. Entering and discharge
piping would have to be higher than the heater
exchangers in arder to flood the annuli and pump.
In practice the entering pipework would be connected
to a high level balancé tank and the discharge
pipewnrk would feed a pasteurised milk tank at
approximately 2 500mm level. This is located for
gravity filling of the bottling machine.

The layout of the pipework is generally as shown in
Figure 6.1,
for draing and venting as

Provision to be made in the pipework
required and a 0C° -
100°C glass thermoweter will be fitted in a pocket
at the entrance to the holding tube.

6.6 Pump

The pump head can be calculated using the CIBSE!®>
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equivalent  length method and the equivalent
hydraulic diameter of the annali as follows:-

From tables for thin wall copper piping to BS 3931.

The pressure drop .in a 10mm dJdiameter pipe at
0,069 kg/s is 420 Pa with an equivalent length EL of
©,§. The preasure drop in a 1Smm diameter pipe with
an EL of 0,5 is 200 Pa/m. The pressure drop in the
32mm diameter holding tube is approximately 4 Pa/m
with an BL of 1,0.

The pressnre drop through the arnuli bhaving an
equivalent dianeter of 24,0mm can be taken from
tables for 25me ‘nipe as 9,0 Pa/m with an EL of 0,9
for full flow and 4,f Pa/m with an EL of 1,0 for the
regeneration section where the flow iz reduced.

Thus, assuming a  total pipe length to the
pasteurised wmilk tank of 20 metres, including the
integral piping of the unit and assuming that the
inlet to the pasteurised milk tank at a height of
3 500mm then:~

20,0m 15um pipe at 200 Pa/m 4 000 pa
1,2m  32mm pipe at 4 Pa/m 5 pa
2,4 25mm pipe at 9,0 Pa/m 22 pa
1,2m  25mm pipe at 4,0 Pa/m 5 pa
18 bends at X = 0,8 EL = 0,5 300 pa

Entry to Holding Tube at K = 0,7 EL = 0,5 70 Pa
Exit for Holding Tube at K = 0,4 EL = 0,5 40 pPa

Batry bo annull at & = 0,3 BL = 0,5 126 pa

Bxit for annuli at K = 0,4 EL = 0,5 168 pa

Entry from fTank at K = 0,4 EL = 0,5 40 pa

Exit to Tank at K = 1,0 EL = 0,5 100 pa
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Total Frictional Resistance = 5 476 Pa
3tatie head is 3 500mm - 1 200mm
or approximately 23 000 Pa.

The total pump head is then 23 000 Pa + 5 476 La
28 476 Pa, or 2,9 metres of water.

The pump selected is a Little Giant, 3 MD, single
phase unit with hygienic magnetic drive, and easily
dismantled polypropylene head. The motor would be
2 800 r/m 112 W,

The pump would be mounted on a suitable base
attached to the feet of the pasteuriser.

6.7 Diverasion valves

The proposed polysulfone air operated valves can be
adapted for solencid operation by the wanufacture of
a  suitable bracket and the modification of a
standard Burket 24 volt solenoid. 'the 15mm valves
are manufactured in Isrzel by SAE AFIKIM for milking
machines and meet all international food standards.

6.8 Assembly

The g¢eneral arrangement of the pasteuriser is shown
in Figure 6.1. Suitable brackets would be provided
for the holding tube and bazlance tapk and the feet
would be adjustable. The pasteuriser could be
wleaned in place by the use of 2 hot caustic
solution in the balance tank circulated in diversion
wode and later discharged to the pasteurised miltk
tank. To clean by dismantling, the four knurled
nnks  at the top of the end plate would be undone and
the top end plate lifted off after disconnszction of
the uniona in the pipework. The annuli could then
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be lifted off and cleaned individually, as could be
end plates. The pasteuriser could then be
reagsembled in the reverse order.

6.9 Pasteuriser Control System

The control system is required te maintain the
required milk pastenrising temperature and divert
for reprocessing any wmilk leaving the heating
section of the pasteuriser below that temperature.

The criteria reguire that milk must be heated to at
least 72*c and. held at that temperature for
15 seconds. Should the pasteurising temperature
fall below 72°C then the milk must be recycled.

The pasteurising Lemperature is measured after the
hot water to milk heating section of the pasteuriser
and before the holding tube. MWeasurement at this
point wirh the diversion wvalves located after the
holding tuhbe, effectively allows a 15 seccond safety
margin. Any rise in temperature above 72°C results
in a proportional rise of unpleasant burnt flavour
in the product which is nndesirable from a consume-
point of view. ,

There are various ready made controller/recarders on
the market that would meet the above reguirements,
but the intention of this project is to develop a
simple syatem of control, via a PC, =mo that a farmer
could use his pasteurising facility alongside his
other software for milking and feed control as part
of an overall farming concept.

It is envigaged that the printer of the P¢ will

serve as the recording system required in terms of
the Standard Milk By Laws*l), and that the option
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of wuming a PO will be more cost effective than a
controller/recorder bought off thke shelf,

§.9.1 Control Parameters

The basic control cycle required for a milk
pasteuriser 1is a simple proportional system of heat
input. to the primary heating water against rise or
fall of milk temperature around a set point of
72°C. while not specified in the Milk By Laws‘*?,
it is gep:rally accepted, and reference can be rade
to Chapter XI of the IDF Bulletin No 200¢7*, that
the iecording instrument should have a span of about
17°c¢. 7°¢ of which should be either side of the
Payteurising temperature in divisions of 0,5°C. In
practice, commercial plants can control te 0,1°C,
but this contrel acenracy is clearly related to the
narrowngas of the leaving temperatore difference
between heated milk and heated water.

In & system having forced circulation of the hot
water at, say, four times the milk flow rate, the
accuracy of weontrol will be vastly superior. The
simplicity of the plant proposed does however mean
that there is unlikely to be any sudden chrga
either in flow rate or incoming milk temperature, so
the possibility of needing rapid control response is
mininised. With this in mind, and taking into
account the experimental model tests, it is proposed
to use a static water container as a primary heater,
rather than forced circulation.

6.9.2 Pricess Control System

The di fe arvatg t of the cantrol
is as shown in Figure Rl.
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Valves X and Y are the 24 volt solenoid operated
diversion and flow valves rempectively, and H,,
H. and Hs are heating elements each 3kW 220 V.
Ry to Rs are low voltage normally open relaye
for the computer ontput to 24 volt interfane.

T 1is a PT 100 thermovouple. Of the three heaters,
Ha Ha and LERS Ha and [PY are control
heaters and Hs serves to provide additional input
when starting £rom cold.

Ra and Rs are 24 volt/220 wvolt npormally open
Each beater has an
intergral overheat thermostat which would be set at
approsimstely 68°C to suit the temperature gradient
of the primary heating water under stable flow

relays for heater contrel.

conditions.

Az a process technique, in common with other
pasteurisers, water would be circulated through the
system until the pasteurising temperature is
reached. The primary conktrol reguirements are
depicted in Figure H2.

6.9.4 Logic Definition

The logie definition is outlined in Pigures W3 and
H4 which dindicate the montrol logic and time logic
rampectively.

The time cycle has been tuken as 10 seconds, since
with a holding time of 15 seconds this frequency
would ensure that diversion would take place before
any milk having a lower temperature than Set Point
reached the diversion valve.




