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In the present study the thermal and hydraulic performance of heating plates
used In regeherative air pre-heater was investigated. Experimental resuits on
new heating suwrfaces are presented as well as preliminary investigations into
plates a1.~.1ed by fly ash in the flue gas. '

In the uneroded state, 12 different plate profile designs were tested. These new
packs were tested in differant configurations, 1.e. with and without braces around
the individual plates -and with different numbers of plates per plate pack. For
some desligns the individuality of the packs {repeatability of manufacture) was
investigated. In order to establish the accuracy of the test facillty, a pack of fat
plates was tested and compared with literature results.

It is shown that the profile designs with the smallest profile heights have t_he
highest heat transfer coefficient, but also the higheét pressure drop. Good
performance in one paramefer always means bad performance in another
parameter.

Heat {ransfer coeiflcionts and pressure drops of the various pack designs are In
approximately inversely proportion to the hydraulic diameter. Profiles with a fiat
counterplate have a lower heat transfer coefficient than proflles with an
undulated countemplate.

" One eroded pack (with 20%, 30% and 40% mass loss) was tested and compared
with an uneroded one In terms of heat transfer and pressure drop behaviour.
Pressure drop was approximately 15% lower for the eroded plates (irrespective
of the extent of ernsion) and heat transfer coefficient was essentially unaffacted.
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1. Intrqduction

‘In the power generation industry the hezs excharge between flue-gas/alr and
flue-gasiilue-gas through continuous operation of regenerative heat exchangers
has been accepted, because of thelr: '

o compactness,

relatively low capital investment costs,
good cleaning possibllities and
. high reliabillty.

Thess heat exdhangars are characterised by simultansously heating up and .
cooling down the gas sfreams without interruption, The heat storage material
(usually cormgated plates) runs cortinuougly through the hot and cold periods.
The hot fluld gives its energy content first to the storage material. After turmning
into the cold section the material transmits its stored energy to the Incoming air.
The gas streams are of the countsr-flow type. There are two different principles
for rotary air pre-heaters (see Figure 1.1 and Figure 1.2):

'« the Ljungstresm design, where the matrix rotates betwsen stationary ducts, -
s the Rnt_hamueh!e deslgn, where the matrix is stationary and the rotating hood
distributes the two streams through it, '



Combustion air .

Figure 1.1: Rothemuehle deslin of a regenerative heat exchahgar
{after [1]) -

Flgure 1.2: Ljungstrosm design of a regenerative heat exchanger
- (after [1])
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- The one design is the kinematic reverse of the other design. The two designs are
essentially simitar with respect to thelr structure and operating conditions. Their
main applications are in the pawer generation and poliution control industry:

s as an air pre-heater for heaﬂng up the combustion air bafore the Eoil'er,
» as a gas/gas heat exchanger to cool down and heat up flug gases in wet de- .
sulphurization piants and DENOX (NO, scrubblng) plants.

The position of an air pre-heater In a power station s shown in Figure 1.3,

exhaust gas

to atmosphere - '
o o . r:*-— alr injet
. |
g ; s
?}5‘_}-
»gg 1 combustion
%; = alr

e

five

Egas

I

A SR o

induced precipltator forced : furnace and
draft fan ~ draftfan holter

Figure 1.3: Pasition of the air pre-heater In the power station (after [1])

One disadvantage of regenerative heat exchangers Is the systematic leakage:

« leakage by means of mixing of the streams as the matrix passes from one
section to the other,
« leakage by means of fluid passing through the radial seals.
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However, these leakages are within economic and techinical limits, Firstly, there
is a relatively small amount of leakage and secondly, since there is a higher
pressure In the alr side, only clean air can enter into the flie gas st-sam and not
vice versa.

Regenerative heat exchangers can be designed with diameters from 1 m 1o 20
m. A 20 m diametar heat -exchanger wsighs 1,700 tons and contains about
200,000 m? heat transfer area. The speed of rotation for & Ljungstroem design is
betwsen 0.75 and 1.5 rpm. The Rothemuehile deslgn Is half as fast because of
the two winged hoods. ' ' '

Diffarent plates (element) proflles are available to optimise the operation of a
heat exchanger operating under specific conditions. The vatious profile types are
characterised by different heat transfer coefficients, friction factors and heat
transfer areas. A typlcal palr of plates Is shown In Figure 1.4.

b

flow

Figure 1.4: Pair of plates with direction of flow {after [1])

The type of element ufilised depends on the design criteria required for the
application. Alr heater eléments can generally be evaluz.ed according to thelr
thermal, pressure drop, erosion and cofrosion performance as well as thelr
performarice in respect to blockage. All five criterla are linked to design features
of elements (rﬁaterlal, geometry and plate thickness). A high performance in one
aspect can result in poor performance [n other aspects. The choice of alements
depands on the desired performance which is influenced by coal characterlstics
and the desired system efficiency.
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Capital cost of packing, the number of re-packings required, boiler efficlency and
fan power consumption determine the life cycle cost of the system, Prediction of |
. the” above mentioned parameters will lead to an Improvement fn cost
effectiveness-of the entire alr heater.

- Surface area " pack type

heat transfer / |
4 / \ viockage chaacteristics -
Re-number pack density — \\ |
\ / lIfe span
Prossure drop s, \
sroslon behaviour
heat transfer cosfficlant _ _ \
| a?dititmal flow * position in alr heater
_ resistance
turbulence promoters

+—————_ decreass of surface area

Flgure 4.5: Performance of heating plates

From the above schematic it can be seen, that there are many critefia which
influence the performance of an air-heater pack, and thus tha entire air-heater.

The present study deals mainly with the thermal and hydraulic petformance of
new heating plates. It also includes first steps of Investigations into plates eroded
by fly ash In the flue gas. ' '



Erosion influences the heat transfer and the pressure drop of regensrative air
pre-heater eiements, For this reason it is not sufficient to use only the heat
transfer coefficients and friction factors relating to new packs to calculate the
expected heat transfer and bressure loss of a regenerative air pre-heater. For
heat transfer and pressure .rop Investigations on air heater packs which have

been in operation for g period of time it would be necessary to use pressure loss _ '

~ and heat transfer coefficlents which relate to the state of the pack.