6.9.5 Control Software

The logic defired in section 6.9.4 has been
presented in a simple BASIC programme in Table HL.

While this programme does not purport to be
commercially aceeptable software, it nevertheless
mserves to illustrate the type of simple programme
that can be written for the control cyele., AIl
variables such as set point, cycle times and
intermediate switching levels are eaaily adjustable
in the software to facilitate the reduction of
huiting; this being an inherent problem associated
with the use of a static water supply.

The draft programme employs only simple programming
technigues and assumes inputs readily available in a
conveniant form. In practice howesver, an analogue
1/0 Board such as the BDascon -1, manufactured by
Metra Byte Corp has its own language symbols for
inputs  and ounkputs. For example MD% = mode,
CH% = Channe} No, DIO% = A data 1/0 integer avray.
BASADR% = Base address of DASCON 1 accessed.

For the purpose of this report the draft programme
depicts th~ interpretation of the logic in terms
acceptzble to a pe, On production of a prototype
pasteuriser a card will be custom built and the
final progr-mme developed around this card.

The software takes a time input, stores il., compares
it every 10 meconds to current time and completes a
control ¢yele of temperature cheoks and actions.

Bvery 60 seconds the programme initiates a PRINT of

time and milk temperature also recording both
a DIVERSION MODE and audlble alarm on milk
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temperature fall

The subroutine in the programme, for simplicity,
asgumes a linear output of 4 -~ 20 mA from a
temperature detector and converts this to a
temperature reading in degrees centigrade.

This oversimplification of the' input to the PC is
introduced to demonstrate the need for such a
conversion in the final programme, the complexity of
which would depend on the type of card ultimately
incorporated. )
The Pprogramme would continue looping for the
duration of the pasteurising run until the system
were switched off and the flow manually diverted.
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CHAPTER 7 '

SUMMARY OF CONCLUSIONS

7.1 General

The contents of this  chapter summarise the
conclugions ocutlined in each of the preceding
chapters.

7.2 validity

It has been shown experimentally that the original
concept of a pasteuriser with a counter £low heating
section, as depicted in figure 1.1, is invalid due
to the unexpectedly high role played by convective
forces in  mechanically induced laminar flow
conditions. It has, however, been further shown
that the concept of laminar flow milk pasteuriser,
with an  anpular, convection assisted, heating
section, as shown in Figure 6.1, is valid and
innovative.

7.3 Existing Data

Prom the literature survey, it was apparent that
theve is a dearth of works relating to heat Lransfer
in  concentric annuli, with either convection
asgisted ¢~ convection opposed flow. Cerxtain doubts
have bew i cast on the validity of existing
equations. it is suggested that this area might
offer scope for further research to establish the
limits within which existing data can be applied and
to develop further mathemetical relationships for
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practical application.
7.4 Experimental Data

Bxtensive experimental data

wa® ohtained from a

series of teats carried out on a full size model of

one annulus, with primary heating, manufactured for

the projoct.

7.5 Stagnation

1t has heen shown that in the convection arsisted
mode, due to the even temperature gradienvs, the
anticipated propagation of stagnation zones at risk

temprratures is not likely to occur.

T.6 Heat Transfer

From experimental data, mathematical relationships

have been derived for the heat

Nu = 0,491626 (Gr Pr)c.as

transfer, namely:-

or that a factor of 0,879952 shoulu be applied ta
the LMTD when using the Fourier equation.

~ The overall heat transfer co-efficient was

determined as 417 W/m®k.

w
The reader is referred to

i
i

conclusions,

7.7 Controls

The analysis in Chapter 6 hasm

5 Page 85

Chapter 5 fur expanded

shown that the concept

of using a PC to control the milk pasteuriser and
record the data is viabls and in keeping with
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current trends in the farming industry. There is no
doubt, however, that the guestion of control system
stability bas not been adequately addressed in the
project report and will only be resolved through
experiments on a prototype machine.

7.8 Practical Application

The original concept has, as a result of the project
research, been modified in three major ways. The
regeneration section has been doubled, the flow
pattern in the heating section of the pasteuriser
has been reversed from counter to parallel flow and
the overall diamster of the pasteuriser has been
reduced from 600mm to 500mm.

The design concepts are baged on ease of
manufacture, with maximum local ocontent, avoidiag
the use of expensive imported plates, and with the
small scale of daily milk throughput envisaged,
pracgtizal considerations have taken nracedence over
heat exchanger efficency.

7.9 Commercial Application

In the 1light of the project results a patent
application has been filed, Appendix I refers, and
gommercial manufaoture appears economically viable.

7.10 Sunmary

the writer is consciovs that many areas of the
deuign, such as Film co-efficients, limiting
nonditions of  validity, control stability and
correlations relating to convectior. within the
primary heating medium, have not  been fully
explored. This has been Firstly becawte of the
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practical need to draw a linm somewhere in the
ressarch and secondly to limit the research tao that
necessary to validate commercial manufacture, while
nevertheless satisfying the reguirements of the six
month project report.
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INITIAL CALCULATIONS

The conceptual calculations contained i
Appendix are presented uncorrected in their o
form converted from imperial units.

Mass flow rate required 250kg/h.

Milk Specific Heat taken as 0,95 times
water.

Regeneration Section: Milk to Milk.

T in 4,4°C

T, out. 50,0°¢ approx
Ta  in 72,2%C

Tz out 21,1%c or less

Heat rejected = Heat gained {Losses ignored)

250 x 0,95 x (72,2-21,1) x 1,163
= 14 089 J/s

Q

at a wean temperatwre difference of 15.6 degC
and

APPENDEX A

n  this
riginal

that of

based on 567,8 W/u?K for concentrle oylinders

the Area:-

A=1,6m

Heating section; Water to Milk.

Milk dn 5¢0,0°c
Milk out 72,2°C
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Heat gadn - (72,2 - 50) x 0,95 x 250 x 1,163
= 6 131 J/s

Assume a water temperature rise of 5,6 degC and an
arithmetic mean temperature difference under

counterflow conditions of:~

(79,4 ~ 73,9) + (73,9 - 50)

AMTID =
2

= 14,7 degC

and surface area reguired at 851,7 W/mK (for
serpentine plates).

A = 0,489m?

State of Flow

250 kg/h approximaktely 0,25m*/h
Assume gap between cylinders of 12,7mm
Bquivalent diameters = 2 % 12,7mm

= 25, 4mm

Agsume (D9, 6mm + diameter inner ecylinder. Then
perimeter of annulus is 1,915mm and

¢sa = 0,0239m*
+hus velocity = 0,00286 m/s
Viscosity of milk = 1,5 centipoise

Re = 52,5 and Flow will be laminar
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NS
N |
TEST RESULTS M {
Annular Thickness
The following anmular thick were
through thermometer pockets:~
Table B.l Annular Thickness
Packet No Thigkness
{mm
1 14.6 i
2 14.6
3 11.5
4 12.8
5 13.5
6 . 8.8
7 10.4
8 13.1
9 13.3
-~ 10 10.7
i —
i ‘
te
F Diserepancies in dimensions appear to have arisen -
S during manufacture, apart from No § which was caused 0
; through damage in transit.
U |
Y
1o ,
i
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Thermometer Corrections

Table B.2 Thermoneter Corrections

Thermometer{ Test 1 [(Correction| Test 2 |Correction
Number Ambient 40°¢

o c c *e .
1 13,3 0,0 42,3 0,0 ’