ESKOM TRI (T echnoiogy, Research and Investigation; part of E_SKOM and
situated In the South of Johannesburg) in _conjuncﬂon with the School of
Mechanical Engineering d_f this University has Initlated an air heater research
projact io Investigate the effect of erosion on the characteristics of regjeneratiﬁe
air pre-heaters. Air pre-heaters, as used in ESKOM, were originally designéd for
European operating conditions, for coals with lower ash confents, However,
South African coal fired power stations suffer from considerably higher ash
burden in thelr flue gas which results in different problems being experlenced
~ from those in Europe. High ash contents in the flue gas lead to increased erosion
rates on alr heater elements.

ESKOM has developed three different test facilittes to Investigate the
characteristics of heating plates, which are used in regen_eratlve alr pre-heaters.

The Thermal Test Facllity (TTF), located at TRI, is designed to measure the heat
transfer cosfficlent and pressure drop of air heater slements. Jt runs according to
the single—blbw method and has been in operation since 1995. A direct curve
matching model for translent heat exchange fests according to Mullisen and
Loehrke [2] is used to determine the huat ity fer coefficlent from the measured
temperature jumps at the inlet and the wutl, ( of the test pack.
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The Cold Accelerated Erosion Rig (CAER), located at Matimba Power Station
(near Ellisras, in the Northern Province, ca. 350 km from Johannesburg),
simulates erosion behaviour of alr heater packs, Pack erosion is accelerated fo

~ the extent that test packs show the same degres of eroslon In a few days which

would under normal operating conditions fake years to achieve.

The third test faciiity, the Modified Baskets Erosion Facllity (MBEF) located at
Matimba and Kendal Power Station (near Witbank, In the Mpumalanga Province,
ca. 120 km from Johannesburg), was built fo investigate the eroslon
characteristics of heating packs in situ. The packs are located in an aii_' heater
where they undergo an accelerated erosion under realistic air pre-heater '
- conditions. ' |

n ordi * to compare the thermal and flow performance of new and eroded
eleme.. *, the different types of packs can be tested as received from the
‘manufac Irer and at different stages of erosion. Since all three test facilities i.e.
the TTF, CAER and MBEF, accommodate the same specimen size, the test
packs need not be altered for the sequence of tests proposed. .

In the unerodad stats, 12 differant profile designs were tested. These new packs
were tested in different canfigurations, i.e. with and without braces around the
separate plates and with different numbers of plates, For some deslgns the
.indl'viduality of the packs will be shown. In order to establish the accuracy of the
TTF, a pack of flat plates was tested and compared with literature results. Aftsr
presenting the results for new packs, results for one eroded pack will be given,

In order fo investigate the thermail and hydraulic performance of eraded plates
the packs were eroded in the Cold Accslerated Eroslon Rig at Matimba to three
different stages of erosion i.e. 20%, 30% and 40% mass loss. After sach stage
thesa packs ware brought back to the TRI laborajory (350 km) in order {o test
their thermal and flow performance. In the present study only one pack design
has be conslderad under erosion conditions.
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During the work on this project speclal attention was given to check the test rig,
- the data acquisition system and the data reduction scheme for accura: " everal .
~ mistakes wers Identlfied and corrected.
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2. Literature survey and specific objectives

" This literature survey covers three toplcs, related to the present study: Firstly, the
experimental methods of determining the heat fransfer coefficient, secondly, the
performance of new (uneroded) heating plates, and thirdly, erosion as relevantto
~ the present work. '

From this follow the specific objectjves of this study.

2.1 Experimental methods

The two main testing methods for measuring an average heat transfer cosfficient

of a heat exchanger plate are the Steady state and the transient technique

(single-blow method). The steady-state technique employs a cross-flow test core

for which two sepz,ate fluld streams are used, There are twa known possibllities,

alther two identlcal fluid strearns, i.e. allr, with equal mass flow rates are used, or

condensing steam on one side of the test core and air on the other side [s used.

The disadvantages of the éteady state method are: |

¢ acomplicated ducting system is necessary for the two fluid streams,

« every test point Is very time consuming,

» the test apparatus with the steam generator is very costly,

» i two streams of air are usad a mixer Is necessary 1o ensure that thers Is no
temperature variation over the flow cross section.

The steam-to-air-test system was used by Kays and London {3}.

The fransient method consists of establishing a steady flow (usually of alr)
through the heat exchange matrix, bringing about a sudden change in inlet
temperature, and exfracting, by means of a mathematical model, an average -
haat transfer coefficient from the measured inlet and outlst temperature-time
records. Older models required the Inket temperature profile to be a step change;
this could in practise be only Imperfectly reallsad.
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The transient technique is preferred to the steady-state method because of
several reasons: |

« single test points are less ime consuming,

s less complex experimental test rig,

« only one fluld stream s required and

» no wall temperatures have to be measured.

The transient tachnigue will be expiained in detzll in Chapter 3.

Both these techniques glve global heat transfer coefflclents. Over the years,
results on local heat transfer coefficients have also become available. Local heat
transfer distribution over the surface Is based on applying thermochromic fiquid
crystal and true-colour i image processing, The average heat transfer coefficients
can ba calculated from local heat transfer values, Since in the present case the
. overall performance of an air pre-heater should be improved, it Is not worthwhile
measuring the local heat transfer coeﬁicienté. Inn the followlng pages the transient
method to measure the heat transfer cosffleient, which is used in the present
study, is presented. '

Over the years several researchers Improved and increased the acouracy of the
madel first developed by Anzelius [4]. The following passages give a historle
overview concerning the single-blow method,

Ti= single blow method was first presented In 1926 by Anzslius [4]. The method
s the most fraquently used mathematical model for the single blow measuring
method. He assumed that the sole mechanism of fransfer is forced convectlon
betwaen the fluld and the solid. In 1929 Schumann [5] described hls method,
which is similar to the aforementioned one, e, to calculate the heat transfer
coefficlent based on the Inlet and outlet temperature historles. He proposed a
graphical direct curve matching method based on flow through porous media,
Schumann presented diagrams showing dimensionless fluld exit temperature
curves as a function of NTU {number of transfer units),
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With the help of thess graphs for each exit teimperature history the adequate
NTU, which represents the cofrect heat transfer coefficient, could be determined, -
For the temperature inlet history he used a step function.

In 1950 Locke [6] presented the maximum slope technigue, which is an indirect
curve matching method, it is based on the explicit retation between the NTU and
the maximum slope of the exit temperature curve. Since this technique only
cornpares one value, the maximum slope, with the NTU, this method raduces the
computational effect In the analysis, The Inlet temperature rise [s limited to a step
funation, The maximum slope technigue is restricted to NTU <3, becauss of two
* reasons: the first s due fo the inflection points from the analytic solution of NTU
versus maximur slops, and the second is due fo the response of the physical
- systam (maximum slope at fime zero).

Howard (1964) [7] extended Locke’s maximum slope model by including the
effects of longltudinal conduction in the solid storage materlal,

Pucci et al. {1967) [8] were the first to Investigate on perforated plates for NTU

. values ranging from 2.47 o 15.9. They also used the maximum slope technlque
Including longitudinal conductlon in the storage material and a step function as
iniet temparature histary. They presented as well expsrimental data of a profile
typs which Is simiiar to one tested In the present study, Unfortunately the results
can not be compared because Puccl et al. examined a lower Réynalds-number
range (Re < 800) than the present study {700 > Re > 6000). The authors gave
the fallowing uncertainties concerning thelr experimental data: Colburn-factor = *
7.5% - 15%, Friction-factor = 6% and Reynolds-number = +3%.
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Llang and Yang [9] in 1975 developed a model [n which they used an exponential
inlet temperature rise, which Is more realistlc than a step change. A step rise as
a inlet temperature function is In practise almost impossible to realise. They did
not conslider longttudinal conduetion [n the solid. To match the experimental and
the pradicted outlet temperatures they developed a five-point curve matcﬁing
scheme. A value of the heat transfer coefficient was obtained at each of the 5
points on the breakthrough curve and the arithmetic average was used fo -
represent the complete curve. They also extended the valid range for values
NTU > 3 and NTU < 0.2, For their temperami‘e measurements they used 20
thermocouples at the Injet and 20 thermocouples at the outlet, For measuring
uncertainties they gave following values: Friction-factor = + 3% and Colburn-
factor = & 6%. ' '

In Mulllsen and Loehrke's [2] publication of 1986 the temperature rise is not any
longer restricted to a step furiction or an exponential function as it was before.
The temperature inlet function can be arbitrary because the temperature outlet
profile Is solved by a numerical finlte-difference scheme, The authors also
conslder tongltudinal conduction of the solld storage material in their modat. T'hay'
employed an algorithm fo mateh the entire measured and predicted exit
temperature curves, and not only 5 points Iike proposed by Liang and Yang. The
difference between ihe expefimental and the calculated temperature is
minimised by means of the ieast squares condition. This data reduction model
was chosen for the present siudy, becauss it offers the advantage of using any
kind of temperature inlet function and it considers the longitudinal conduction of
the storage material. They also presented experimental data of Interrupted flat
plates in the range of 0.1 < NTU < 20. At the Infet and at the outlet of the test
sectlon they measured the temperature histories using 8 thermocouples. They
considered thelr overall meastring uncertalnties at about + 2%. In Chapter 3 this
method will be described completely including the assumptions, boundary
conditions and Timits. The numerical scheme s presented in Appendix G.
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Cheng and Huang [10] in 1994 extended the theoretical model for the maximum
slope single-blow fransient testing method. They considered additionally the
Iongitudiriat diffusion and the thermal capacity of the fiuid. These assumptions
become important only If liquids are used as the heat transfer medium. Since in
the present case only air Is used, this model Is not required.

In 1996 Chen and Chang [11] presented a study describing the measurements of
thermal performance of cyrocooler regenerators. Tha regenerator matrlx was
made of oversized wire-screens packed into a clrcular tube They consldered the
heat flux from the fluld flow into the tube wall, axlal ‘conduction of the tube wall
and the Jouls-Thomson expanston for the fluld flowing through the rig. In the
- present case these refinetnents do not lead to any improvements. The values of
the Joule-Thomson coefficlent {function of pressure drop, dynamle viscoeﬂy and
temperature rise during heating) is in the present case two om[ers of magnitude
smaller (i/100} than for the cryocooler regenerators, This explains why it [s not
necessary to consider the Joule-Thomson effect in the présent study, To
measure the inlet and outlet histories they used 2 thermocouples each which
ware calibrated with an uncertainty of 0.04 °C. For measuring uncertaintles in
total they gave the following values: Nusselt-number = £ 5.66%, Fnctmn-factor =
+ 6.63% and Reynolds-number = £ 4.32%.

"Heggs and Burns [12] compared four commonly used data reduction techniques
to caloulate the heat transfer coefficient using the same measured Inlet and
outlet temperature histories obtained from a single-blow test facliity. They tested
spherical steal balls experimentally and applied four different techniques on this
raw test data to evaluate the NTU. The four different techniques are the direct
curve matching technique, firstly used by Schumann, the max(imum slope
method, firstly used by Locke, the shape factor method (Darabi [13]) and the fluid
differential area mathod (or differential fluid enthalpy method, Baciic ef al. [14]).
The first two methods have been described earlier. The shape factor methed is
an alternative fo the Locks approach. it measures the time interval between the
20 and 80% breakthrough points and relates this to the shape-facior/NTU
relationship. The shape-factor is definad as follows:
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Baclic et al. proposed an explicit muitipoint technlque, where the time constant of
the inlet forcing function has to be measured and also the temperature difference
between the Inlet and the outlet temperatures up to a specified time. From these.
values they evaluated the differential fiuld enthalpy change (dimensionless, see
[12}), which is related to NTU, :

For any single flow rate, the four analysis techniquas ylelded different NTU
values, The differentlal fluld enthalpy method predicted always the highest value,
followed by the curve matching, thé-maxirﬁum slope. The shape factor results
producad the lowest values. It resulted In up to 20% less in NTU values than the
curve matching method. Since the differential fiuld enthalpy and the curve -
matching are both multipoint matching methods it is understandzable that their
-results show better agreefnent than the other methods. The results of the
rnultipoint matching methots are considered as the most rellable. Additionally
they found that the heat transfer coefficlent Is higher for coofing test runs than for
heating test runs; these restilis wera not explained.