2 13,0 0,3 2,2 +0,1

3 13,1 +0,2 42,2 +0,1

4 13,7 -0,4 42,1 +0,2

5 13,1 +0,2 42,6 -0,3

6 13,1 +0,2 42,3 0,0

7 13,7 -0,4 42,6 .3

8 12,9 10,4 41,7 0.6
: 9 13,0 +0,3 42,0 0,2 P

10 12,9 +0,4 42,0 0,3

11 13,9 ~0,6 42,1 +0,2

12 13,5 -0,2 42,0 0,3

13 13,4 -0,1 42,3 0,0

Thermometer No 1 taken as base thermometer with zero
eorrection in terms of Chapter 5, section 5.2.1,

Dt »
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Test No.:
Date:

Time:

PP B

TEST REPORY

01

7/07/80

i2.06.00

Ambient Temp.:

14*c

Status: Convection Oppdddd/Assisted/NiL

Primary Water Heating: Yes/Né

Flow Muasurement?: 4 litres 63 secs
Therms. Dye Status
No. |Dug € Time ; Time
open Dy. 16]506 > 55,10
31 113,8 jpanel v oviitle  [91L30 ‘No T 8leys wo Clear|56,3)
2 14,5 [Panel Mo @1l 57..!5()?:1 3 Qloar 17101.25
3 {15,0 {panel No 4 visufi)» 31,20{8e 4 Start tp €lear|56.20
4 |21,9 [panel ™o 4 P} ;xZ.bO e 4 Clear 56,25
5 [24,5 [Panel No B wisfble ‘:"lﬁhlﬂ No & Start to Clesr|37.15
6 (23,0 [Panel No § faidi 53.% [No 8 Cleax 02,20
7 |24,8 {Panel W3 b visihiz (53.22 No 9 Start to Cleariss,o0]
8 25,5 |pane} W 8 fail 74,05{No 9 Clear /.00
9 (29,0
10 {28,0 [Dye Discharge $fisible|54.30(Dye bischarge Glearjd).3n
11 (33,0
12 (38,1 ~lose Dye 55,10,
13§ ==
Notes: Time change 16.00.00 to 17.00.00
]
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TEST_REPORT

Test No.: ____ 02
Date: 7/07/88

Time: 17.10.00 .

Ambient, Tewp.: 14°¢c

Status: Convection @¢pédéd/asvisted/MiY

Primary Water Heating: Yes/Wd

Flow Measurement: 4 litres 62 secs
Therns. Tye status
No. |Deg ¢ Trime Time
open Dye 17/15.10(0pen Water 22,35
1 ]13,5 |Panel No 3 visible [15.43)No 3 Start to Clear|24.20
2 [14,0 [panel No 3 full 16.40No 3 Clear 35.05
3 [14,5 [panel o 4 visible (16.53(No 4 Start to Clear|23.25
4 [20,3 [Panel No 4 full 18.23(No 4 Clear 32.10
5 [23,4 |pancl No 8 visible (18.05!N> 8 Start to Clear|25,20
6 122,8 [Panel No B fall 20.15N0 8 Clear 33.55
7 (23,8 [panel No § visible [1%.30[No 9 Start to Clear|38.40
8 (24,2 [Panel No 9 full 21.40(No 9 Clear 38.40
3 |27,
10 [27,0 |Dye Discharge Visible|20.20(Dye Discharge Clear{36.15
14 13,3
Close Dye 22.35
| .
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TEST REPORT

Test No.: 03
Date: 12/07/88
Times 14,00.00

Ambient Temp.: 13°¢
Status: Convection Cfpdddd/Addidied/Nil

Primary Water Heating: Yes/No

Flow Measurement: 4 litres 5¢.__ secs
Therms. Dye Statuvs
No. [Deg € Time: Time

Open Dye 14[07.30{0pen Water 16.20

1 Panel No 3 visible [07.55[No 3 Start to Clear[23.57
2 Panel No 3 full 63.23|No 3 Clear 58,17
3 Panel No 4 visible [09.02{No 4 Start to Clear|18.00
4 Panel No 4 full 10.16{No 4 Clear 50.30
5 Panel No 8 visible |10.07(No 8 Start to Clear|20.00
6 Panel No 8 full | 12.14|No 8 Clear 39.27
7 Panel No 9 visible [13.08{No 9 Start o Clear|18.08
8 Panel No ¢ full 15.45[80 9 Clear 35.18
9

10 Dye Discharge Visible[13.26|Dye Discharge Cleax([40.13
a1
12 Close Dye 16.15
13

Wotes: Panel 9 half full when discharge started blue. Flow iz

é%\i:s;‘apiral. To clear flow is vertical spiral. Clearing is
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TEST REPORT
1, Test No.: 04
Date: 12/07/88
Time: 14.58.00
ambient Temp.: ___ 13%%
gtatus: Convection Gyidded/Rddididd/Nil
Primary Water Heating: ¥ég2/No
Flow Measurement: 4 litres —_59 secs
Therms. Dye Status
No. {Deg © Time Time
Open Dye 15[01.00(0pen vatexr 10.10
1 Panel ,No 3 visible 01.32[Nc¢ 3 Start to Clear{17.57
- 2 Pane} No 3 fall 03.,17[No 3 Clear 41.20
3 Panel No 4 visible 02.54{No 4 Start to Clearj10.47
4 Panel No 4 full 04.26|No 4 Clear 33.30
5 Panel No 8 visible 05.26|No B Start to Clear|11.35
[ Panel No 8 full 06,24 No 8 Clear 24.28
7 Panel No 9 visible 06.54|N0 9 Start to Clear(10.33
3 8 Panel No 9 full 09.50{N0 9 Clear 22.25
f ! 9
i‘ © 10 Dye Discharge Visible|07.55{bye Discharge Clear(23.35
i 11 '
{ 12 Close Dye 10.10
¢i 13

|
i Notes: One cube of dye only. Flow is vertical to Panel 9
i
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TEST REPORT

Test No.: 05 )
bate: 12/07/88

Time: 15.44.00
Ambient Temp.: 13°*¢

Status: Convection dppsidd/AddidLad/Nil

Primary Water Heating: Yed/No

Flow Measurement: 4 litres 58 __ secs
Thetms. Dye Status
Ho. [Deg © Time Time
Open Dye 15.48[Open Water 55.50
1 Panel No 3 visible [48.34[No 3 Starb to Clear(01.30
? Panel No 3 full 49.43[No 3 Clear 30,14 i
3 Panel No 4 visible  (49.59(No 4 Start to Clear(56.43
4 Panel No 4 full 51.04{No 4 Clear 25.16
5 Panel No B vimible {51.49(No B Start Lo Clear|57.50
6 Panel No 8 full - [52.46[No 8 Clear 21,09
7 Panel No 9 visible [53.02{No 9 Btatt to Clear|56.19
8 Panel No @ £all 55.32|No 9 Clear 12.27
9
10 Dye Discharge Visible|54.16{Dye bi Clear|13.16
1
12 Close Dye 55,50
13
Notes: Two dye cubes used, 15,50.27 photograph of Panel 4 was :
taken, then photograph of 8. .
e
i
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TEST REPORT

Teat No.:
Date:
Tine:
Ambient

Status:

06

13/07/88

12.56.00

Temp. 14t

Convection @ppdddd, Assisted/NiY

Brimary Water Heating: Yes/id

Flow Measurement: __ 4 _ litres 60 secs
Therms. . Dye Status
No. [Drg © pime Tine

open Dye 13{07.15 [open vater 13,15

1 |11,5 (panel o 3 visible (07.50[No 3 Start to cleat|id.40
2 (13,0 [panet N0 3 full 08.53(No 3 Clear 26.23
3 13,5 |panel Mo 4 visible  |08.50(No 4 Start to Clear|14.23
4 [20,0 |panet mo 4 full 11.33[No 4 clear 23,45
5 {22,0 |panel Mo 8 visible  (10.21[No B Start to Clear|15.37
6 [21,5 (panel Mo & full 12.58/%0 @ clear 24,44
7 |22,8 Jeanel bo 9 visible  |10.50|No 9 Start to Clear|17.23
5 |23,0 [panel fo 9 full 13.20[N0 9 clear 27.19
s |20
10 [26,0 |bye Discharge visible|12.41|bye Discharge Clear|27.09
11 130,0
12 (36,0 |Close Dye 13.45
12 |20,0

Notes: Iwo dye cubes used. Flow is laminer/ vertical.
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TEST REPORT

Test No.: 07

Date: 13/07/88

Time: 13.40.00

Ambient Temp.: 14°c

Status: Convection Gppddéd/Assisted/Nil

Primary Water Heating: Yes/MNd

Flow Measurement: 4 litreas i3 secs
Therms. Dye Status
No, [Deg C Time Tirme

Open Dye 14|04.00{0pen Water 09,50

1 [12,5 [Panel No 3 visible 04.38[No 3 Start to Clear[11.10
2z 13,8 [Panel No 3 full 06.15[No 3 Clear 22.42
3 {14,8 {Panel No 4 visihle 05.30iNo 4 Start to Clear[10.50
4 (23,3 [panel Mo 4 full ~-= {No 4 Clear 21.32
5 26,0 |Panel No 8 visible 06.40[No B Start to Clear|12.17
6 (24,5 [Panel Mo 8 full ~~- |No 8 Clear 18.50
7 |26,5 |Panel No 9 visible ==~ [No 9 Start to Clear|14.55
8 (27,0 |Panel No 9 full -—= |Fo 9 Clear 23.50
2 (30,0
10 30,5 |Dye Di igibl 16{Dye Di Clear|23.04
11 |34,5
12 (37,5 Close bye 09.50
13 21,2

Notes: dye problems. Restarted 14.04.00

Telephonel 14 DS 16 all panels full and blue discharge.
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TEST_REPORT

Test No.: ___ 08
Date: 13/07/88

Time: 14.26.00

Ambient Temp.: 15%¢

Status: Convection Gppdseéd/Assisted/Nil

Primary Water Heating: Yes/Nd

Flow Measurement: 4 litres 76 secs
Therms. Dye Status
No. jteg C| Time Tire
Open Dye 14{30.00 [open ster 38.15

13,0 [panel No 3 vigible  [30.27[No 3 Start to Clear[39.53
15,0 jPanel No 3 full 31.58|No 3 Clear 52.48 <)
17,0 [Panel No 4 visible 32.14{No 4 Start to Clear|39.37
22,8 |anel No 4 full 34.10[No 4 Clear 51.02

24,0 {Pane] Mo B full °  [36.10)No 8 Clear 48,18

1
2

3

4

5 |24,5 [panel No 8 visible 34.04(No 8 Start to Ciear|42.22
3

7 |26,8 |panel Mo § visible  35.52|No 9 Start to Clear|43.53
8 26,2 (panel Mo 9 £ull 38.58{No 9 Clear 55.14
9 |8

10 (30,5 |Dye Discharge Visible|37.00|Dye Discharge Clear({54,07
11 {33,5
12 (37,5 (close Dye 38.15 ; 7

13 20,5 i

Notes: Flow is vertical/laminar. Panel 8 late call 14.42.22
Dye solution on low speed test is imsatisfactory
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Test No.:

Date:

Time:

Ambient Temp.:

TEST_REPORT

09

13/07/88
.3.03.00

“15°c

Status: Convection Qppdddd/Assisted/Nil

Primary Water Heating: Yes/Nd

Plow Measurement: litres 76 secs
‘Thexms. Dye Status
No. |Deg © Time Time 4
open Dye 14[01.00{Open Water 1845
1 13,5 [Pl No 3 visible  (01.25(No 3 Stark fo Clear|09.51
2 (15,0 lpanel ¥o 3 furl 02.45No 3 Clear 26,55 J
3 |16,0 |panel Mo 4 visible [03.00(No 4 Start: to Clear|09.35
4 23,0 [panel No 4 full 06.27{No 4 Clear 22,03
5 |25,2 |panel No & visible  [05.13[No 8 start to Clear|[11.56
6 (24,2 |panel No & £ul) 07.18(No © Clear 12,05
7 26,5 |panel No 9 visible  |06.52[No 9 Start to Clear(13.23
8 [27.5 {panel o 9 full 08.27|No 9 Ciear 27.50
9 |29,2
10 |30,0 !Dye Discharge Visible[07.53{Dye Discharge Clear(24.16 ’
1 [33,3 : '
12 {37,0 |close Dye 08,45 v
13 |23,0 ;
Notes en dye into vertical stings. ‘fﬁs‘

(Mditmnal dye) Better results
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TEST REPORT

Test No.: 10

pater 14/07/88

Time: 16.55,00

Ambient Temp.: 11°¢

Status: Convaction Gppdsdd/Adsidted/Nil

' Primary Water Heating: Yéd/No

Plow Measurement: __ 4 litres 55 secs
Thetms. Dye Status
No. jPeg €, Time Time
open bye 10{56.30 [ open Water 04.45
1 Fanel No 3 visible |57.15[No 3 Start to Clear|06.29
2 Danel No 3. full 59.22(No 3 " wr 11.29
3 banel No 4 visible  {57.20[No 4 Start to Clear[05.39 ‘3
- 4 banel No 4 full 59.33{No 4 Clear 10.29
5 Panel Mo 8 visible [58.32(No B Start to Clear{05.24
6 Panel No 8 £all 59.58 (80 6 clear 09.58
7 Panl Mo 8 visible |02.4[No § Start to Cleat|07.44
] Panal No 9 full 04.17|No 9 Clear 10.52
. ;
3’ o“ 10 b= pi 1sible|59.00{Dye D Clear|12.54
: 1" 5
l s 12 Close Dye 04.45
13 !
Notes: No lesks from dye system. i
I 0
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TEST REPORT

Test No.: .
Date: 14/07/88

Time: 11.37.00

Ambient Temp.: 12°c

Status: Convection Ogpdséd/Resisied/Nil

Primary Water Heating: Yéd/No

Flow Measurement: __4 litres 70/74 _ secs
Therms. Dye Status
No.|Deg C ‘Time Time
Open Dye 11{39.00(0pen Mater 46.50
1 Panel No 3 visible (39.40[No 3 Start to Clear(49.38
2 Panel No 3 full 40.08|No 3 Clear 53.40
3 Panel No 4 visible [40.17(No 4 Start to Clesr|49.10
4 Panel No 4 full 41.33[No 4 Clear 51.13
5 Panel No 8 visible [39.45{No B Start to Clear[47.46
6 Panel Xo 8 full 5.00{No 8 Clear 50.10
7 Pancl No § visible  [44.30(No 9 Start to Clear|49.47
8 Panel No 9 foll 46.30 Mo 9 Cleax 51.30
s
10 e Discharge Visibte|41.15{Dye Discharge Clear|54.52
1
12 Close Dye 46.50
13
Notes: Panel 9 vertually no covruption 11.44.00. Flow is from
10 straight down to 3. Dye discharge dark blue. Dye line drops
i 1ly. Leak from dye system.
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TEST REPQRT

Test No.: 12

bDate: 14/07/80

Time: 12.33.00 f

Ambient Temp.: ___ 13°C

Status: Convection dppdddd/Addisréd/Nil

Primary Water Heating: Yd¢/No

flow Measurement: __ 4 _ litres 87 gecy
Therms. Dye Status
No. |beg € Tire 7ime
Open Dye 12[33.00(0pen Water 40.00
1 Panel No 3 visible 33.42]No 3 Start to Clear|[42.43
2 Panel No 3 full 34.13(No 3 Clear 47,43
3 Panel No 4 visible ' [33.46{po 4 Stert to Clear}42.03
4 Panel No 4 full 34.48{N0 4 Clear 46.30
5 Panel No 8 visible 33.35]N0 B Start to Clear|41.09
6 Panel No 8 full '[38.27{¥o 8 Clear 44.40
7 Panel No 9 visible 30.27|No 9 Start to Clear|41.43
8 Panel No 9 full 39.21 (Mo 9 Clear 46.11
9
1o Dye Discharge Visible|34.48{ye Discharge Clear]48.32
1
12 Close Dye 40.00
13 .
Notes: Leak from dye system.
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TEST REPORT

Teat No.: 3
Pate: 4/07/88
Tines: 4.48.00 .

Ambient Temp.: i3.5°¢

Status: Convection Uppdséd/Addidiédd/Nil

Primary Water Heating: ¥éd/No

. Flow Measurement: ___4 litres 70 secs

3 Therms. Dye Status
No. |Peg C Time Tire
Open Dye 14([56.15]0pen Water 02.00

21,8 [panel No 3 viaible 56.40ito 3 Start to Clear)02.50
23,5 jpanel No 3 full 57.05|Ne 2 Clear 15.45
22,2 {panel No 4 visible 56.50{No 4 Start to Clear{03.09

26,5 [panel No 4 full 58.00|No 4 Clear 14.58

28,0 |panel No 8 full * 159.00[No 8 Clear 13.58
23,0 {panel No 9 visible 53.48[No 9 Start to Clear{05.27

1
2
3
4
5 |[28,2 jranel No B visible 57.44iNo 8 Start to Clear|03.32
6
7
8
9

i 27,2 |panel No 9 full 01.22iNo 9 Clear 17.58
: M 31,0 11.26
[ 10 13,8 [nye Discharge Visible|57.44 Dye Discharge Clear
11 (13,5
Ly 12 [39,3 [close bye 02,00, o
: 13 (28,5 |

Notes: Convection is vertical - esp Panel 4. Flow is 10/3
IConvection is 4/8/9. 3.07.30 even defused blue. General
fusion remaing. ter No 7 +-1°C
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TEST REPORT

Test No.: ___ 14
bate: 14/07/88

Time: 15.24.00 .
Ambient Temp.: 14°c
Status: Convection Opposed/Addidtéd/Nil

Primary Water Heating: Yes 'Né

Flow Measurement: 4 litres 74 secs
Thexms. Dye Status
No. [beg © Tine Time
Cpch Diu 15{36.00 {Open Water 35.10

22,8 |Panel No 3 visible 30.28({No 3 Start to Clear{37.05
23,8 jpanel No 3 full 30.37{No 3 Clear 46.45
22,0 [Panel No 4 visible 30.40[No 4 start to Clear|37.10

28,0 |Panel No 4 full 31.35[No 4 Clear 47.39

29,0 |Panel No 8 full 32.27{No 8 Clear 46.08

1

2

3

4

5 (28,5 [Panel No 8 visible {31.30[Na B start to Clear}37.30
6

7 (24,0 |Panel No 9 visible [32.43[No 9 Start to Clear]39.26
8

9

27,5 |panel o 9 full 34.55{No 9 Clear 52.59
3,0
10 14,0 |Dye Discharge Visible|33.28{ye Discharge Clear(47.48
1 [13,8
12 {39,5 [close Dye 35.10
13 |29,0
Notes: rmometer No flucuates +-1°C.  Convection began at

‘The)
15.31.20. At 15.38.55 photogl.aph, general light blue, At
15.39.52 panmp/dye system/very even difusion. When 'clear' there
wag slight defusion of dye - Test 13 too. Valve seeting for
Tests 13 & 14 as per unheated test and no leaks from dye mystem.
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TEST REPORT

Test No.: 15
Datet 14/07/88

Tine: 15.59.00
Bmbient Temp.: i3°¢ .

Status: Convection Opposed/As#idtéd/Nit

Primary Water Heating: Yes/Wd

Flow Measurement: 4 litres 79 secs
Therms. Dye Status
No. {Deg € |mime Tire
Open Dye ¢ 16{05.00|0pen Water 11.30
1 21,5 |Panel No 3 visible 05.24{No 3 Start to Clear{12.40
2 ]23,2 |Panel No 3 full 05.35|No 3 Clear ? |20.50
3 (21,5 jPanel No 4 visible 05.50[No 4 Start to Clear|13.23
4 (26,8 |[Panel No 4 full 06.5%|No0 4 Clear 23.00
5 127,5 |panel No 8 viaible 06.50[No 8 start to Clear;13.38
6 28,0 [Panel No 8 full 08.02|No 8 Clear ? |2L.00
7 |23, {Panel No 9 visible 07.55[No 9 start. to Clear[16.38
8 26,8 [Panel No ¢ full 11,10iN0 9 Clear 28.10
9 (30,0 ,
10 [14,2 [Dye Discharge Vieible(06.40|bye Discharge Clear|24.10
11 |13,8
12 [39,0 {cClose Dye 12.30
13 {28,2
Notes: Thermometer No 7 fluctuates +- 1°C. At 16.06.14 photo-
graph of Panel 4. Rolls - strings - convective. System set at
maximm £low available.
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Test No.:

Date: __

Time:

TEST REPORT

16.35,00 .