Heggs and Burns [12] stated that the resuits gained from- all the four data
reduction methods are not within the bounds of the experimental error, which
they assumed fo be + 4%, Results of the curve matching method and the fluid
- enthalpy method lay close to these bounds, They recommended the least squaré
methiod for their investigations with spheres In the Reynolds-number range 290 -
1140 because the differential fluid enthalpy methods results in an overprediction
of the heat transfer performance.
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2.2 Performance of uneroded heating plates

The flow through irregular formed channels is an Important [ssue for several
types of heat exchangers {e.g. all forms of recuperative plate heat exchangers).
The literature offers a considerable body of heat transfer coefficlent and pressure
drop data, mostly based on tests under labdratai'_y conditions. This means that
the heating plates were tested as new, without any fouling or &rosion features.
" Due to the large amount of publishéd'data oonceming corrugated passages only
that literature, which relates best to the profile types used In ESKOM air pre-
heaters, Is mentioned befow.

One of the earliest studies concerning heat transfer and pressure drop of heating
plates is described by Kays and London [2]. They éxperimantal_ly_ekamined_
various heating surfaces, e. g. flat plates, wavy. channels and corrugated plates
. _w1th regard to their thermal and hydraulic performance, Contrary to most authors
they used the steady-state method. Some of thelr profile configurations can be
" taken into consideration for companson with profile types used today, &.g.
profiles with a flat counter plate like the KH10, K6G and KBG profils, (Commohly
used profiles are shown in Figure 4.1.) Chapter 4 contains a ‘comparison
- betwesn the literature data and the results of the present study.

Results, using a higher range of the Reynolds-number than in the present study,
have been published by Migay [15]. The shapes of the applied profiles are simllar
to those known as KH and DU. He examined malnly the Influence of the .
corrugation helght of the profiles in the Reynolds-range of 2000 - 15000, He did
not investigate the transition and the laminar region of the flow. The paper does
not specify the experimental method used. The results are shown in graphs
Indicating Nusselt-number vs. Reynolds-number and hydraulic resistance vs.
Reyniolds-number, In which the definition of the hydraulic reslstance Is not given.
Migay also described empiricai equations fo calculate the Nusselt-number In
relation to Reynolds-. Prandti-number and geometry (height and pitch of the
profiles).
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These equations can be used to check the results from the ESKOM Ther_mal -
" Test Facillty. Finally he presents some theoretical approaches to determine the
heat transfer based on energy and stress equatlon, A comparison between hig
results and the TRI results can be found in Chapter 4.

A paper which deals with in-service heaters of plate profile designs like the KH11
or the K-profile combined with a smooth plats, s presented by Karlsson and
Holm [16]. Unforfunately the presentation of their results is unusual. The '
comparlson of these results with other expsrimental data is difficult, because of
the following reasans. '

Firstly they used the temperature  efficiency, mean value between gas
tefnperature efficiency and alr temp'erattllre eﬁ'i_ciéncy (see below), to express the
heat recovery of the alr heater by measuring several Inlet and outlet
temperatures of an actual alr haater. The efficiencies are defined as follows:

: t -t )
gas temperature efficiency: Tous = _Ef e (2.2
. £ casin — Lair
bate ~ Latrn ' '
alr temperature efficlency: By 5 (2.3}
: . t gl Loiein i

Sacondly they do not mention the velocity-dependency directly, rather they show
curves, in which the temperature efficlency Is ploited against the ratio of heat-
capacity air (i1 - g0 ) and haat capacity flue gas (mg - ¢,y ) This paper also
includes some results of laboratory tests. These results, however, are either
glven in a normatised representation or with insufficlently defined values. This
precludes comparison with other data.
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From the measurements on actual air heaters with different types of heatir'tg'
surfaces the authors show that the notched undulated profile (comparable wiih
the KH11 profile) Is the most suitable profils in terms of temperature efficlency
and friction loss on the gas and on the sir side of the air pre-heater,

Stasiek et al, [17, 18] investigated the dependence of the Nusselt-number and
the Frictlon-factor on the corrugation angle of the heating plates by using the
thermochromic liquid crystals method. They experimentally examined only cross
corrugated geometry ' order to restrict the range of parameters. The considered
Rey_nol_ds-numbér'range between 500 - 4000. The presentation of thelr results
are given [n graphs éhowing the local and the average Nusselt-number vs.
" Reynolds-number and the Friction-factor vs, Reynolds-number. The presented
geometry is quite different from those which will be examined In this study. The
results are therefore hot considered for comparison with the experimental data
from the current study. However, this publication could be intaresting for further
studies because In the second part [18] a numerical investigation (CFD) of heat
and flow characteristics of the same c¢ross comrugated geometry is given.