Ambient Temp.: i2°c

Status: Convection Dpposed/Addidpéd/Nil

Primary Water Heating: Yes/Nd

Flow Measurement: 4 litres 79 secs
[ Thetms. Dye Status
| Mo.{peg € Time Tine
Open Dye 16{43.00{0pen Water 48.30
1 j21,5 [panel to 3 visible 43.25|No 3 start to Clear[49.16
2 {23,5 [panel No 3 full 43.37 o 3 Clear 00.16
3 21,5 jpanel An 4 visible -{43.40/No 4 start to Clear|49.40
4 26,0 panel No 4 full 44,51 Nc 4 Clear 00.40
5 |27,5 jpanel No 8 visible 43.55[|No & Start to Clear|50,01
6 27,5 |Panel No 8 full 45.31[No 8 Clear 58.10
7 {210 |panel No 9 visible 46.03 Mo 9 Btarvt bo Clear(52.22
6 {21,5 [panel No 9 full 48.08[No 9 Clear 05.05
=~ 9 [30,5
1 o 16 13,2 ipye Discharge Visible{46.00[Dye Discharge Clear|01,32
) 11 §13,5
12 (38,3 [Close Dye 48.30
13 {28,2
4] Notes: Magimum £low available. Thermometer to 3 £luctuates
+=,5°C and Thermometer No 7 +~ 1°C. Flow down then rising.
Convection is spiral left/right. Discharge deep blue, panels
light blue. All clearing slowly, fairly evenly.
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TEST REPORT

Test No.: 17

bate: i4/07/88
Time: i7.98.00 - -
Ambient Temp.: ____11°C

Status: Convection Opposed/Rddidvédd/Nil

Primary Water Heating: Yes/N¢

Plow Measurement: 4 __ litres 80 secs

Thexms. Dye shatus
No. {Deg € Time Time
open Dye 17{15.00{Cpen Water 20,20

21.5 |Panel No 3 visible 15.28(No 3 Start to Clear|21.03
22.8 [Panel No 3 full 15.34|No 3 Clear 32.55
21.5 jPanel No 4 visible 15.56No 4 Start to Clear|21.38
26,5 ipanel No 4 full 17.05[No 4 Clear 35.54

1
2

3

4

5 |27.2 {panel No 8 visible [15.18|No 8 Start to Clear|22.27
6 [27.5 [Panel No 8 full ' {17.51No 6 Clear 33.47
7 {20.0 [Panel No 9 visible {18.13{No 9 Start to Clear{25.15
8 [26.5 [panel Mo 9 full 19.55(No 9 Clesr 45.30
9 [30.8

10 [13.0 |bye Discharge Visible|16.35(Dye Discharye Clear|33.31
11 (13,5
12 |38.5 [close Dye 20.20
13 |20.5

Notes: Thermometer No 7 fluckuates +- 1°C.  Vertical convection
slightly left to right. Convection strands between 1 and 1,5cm
apart, and lom wide. 17.19.39 air leak.
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APPENDIX C

CONSOLIDATED TEST RESULTS

Table C1 Sequence. of Panels Filled

Bottom Flow Connection - No Heat

TEST No | PAMEL No | PANEL Mo | PANEL No | PANEL No
3 3 4 8 9
4 3 4 8 9
5 3 4 8 2

Top Flow Connection - No Heat

TESE No | PANEL No | PANEL No | PANEL No | PANEL No
10 3 4 8 9
1 3 4 8 9
12 3 4 8 9
7
i
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Table €2 Sequence of Panels Filled

Convection Assisted

TEST No | BANEL No | PANEL No | PANEL No | PANEL No
1 3 4 8 9
2 3 4 8 9
4 3 4 8 8
7 no result - -- -
8 3 4 8 9
9 3 4 8 8 g

convection Opposed

IEST No | PANED No | PANEL No'| PANEL No | PANEL No
13 3 4 ] 9
14 3 4 [ 9
w 15 3 4 8 9 )
o i6 3 4 [} 9
o] - ‘
[ 17 3 4 8 9
b
N B
i | )
| ol
1Y
.
4
|
|
|
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Takle C3

Sequence of Panels Cleared

Bottom FPlow Connection.- No Heat

. TEST No | PANEL No | BANEL No | PANEL No | PANEL No
3 9 8 3 4
4 9 8 4 3 ,
5 9 8 4 3
Top Flow Connection - No Heat Z
3
TEST NO | PANBEL No | EANEL NO | PANEL No | PANEL No
' ) [ 4 9 3
: 1n 8 4 9 3
12 [} 9 4 3
161
[
i J !
1 <| |
i i I
» X
i
|
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Table C4 Sequence of Parela Cleared

Convection Asmpisted

TEST No | PANEL No { PANEL No | PANEL No | PANEL No -
1 4 ] 3 2
2 4 8 3 9 ¢
6 4 8 3 9
7 8 4, 3 L]
a [ 4 3 9
9 8 4 3 ]

Conveation Opposed

TEST No | PANEL No | PANEL No § PANEL No | PANEL No
13 8 4 3
14 8 3 9
; ﬁ 15 3 8 4 9
} o 16 8 3 4 9
? : 17 3 8 4 9
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Tabln Ch

Bottom flow Connection - No Heat

Time Taken for Filling From Zero Base

RN 3 24K8L 4 oA¥EL 6 PaKEL 9 efeLE | o
TBS7 Ko | Start tPinish | Start (Pinish [ Start | Fiaish| Start [rinish
i i i i i i it 1in
3 69-25 [ 9353 [ 01-32 § 02-46 § 02-37 § O4-45 [ 05-30 § 08-15 | 0815 | 4,067
“h 80-32 § 02-17 [ 01-54 [ 03-26 [ O4-26 | 05-24 § 05-24 [ 08-50 | 08-5¢ [ 4,967
5 00-34 | B1-41 1 0159 [ 83-04 [ 43-44 [ &4-46 | 05-02 | 07-32 | @3-32 | 4,197
_A;BRAG; 00-30 [ 01-58 [ O1-48 [ 03-05 § 03-37 | 0438 | (5-25 [ 0812 [ 00-12 { 4,090
Top Flow Connection - No Heat
AL 3 FANEL § PAFEL 6 PANEL 9 CHCLE | FLON
T88% Bo | Start [Pinish § Start [Pinish ; Start [ Plaishy Start [Pinish
k i i i i i L I
i 90-45 | 02-52 | 0450 [ 03-03 [ 0282 | #3-20 [ 06-L4 | 08-47 | 03-47 | 4,067
i 90-40 [ 01-04 [ 0357 § 02-33 | 00-45 { 06-00 [ 45-30 | 47-30 { 07-30 { 3,203
1 G842 [ 91-13 [ 00-46 [ 01-48  00-35 § 05-27 | 05-27 [ 06-20 | 0621 | 2,756
AVRRAGE | 00-42 3 01-43 [ 0058 | 2-20 [ 0107 [ 04-58 | 05-44 | B33 | 4703

3356 i
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Table €6 Time Taken for Filling from Zero Base