2.3 Erosion

The publications [18, 20, 21, 22, 23] concaming erosicn of heat transfer surfaces
dezl only with the eroslon features and do not mentlon anything about the
thermal and the flow performance of eroded surfaces. The Investigations deal
with general aspects of eroslon like aerodynamic fiow fleld varlables, eroding
* particle variables and heat exchanger variables. These issues are of major
importance for developing new profile fypes, but do not help in classifying eroded
profiles according to their thermal and hydraulic performance. '

The most detailed publications concerning erosfon in coal-fired power plants are
those of Raask [19, 20]. In [19] he gives a wide overview of the nature of eraslon,
its mechanism and the factors that influsnce the eroslon rats,
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He also descrlbas the special features of different types of coals. He emphasises
the South African coal as a very abrasive coal and the coal of Matimba power
station as the one with the highast SiC, and quartz contents, Raask has reported
that only If highly abrasive fuels such as high ash-bituminous coal, quartz-rich
 brown coals and lignites are used in the powar plant then significant erosion weur
~ may occur In air pre-heaters. The reason erosion in alr heaters is less than in
other parts of a power plant Is due to the relatively low velacity of the flue gas
-and the combustion air. This rslative low velocity Is required for a longer
residence time for the heat transfer in the air -héater. it i$ recommended that the
vélodily should not be higher than 10 mv/s. The following table Indicates the life
expactancy of alr heaters in abrasive-ash-laden flue gas:

~ Table 2.1: Life expectancy of air heaters In abrasive-ash-laden fiue gas [19]

Typeofaair | Flue gas life expectancy
heater velocity [m/s] [vears]
 twbular 12 15 t0 20
tubular T 15 8to12
tubutar 20 2t03
regenerative - 8 12t0 15
regenerative 10 5t08
Irsgenerative 12 | 3to5

Numerous publications can be found concerning the fundamental mechanisms of
erosion. The authors glve different theories of how erosion occurs and how the
erosion rate can be theoretically determined, A vartety of opinicns exists on the
mechanism of material removal In erosion. Eroslon can be seen as a two stage
mechanism In which particles produce some erosion and then fragment to
produce additional damage. it was also suggested that local meiting durlng
impact and attachment of surface material {o the impacting particles. produce
erosion. Another model consists of an energy balance between the kinetic
energy of the particle and the work expended -".s1ing indentation.



Litarafure review and specific objectives _ . page 19

One publication about the fundamental mechanisms of erosion is given by Finnie
et al. [21]. They describe detalled forms of erosion mechanism involving the
effact on different materials. Finnie et al. describe the erosive removal of material
by mechanical theories. They assume a constant normal to tengential force of
the particles and hence a force vector  constant direction.

Hutchings [22] has defined three dlifferent types of deformation:

» plowing, caused by spherical projectiies,
= cuiting, caused by angular particles with forward rotation,
= cutting, caused by angular particles with backward rotation.

The mechanical mechanism of eroslon is stated to be more important because it

_affects the welght loss rather than the thermal sffects. This paper differs from
Finnie's only In one point. Hutchings assumes a constant vield pressurs in the
érea where the particles plastically deform the substrate. That means the force
vact_oi- changas direction contlnualiy during Impact.

Suckling and Allen [23] have investigated features of eight different coals used in
ESKOM power stations, They examined the erosion rate and the morphology
and mineralogy of the ash particles. The morphology was determined by
examining of ash specimens under a scanning electron microscope., The
mineralogy of each coal i represenited by the quartz and mullite content of the
ash. The erosion rate was Investigated in a test rig with an impact angle of 40
degrees, a velocity of about 40 m/s and a particle feed rate of 0.47 g/s. The
results of the erosion rate and the corresponding quartz and mullite content as a
%age of fotal mass of fly ash are listed in the following table,
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Table 2.2: Erosion rate and chemical composition of different fly ashes [23]

Power staion | Erosion rate Quartz content  { Mullite content
' (MG 1000] [ % of fotal | % of total

Kendal 5.1 13.8 | 604

Matimba 543 18.0 _ 49.1

Dutva | 5.9 R _ 502
Hendrina 721 a2 39.0

Tutuka 7.31 28.2 442

Amot 17.89 ' 17.7 _ 522

Matla 10,5 T [Ha7 36.7

Lethabo 1.0 212 " 648

These resuits show no visible relationship between the erosion rate and the
mineralogy, confrary to what would_have been expected, Tha authors admit that.
further tests are necessary to establish rru.3 positive and definitive resulfs.

More ussful and more detalled information can be found in Internal ESKOM
information [24, 25]. This information contains a complete coal and ash analysis
for the coal used in the Hendrina and in the Matimba Power Station. Boshoff [25]
published an analysis of coal product sampies of different South African
collieries. Since these sources contain the basle Information of the erosion
behaviour on heating plates, which are Investigated in the present study, they wili
be discussed In detait in Chapter 5.
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As it can be seen from the above survey none of the authors invesiigated the
Interrelation between erosion and heat and flow performance of heating plates.
All the aforementionad experiments concerning the heat transfer and pressure
drop only considered unused heating plates. 1t is not possible to relate the heat
transfer coefficient and the pressure drop of new plates to that of eroded plates.
There is a nead to examine exXperimentally the Inﬂuehce.of erosion on the heat
transfer and pressure drop across packs of different types of corrugated heating
plates. It Is especlally Important since in South Africa the coal ls more erosive
that heating plates erode much faster than in other countries, as the above
erosion study shows. |

24  Speclflc objectives

In view of the foregoing, the specific objectives of this study were defined as

follows:

« To verify the correctness of the Thermal Test Facility at TRI firstly by
comparatively testing a Rothemuehie pack of heating elements which has
been tested before in the Rothemushls test facility and secondly by testing flat
plates and comparing these results with literature data,

» To test all different, new heating profiles, as supplied Ly Howden Power in the
Thermal Test Facllity at TRI. '

e To compare the hydraulle and thermal performance of the different heating
elements.

» To establish the possibility of tasting eroded packs using the same procadure
as for new plates. '

» To test one e/oded profile type to determine its thermal and hydraullc
performancs.
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3. Thermal Test Facility

The Thermal Test Facility (TTF) has been operating at TRI, ESKOM, Johanhesburg

since 1996, it was bullt by Caby, an MS8c Student of the Schiool of Mechanical
Enginesring, Unlversity of Whwatersrand, Johannesburg [28]. The working principle

of the test facflity is based on the transient single-blow me*hod (see Chaptar 2) to-
measure the heat ransfer coefficient of heating p!ates Addltlone.ly. the pressure ’
' drop across the test pack is measured,

Figure 3.1 shows a schematic diagram of the fest rig
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It ¢can be seen from Figure 3.1 that the test rig aperates in the suction mode. The air
is sucked by either one or two fans, depending on the required mass-flow, from the
inside of the laboratory. After passing through the test rlg the air is blown outside
through the roof,. The 35 kW heatlng device is situated 1 m behind the air Inlet, It
consists of thrae identical banks of electric resistance heater colls. The heater has a
3-phase, 60 A power supply and Is controlled by a 45 kW, 3-phase thyristbr
controller. Behind the heafers, a turbulator is built-in to mix up the heated alr and so
avold temperature stratification in the flow area, The best results were found if the
turbulator Is instalied in the flow channel with an angle of 30° (see Appendix A). After
a flow length of 1.5 m behind the turbulator the test section of 500 mm is situated. In
front of the test section a mesh of 8 thermoccuples and behind ft another 8
thermiocouples are installed so that both the Inlet and the outlet temperature histories
are measurad (détails of positioning ane given in Appendix A). Both thess
temperature histories are recorded by the data acquisition system. Also the pressure
drop across the pack Is measured by a plezometrlc ring of each 4 pressure tappings
upstream and 4 tappings downstream of the test section. These pressures are also
recorded. Behind the fest section'there is @ flow chamber to change the direction of
the flow {laboratory constrainis). In the second part of the ducting tha nozzle for
measuring the mass-flow is sltuated, To ensure that the flow is straight and uniform
at the inlet of the second duct a flow straightener is installed. At the venturi nozzle
the pressure drop and the temperature are measured. A damper is located behind
the nozzle to adjust the air mass-fliow rate, The mass flow can be adjusted from 0.1 -
1.1 kg/s. At the end of the duct two counter ratating axlal fans are situated.

The 17 thermocouples used in the test facllity are precislon flne wire thermocouples
manufactutred by Omega Englineering, Inc. They are copper-constantan
thermocouples with a dlameter of 0.2564 mm. They have a teflon Insulation, The cold
Junction compensation s built Into the National Instrumant Signal Gondlitioning Unit.
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The data of the 16 thermocouples at the entrance and the exit of the test section,
the data of the pressure readings across the test section, the pressure drop across
the nozzie and the nozzle temperaiure data are all sampled by a National
instrument SCXI| data acquisition system. The readings then go through a National
Instrument A/D converter and are recorded in a PG (Pentium 150 Hz.). The data
acquisltion system is controlled by a program written using Labview software,
Labview Is a graphical programming development for data acquisition and controf,
data analysis and data presentation.

The Labvlew program for the Thermal Test Fagility, writtan by Uys [27), displays all
the measured temperature and pressure readings on-line an the screen (see Figure
3.2

Figure 3.2: Screen of the Labview Program
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The first graph shows the 8 Infet temperature readings and the second graph shows
the 8 outlet temperafture readings. The pressure readings are displayed in the bottom
graph. Each graph has a colour coding key displayed on the right hand side. Next to
sach colour Identlfication and the channel number is a numerlc readout of the current
value of each channel. This allows easy observation of i'nstantaneous_values, while
the graphs allow viewing of ths overall test progress. They- also make it easy to see if
. any of the inputs are drifting out of the line from the others. The horizontal axis of the
graph d-sp!ays time in seconds. Between the two temperature graphs Is a readout of
the difference betwsen the average Inlet and the average outlet temperature of the
test pack This allows observation of the progress of the pack cooling down. It Is
important that the residual dtffarentlal tamperature across the pack is as small as
possible before a new test point is started. '

3.1. Test sectionitest pack

The cross sectional area of the test section is 305 x 305 mm?, the length is 500 mm.
All the test packs manufactured by Howden Power fit exactly into the test section.
Insulation at the top and bottom of the pack minimises the heat loss. The packs can
be put Into the section either with or without braces.

Figure 3.3: Test pack with braces
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3.2. Calculation of the heat transfer coefficient according to
Mulliser: and Laehrke [2]

To determine the heat transfer coofficient from the temperature-time histories at the
~ inlet and the outlet of the test pack a dlrect curve matching modsl developsd by
Mullisen and Loehrke [2] Is used. Contrary to previous models, this modl s not
restricted io.an ideal step change in temperature or a periodic temperature function
at the pack inlet. Finite-difference equations make it possible to use any ter‘npérature
history.

The madel is based on the following assumptions:
o thie fluid velocity profile is uniform across the cross sectional flow area over the
testing time; | _
- o the fluld temperature proﬁlé is unfform across the cross sectional flow area;
» the properties of the test pack surface remain constant throughout the whols test.
pack (see [26]);
-« thermal conductivity of thé air is zero;
s ‘thermal conductivily of the steel plates perpendicular to the flow direction is
infinite; R
« only the thermal conductivity of the steel plate in the longitudinal direction Is
considered; '
o the side walls of the test section are adiabatic;
« the thermal capacity of the fluid Is zero,

The basis of the model are the two heat balances, one for the metal, the other for the
fluld (equation 3.1 and equation 3.2), The numerical scheme Is fully deseribed In
Appen_dix G. '

AT, k T, h
= - .L ~T, 3.1
ét pcs ﬂxa fﬂog (1} 8) ( )
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Considering the symmetry of the flow channel, the heat balances are applied to haif
- of the materlal and half of the flow channel (batween centre-line storaga material and
- centre-line flow channel, see Figure 3.4)

e ke A — 4

Wy 5 Vi
S . SRS b W N Ta
< L
x5 ’]

Figure 3.4: Half-flow passage and half plate

Figure 3.5 shows the division of the half-flow passdge and the half plate Into finlte-
difference nodes

Tie [Ta T _ Temt 1T | CoMire-line fiuid
Tz {foa | — 1Tt {Tan | centre-fine storage

material
Figure 3.5: Division info finite-differsnce nodes

Additionially, the boundary conditions are known because of the measured inlst
temperatures. Equations 3.1 and 3.2 are converted fo finite-difference equations and
solved numérically. The objective [s to calculate the heat tfransfer coefficlent, which is
embodied in 'both-equa'tion's. An approximate value for the heat fransfer coefficient
and the appropriate boundary conditiors are used In these squations to caiculate a
thearstical exit fluu temperature history, This is then compared with the measured
fluid exit temperature history, if the histories match within specified limits, the
'. assumed value -of the heat transfer coefficient is the correct average heat transfer
coefficient of the core. If the history does not match, the heat transfer coefficlent Is
changed iteratively until the specifled agreement is achieved. For the convergence
criterion an avérage absoluie difference value & is used {ses also Appendix F).
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n
- -+ 2
& = JZ (T outdoale =T ouu,wep) (3.3)
i=0
where:l  =0..n, time steps of 0.33 sec. (test duration is approx. 50 sec.)