Convection Assisted

PANEL 3 PAHRL ¢ PANSE & PANRS & CYCLR | FLOK

TEST Ko § start [Piniah | Start [finish § Staxt | Pinishi Start [Pinish

i i : in-gea ni f 1

b 60-30 | 01-25 {6430 [ 0280 [ 02-20 | 93-95 { 03-22 | 94-05 | 84-20 |3,008

1 00-33 § 01-30 [ 81-43 3 93-01 [ 02-55 § 05-05 [ 44-20 § 06-30 | 06-30 11,993

£ 0035 [ 81-28 | 01-35 [ 04-14 [ 03406 [ 05-43 § 03-35 | 95-05 | 06-05 |4,000

|
7 00-08 1 0215 [ 01=30 [ === §O240 ) e | e - == 318 . \

) 08-27 [ 04-56 | 02-14 { 04-10 { 04-04 [ 06-10 | 05-52 [ 0g-58 [ 058 (3,152 )
9 0-25 ] 01-45 Bl-dﬂ‘ 05-27 | 04-13 § 46-18 | 05-52 ] 0227 | 0327 [3,187
AVBEAGR | 06-31 [ O1-45 [ 0145 | 83-11 [ 03-13 [ 04-23 | 03-50 [ €5-31 [ 05-35 (3,545
Convection Opposed
. ™ PARES 3 PANBL § PANEL 6 PAEEL 9 CYCE [ PLOY
,’ o TEST Ho | Start (Finieh | start [Pinish | Stavt [ Finish| start [Pinish
: i o-ate|nis-secai ceclad i in-sec) 1/n
E 13 ] 00-25 | 00-58 [ 80-35 | 4L-45 [ Q1-2% [ €245 [ 83-33 [ 05-07 [ 05-07 [3,428
; B 0028 | 00-37 0840 [ 0115 [ 2§-30 | 82-27 DJ:lS 03-55 1 04-55 (3,04 C
:\; < 1% § 9020 | 06-35 | 0-30 | O1-3% [ 01-38 [ DI-03 | 02-55 [ 06-10 | 06-19 [3,U37
‘1 . 16 | 0+25 | 90-37 1 08-d0 | 0f-51 | 80-55 § 02-31 [ 03-03 { 05-00 f 05-08 (3,007 EN
g 177 00-38 § 00-34 | 0056 [ 0205 [ $0-18 [ 0236 | 02-58 | 04-d0 1 84-40 (1,000
ki """“ AVBRAGE ) D0-28 | 98-35 § 90-H [ OL-51 [ D0-D2 [ 02D | 0303 [ O5-24 | 05-24 [3,109
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Table c7

Bottom

Time Taken to Clear

Flow Connection .~ No Heat

from Zero Base

PAREL 3 PARED 4 PARES § WL S| i | Aok ;
5T o | start pinieh [ start (Rinish | Start | Finish| Staet [Piniah ’
H i i i
1 9337 § 2850 | 4240 | 3330 | 03-10 [ 23-07 [ 01-46 | 18-58 | M-19 [ 4,067
4 Q147 [ 30-30 { 09-37 [ 23-26 [ O1-25 | 14-18 [ 00-23 [ £2-15 [ 31-1¢ { 4,067
H 540 1 2= 1 0057 [ 2926 [ 02-00 [ 2519 | 4029 £ 16-37 { M2 | 117
AVERAGE § 0301 | 31~30 ¢ 0100 ;0659 § 0212 ) 2035 | WO-BY | 0557 [ 525 | 4,090
2
Top Flow Connection = No Heat
PAREL 3 PAREE 4 “PANEL 8 PWRL Y ) crce | POy
TRST ¥o | Stark {Pinish | Start {Pinish | Start | Pinish| Btart [Pinish
ir-secai : fa-seaful i
ﬂ 1 0146 | 06-44 [ 0054 | 0340 [ 40-29 [ 0513 | 0255 ¢ 06-07 [ 06-44 | 4,067
‘} i u 0248 [ 06-50 | 0226 [ 0433 [ 0856 | €320 | 0257 [ G440 | 06-30 [ 3,243
? v n 0243 § ¢1-43 [ 0203 ] 06~30_ [ 01-09 [ Be-4o { 01-43 { 06-11 | €743 [ 2,86
]n AVERAGE | 0225 | 0706 | 81-46 [ $5-02 | 00-54 | 04-24 { 02-32 § 05-39 [ 6706 [ 3,356
|
1 ol Lo
L i
! HEES
| \
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Table €O Time Taken to {lear from Zerc Base

Convection Agsisted

PAREL FAREL 4 PhiR & BEL 9| GHCIR { ELOR

THSY Ho | Start [finish | Start |Pisish | Start | Finish| Start |Finish
pe ol i i i i N
1L on-e { os-g5 [ oie10 | 03-15 [-02-05 | o7-10 [ 0250 | 1650 | 12-50 | 3,800
7 {0185 { 10-30 [ 00-50 [ 09-35 [ 0245 [ 1020 | 03-85 [ 16-05 | 16-05 | 3,999
6 | 00-55 | 1208 [ 68-34 { 10-00 { 01-52 { 10-59 | 0310 [ 13-04 | 1334 | 4,000
7|00 | (232§ on-gh {2142 {0209 { 0900 [ 05-85 [ 14-00 | 14-t0 | 3,087
[ 00-38 | 1530 { 0122 { X240 | 04-06 § 10-0 [ 05-38 [ 1689 [ h6-58 | 3,057
9| 0106 | 1818 § 00-50 [ 1318 { 43-13 [ 1820 | 04-38  13-05 [ 19-05 | 3,157
AVERAGE | B1-21 | 13-56 | 80-58 [ 10-06 [ 6245 [ 09-5T { 9417 [ (515 ( 15-15 | 3,545

conveckion Opposed

. \ PAREG § oR¥EL s ¢ PaNEL § CYCLE | PIOK

i B451 Ho | start [pinish | Start [Pinieh | Start | Finish| Start Finish
13| 0050 [ 1345 [ 01-09 [ 12:50 [ 0132 [ 2050 [ 0327 [ 15-50 | 15-58 | 3,428
i M| 0085 | 1115 {0200 | 12478 § 02~20 [ 10-88 [ 0416 | 13-4 [ 1243 | 3,200
%(; 15 [ o000 [ 0900 {0150 [ 10-30 § 02400 | 05-30 | 0508 | 1600 | 640 | 3,030
]( 16 {0046 § 14-00 | OL-10 [ 12-46  O1-21 | 1000 [ 0352 { 16-35 | 16-35 | 2,007
/ 170103 {1255 [ 4138 [ 1556 | 0227 | 13-00 { 0515 § 25-00 | 25-30 | 2,800
i AVERMGE | 0108 | 18-51 [ 41-4 [ 13-02 | 0200 | 1120 { 0424 § 1830 | 18-30 | 3,09
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‘Table C% Time to Corrupt per Panel

Convection Agsisted

TRST | PAWEL 3 | PABZL 4 [ PAWRL 8 | PANEL 9 § FLOKW

fo | win-sec | ain-gec { min-sec | aln-sec | Mo

H 4055 [ 20-30 20-45 0641 [ 3,680

H 057 [ 0130 [ el f o020 [ 3,999

1 -8 -8 0330 | 0230 | 4,000

7 -1 - - = 13,051

] 03| 056§ o205 [ 03-B6 {3,187

E LR 5 85 035 [ 3,15

IVBIM‘.HI LB B2-0f 0-57 Q-0 | 1,588

Convection Opposed

88T | PAYAL 3 § PANRG 4 [ PAWEL § [ DANEL 9 | FLOK

\ %o | nin-gec | min-sec | win-seo | min-sec | /8

« 1 B-25 [ M-10 | Bl | OOL-3 [ 34

. 1 00409 [ 6055 [ oe-r | 9200 [ 304
15 [IE1Y =08 012 | 8315 3,09
i w12 | 0111 0-3 [ 085 §3n

¢ U | w0 [ e | o | ek | e

AVERAGE| M1} { 8107 [ 0416 02-0% | 3,149
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Table C10 Time Taken to Corrupt per Panel

Bottom Plow Conmeckion: - No Heat

R8T [ PASEL 3 | PANRS 4 | PAMRL 8 [ pawen 9 | Pro¥ 5

Wo | nin-gec | win-se¢ | win-sec § wir-sec | i

3 -8 [ Al |0 0237 | 4,067

3
) 0145 B3 08-58 0256 § 4,067
5‘ L35 G S S 72 R R
AVEAAGR] 01-27 u-17 LB 01 |48
5]

Top Flow Cunnection - No Heat

TRST | PANBL 3 | PANGL 4 | PAWRL § { PANEL § § PLOK

Wo | sia-aee | nin-sec | wia-cee [ ninsec [ 1a

1 a7 | o1 -6 0233 [ 4,067

1 - 0t-16 0515 -0 |34
W 12 0931 -2 04-52 50 [ 2,758 *
. LT T IS R TS O VST I
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Tabls C1i Time Taken to Clear per Panel
Conveation Aesisted
TEST { PARSL 3 | PAWEL 4 | PANEL 8 [ PA%BL 9 | FOOK
W [ nioeses | sin-sec | sivesee | ainmec | 1ta
Ul oeess | s | s | s |20
3 tes | weis | oe3s | o1 | som
¢ (oo { o | en | oo
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Figure €2
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Figure €3

Norizontal Temperature Gradients
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Figure C4

biagonal Temperature Gradients
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Pigure C5

Vertical Temperature Gradicnts
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DETERMINATION OF FLOW CONDITION

The average annular dgap was calculated at 12,1mm,
Chapter 5, section 5.2.2 refers.

The outside diameter of the annulus was 600mm.

Thus inside dlameter (600 - 24,2) = 575,8mm. The

equivalent diameter of the apnulug is caleulaled:-

4 x flow area

Do = e

" Wetted perimeter

43(Ds® - D7)
4nDy

Do? ~ Du?

Da ‘

where Do and D0, are the inner and outer diameters
of the annulus:-

o, . 590 - 575,00
-7 575,
= 49,418 nm

taking absolute viscosity of water 'I' at 23°c

I = 0,00091% kg/m &
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and density of water '[' at 23*c

[ = 995,9 kg/m*

Flow rate taken as 3,545 1/m

= 0,003545 m*/m

or = 0,000059 no/s

Flow area

and velocity 'v' = 0,0026397 m/s

re = 2220

T

0,049418 x 0,0026397 x 995,9

L
4

0,02235% m*

= ADo? - Dy?)

Re = 141

The Elow therefore is laminar.

9,000919
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ARPPENLDLK B

DERIVATION OF DECAY TIME

Based on the results. of Table Cll and taking the
longest time te elear per critical panel asm
9 min 45 secs, the rate of decrease in concentration
'ci ' of residual material is proportional to 'Ci'.

Thus
aci .
o ked ,where k is a constant
and
e 1 i
dei  kei .
at dot L ges
= —— = dCL
kei o ked
1 s
t =} —— dCi + ¢ where ¢ is a constant
kei
1 :
t = — log Ci + ¢
k

log Ci = kit - ) :

and
Ci = gih = @) » gkbg - ko
Ci = Aelw where A is an arbitary constant

Thus if the concentration of the dye isi-

100% at t = 0,0 minutes
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and
0,5% at t = 9,75 minutes

then at & = 0

Ci = 100 = Aet: = o

and at t = 9,75 minutes

Ci = 0,5 = Aek=-7s

Ret® = 0% = 200 Agke.73

100 = Agt = a»

a =100

100e = © = 200 x 100e%®-7%

100 = 20000e*2-75

eks-75 = 0,005

e = (0,005) 1/°.78 x

and concentration at a time "t' is given by

Ci = Rekt

= [(0.005) 1,70 ]vn;

= A (0,005)%/%.75

€3 = 100 (0,005)es2.78
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Thus

i

eongentratics - of
pancl after 30 winukes would bet-

original milk residual

= 180 (0,005)7¢/2.75

100 (0,005)3-07e%

0,00001 %
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DERIVATION OF LMTD
Based on convection assisted flow and the ‘
temperatures indicated in Figure Cl.
IMED = —_— .
AT max
Ln
AT min
8,5 - 3,7
8,5
In —
3,
4,8
0,8317 o
= 5,77°¢
For ion d . g low and using the
data from Figure C2
o« 2519 = 6.7
| B w B9
H ) f
HES) |
;
} 19,2
i ©1,3523
!
Lo e = 14,20°C
i
{

i
!
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ARPENILYK S

DETERMINATION OF DIMENSIONLESS GROUPS

ae Grashof Number

and to determin® the co-efficient of expansion B
between Ty and Ta:- .
20T, - T ([afa)

For water expanding from 23.4°C with an LMTD of
5,77°C

- 997,5¢ ~ 995,92
2(5,77) 997,5 x 995,9 '

-

= 0,0002782/°¢

Thus the Gr Wo based on the LMID becomes:

3

_ 0,0494* x 985,97 x 9,8 x 0,0002782 x 5,77
0.900919¢%

Gr
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c

Lo

wher

Da

with
23,4

Gr

The

Pr
when

Cp

@

= 06,0494 m

» 995,9 ky/m*

9,8m/s*

0.2782 x 18-3/°C

= LMTD

919 x 10-%kg/m s

all vaives taken at mean f£luid temperature of

5U¢

= 2,226108 x 10°

Prandtl Number at 23,45°C

_ 4181,5 x 919 x 10-°
0,6

= 6,405

= 4181,5 J/kg K

= 0,6 W/mK
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APPENDLIN (1

Table H1

Draft Control Software

100 REM PASTEURER CONTROL CYCLE

110 REM DAIRY ENGINEERING (SA)

120 REM TEMPERATURE ACCESS TEMP FILE
130 REM VALVE X OUTPUT CHANNEL 001
140 REM VALVE Y OQUTPUT CHANNEL 002
150 REM HEATER 2 OUTPUT CHANNEL 003
160 REM HEATER 3 OUTPUT CHANNEL 004

170 LPRINT "ABC DAIRY CO - PASTEURISING RUN" -

180  LPRINT DATES

190  LPRINT TIMES

200  LET TIMES = AS

210 DATA A TIMES

220 LET B§ = VAL A$

230 READ TIMES

240  FOR TIME$ = B$ T0 BS + 00:01:00, STEP
00:00:10,

250  OPEN TEMP FILE

260 INPUT I

270  CLOSE TEMP FILE

280 REM SUB CONVERTS INPUT TO TEMP
280 ¢ B 6000

2
R 300  INPUT TS ;
i 310 IF 7§ > 70 THEN 360 ;
% 320 LPRINT "DIVERT MODE" \
M ]
| 330 OUT 001,003,004 :
1 (& ]
i |

|
|
E i
’ page 144 .
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Table HL cont

340

400

430

6000
6001
6002
6003
6004

9999

REM AUDIBLE ALARM
BERP

IF T$ 2 72 THEN 400
ouT 001, 003

LPRINT "DIVERT MODE"
BEEP

IF T$ : 72.5 THEN 430
REM MILK FLOW BEGINS
ouT 0062, 803

ouT 602

NEXT TIMES

STOP

LPRINT 7§

GOTO 20C

FOR I$ = 04 TO 20 STEP 0.1,

REM LINEAR THERMOCOUPLE ASSUMED

TS = MYIS +C

REM M AND C THERMOCOQUPLE CONSTANTS
RETURN

END

Page 135

o ) ] o

PR, A VU DA

i o
a5 0



Page 136

Pigure H1 General Arrangement of Control System




Figure H2 Primary Control Reguirements
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Figure H3 Temperature Control Cycle Logic
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Figure H4 Time Control Cycle Logic
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