Toutscoe = dimensionless, calculated outlet temparature for each time step |
Toutd o = dimensionless, experimental outlet temperature for each time step i

The dimensionless temperatures are defined as follows (ses also Appendix F):
» dimensionless inlet temperature:

- . TInJ “TMJ (3.4)

s dimensioniess outlet temperature;

S Tour —Touy
Toits = A : _ (8.5}

The authors giva an overali accuracy valug of £ 2% of their model 'compared with
test results. For further informatioh aboit the calculation method sse Appendix G.

33, MATLAB programs for the calculation of results

Two sepa'rate MATLAB programs were used fo calculate the resulis from of the raw

test data, The MATLAB program prepdat2.m, which had to be run first, used as inpuf

a data mairlx for each lest point {mass flow point) recorded by the LABVIEW
program. This matix contalned 3 readings per second for each of the 22 Input

channels {8 channels for inlet temperatures, 8 channels for outlet temperatures, 1 for

nozzle temperature, 1 for pressure drop across the nozzle, 1 for nozzle static

pressure, 1 for time, 2 for pressure drop across the pack ). Prepdat2.m calculated

the average inlet and outlet temperatures of each set eight thermocouples. Secondly

thls program determined the mass flow using the pressure drop across the nozzle

and the tempsrature. The air viscosity aind denslty was calculatad using the average
temperature at the nozzle and the barometrilc pressura. For these calculations the

hurmnidity of the air was not consldered, because its effect Is negligible.
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The purpose of the second program hitcoefa.m in combination with the function .
findcosf.m was 1o calculate the heat transfer coefficient for each mass flow point.
The average inlet and outlet temperatures historles were used i an Input. The
values of the mass, heat transfer area and cross sectionai area of the pack had to be
Ihput by the user. The program contained a finite difference model according to
Mullisen and Loehrke [23]. Starting with an initial value for the heat transfer
" coefficient of 50 W/(m?K) the function findeoefm calculated an outiet temperature
history and compared this with the one measured, The solution, which means the
heat transfer coefficient which gives the best fitting calculated outlet temperature
history was found by iteration. This program used a speclal MATLAB function {fmins}
which found the local minimum of a funcion within a given tolerance. The
convergence criterion was the average absolute difference between the calculated
and the experimental outlet temperature called error (see also 3.2}. Fmins stopped
caIt:ulating whén the heat transfer coefficient did not change within the specified
tolerance which wés 0.01 WHm?K). Fmins used a 'Simp[ex search method as an

instrument to find the minimum. Usually the error laid between 0.05 and 0.2,

depending on the Reynolds-number of the test point. With Increasing Reynolds-
number the error also increased. An error of 0.2 would mean in absolute temperature
a difference of 0.15 °C, which could be considered as the limit of accuracy of the
thermocouples. The _print-outs of thase programs can be found in Appendix B.
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34, Test Pracedure

Determination of basic geometry data and mass -
For detemmining the geometry of the test pack firstly the average height, width and
length of the pack had fo be measured. These values were needed for.put the actual
' heat flow area and the volume of the pack. '
Secondly the mass of the pack (with/without braces) was needed. For the caleulation
of the heat transfer cosfficlent only the mass of the pack without braces was
cohsidered, because the braces do not take part in the heat fransfer, The time
duratlon is too short for this compact mass lump to heat up significantly. Also the
number of plates had fo be counted, the notched and undulated ones, To make sure
that the pack stays always in the same order each plate had to numbered. The
whole pack got a number to avoid confusions (e.g. H8_00, H8 01...... KHH_OD,
KH11_01). ' -

Datenninlng the expanded length ratlo

To calculate the heat transfer area of a test pack the expanded (stretched) length

raflo of profile plates had fo be determined. The expanded. length ratio is the ratio

betwean the curved length and the straight length of the profile. To get ar average, 4

_notched and 4 undufated plates were taken as reference plates. Thers were two

- possibilities to measure the expanded length ratlo.

« 1% possibility, using the digitatizing board: Therefore a pleture of the profile curve
was neaded. This was gained by rubbing with a pen on a piece of paper on top of
the profile, On the digitalizing board the profile curve was driven by a special pen.
“This gives immediately the value of the expanded length of the undulated and the
‘notched plates.

» 2™ poseibility, using of masking tape to put in the profiles (at least 10 notches or
undulations), take it off, glue it on a piece of paper and measure the expanded
lerigth of the undulations or notches

After measuring the straight length of the proflle plates with a ruler, the expanded

Iength ratio of expanded length to actual length of the plate could be calculated. With
| the help of the expanded length ratio the heat transfer area and the cross sectional
area could be calculated.
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Alr properties

As air properties the actua! barometric pressure and the dry and wet bulb
tam;éerature were needed. The temperatures were measured sevoral times during
the test run. The air properties llke density, humidity, alr viscosity and Prandil-
number were calculated in an exoe[—spreadsheet accordlng to the formulas in
AppendixH '

Test data sheet

For each test run a test daid sheet was flled in with all the geometry data and air
properties. Additionally fo the data recarded by the PC, in the test data-sheet the
pressures (nozzle and pack) and the heating position was racorded by han.,

Preparing the testrun :

Firstly the pack had to be put Into the test sectlon either with or withotf braces. Then
it had to be made sure that there was no gap between the pack and the test section,

Above and below the test pack insulation was put to minimise heat loss. The

pressure measuring devices had to be switched on to warm up. To ensure steady
- state conditions the fans are switched on 10 minutes before the start of the fest run,

Actual fest run

. The LABVIEW program for recording the test data (femperatures and pressures)
was started. The mass-flow range between 0.1 kg/s and 1.1 kg/s was covered with
16 to 18 measuring peints. For these points the damper had to be adjusted to the
required position. Also the heater was adjusted so that the inlet temperature jump for
each mass flow was app'roxlmately the same (approximately 20°C). Al the test runs -
werg started with the lowest mass flow, To check whether the flow was stable the
data was already recorded 10 sec, before the heating, Then the heater was switched
on for 40 sec {total record time was 50 sec). After stopping the recording of data the
heater was swiiched off. Now the whole system had to coo! down (approx. 5 min.),
the next test point could be adjusted and then the next test peint could be started.
But before starting the next test point it had fo be e~ ureqd that the average
temperature difference belween inlet and outlet was small, i.e. the system had
cooled down properly
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Caleulating results .
Firstly the excel program mafrix.xls was run, which con&erted the data into a matrix
for {arther calculations In MATLAB. Secondly the MATLAB program prepdat2.m
calculated the average outlet and inlet temperatures of the 16 thermocouples and
the mass flow from the nozzle data for eaci, test point. Thirdly the maln MATLAB
program hfoosfa.m was run, It calculatsd the heat transfer coefficient according to
Mulllsen and Loehrke [2] using a finite difference model. The tempsrature histories of
the inlet and outlet temperature were used as input data from a file. The mass, the
he- transfer area and the cross sectional area of the pack had to be glven in by
L. The output of this last program is 2 matrix which contains all the data from one
tes. . 1, l.e. each mass-flow point with appropriate Reynolds-number, heat transfer
coefficlent and pressure. drap across the pack. The calculation time of this program
was 1.5 hours for |5 measuring points on a Pentium 150 MHz, '

3.5. Fluld propertles
The followlng fiuld propertles of air were needed in the present study:

barometic pressure
humidity

gas constant
kinematlc viscosity

The baromet ic pressure required to be corrected for temperature and for gravity.
The gravity correction considers of the influence of alfitude and the Influence of
lafitude.

The appropriate Jalculatior, nethods are detalled in Appandix H.
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3.6. Difficultics encountered during the study

Several experimental and computational difficulties, and sources of inaccuracy were
encountered or discovered In the sourse of thls study. These problems and the
methods of overcoming them are described In Appendix A.

3.7. Presentation of test results

Firstly the Mattab program calculated the heat transfer coefficient for a particular
mass flow. One possibilty of presenting the test data were réphs where the heat
transfer coa_fﬂctent' and the pressure drop was shown vs. the mass flow. A
“disadvantaga of this sort of presentation was that the mass flow did not represent the
velocity in the pack because of differsnt hydraulic diameters for different packs.
Anather possibllity was to present graphs where the heat transfer coefficlont and
pressure drop vs, velocily were shown, To sliminate the Influence of fluig properties
either curves showing heat transfer coefficient and pressure drop vs. velocity at
norimal conditions (101.3 kPa and 0 °C) or curves showlng dimensioniess nitmbars
fike the Colbum- and Friction-factor vs, Re-number could be used. The definition of
the dimenslonless numbears are as follows.

s the Colburn-factor is defined as follows

ComM___Pdy & .(f"""n]% (2.6)
Re-Pr5  k.Reprf Mo \ Kk
Ahs g
_ h-d,
with:  Nu = Nusgelt-number NU=T (3.7}

Ra = Reynolds-number (see below)
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Pr = Prandtl-number Pr= r"": B ' - {3.8)

h = heat transfer coefficient [W/(m?iK)]

d, = hydraulic diameter [m]

k = heat conductivity of air fW/(m K)i

rit = mass flow rate [kg/s]

An;. = free cross section of pack [mf]

6, = specific heat of air [J/(kg K] _

4= dynamic viscoslty of alr [Pa.s]  (u=v. )

¢ the Friction-factor Is defined as follows

with: v = velocity in the pack [m/s]
" d, = hydraulic diameter [rm]
L = fength of the pack [m]
p= density of alr Tkg/m®) _
Ap = pressure cirop across the pack [Pa]

e the Reynol -number is defined as follows

d, "
.d h )
Re =20 = :m (3.10)

with: v = kinematic viscoslty of alr [m¥s]
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4 Thermal tests of uneroded plates

This chapter detalls progress made since the beginning of 1997 concerning
‘thermal and pressure diop performance testing of regenerative air heater test
packs on the thermal test facility situated at TRI, More than 160 test runs have -
been performed during this time {untlt March 19988) oh a number of different air
heater pack typ_e_s_ commonly used in ESKOM. The geometry of these profiles is
shown in Figure 4.1, Most of the profiles were tested In varlous configurations.
For example, the parformance of the same pack type with different numbers of -
plates was tested, Packs were tested with and without braces, Som~ of the
- packs were tested with different types of braces. The majority of the pa  which
are used in the thermal test facllity are supplied by Howden Power. The test
resulfs have been checked by carrying out at least two fest runs for every
conhfi~uration,

4. Standard profile types

" The following picture (Figufe 4.1} shows all the profiles, which are commonly
used in ESKOM air heater.
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4.1.1 Profile H8

The H8 profile shape is shown in Figure 4,1, The notched plate is characterised
by steps, up and down In the flow direction, to disturb the flow additionally fo
what Is d_one by the undulated plate. The undulated plate Is characterised by W-
shaped wavy sttuctures, which means' the directions of these waves are at an
angle of 30° to the flow direction and this direction changes twice on the length of
500 m. The rolling helght is 2.5 mm, .

This has been the first pack type 1o be testad since It had previously been used
to establish the validation of the test rig. One pack of this type had been obtained
from Apparatebau Rothemuehle (RM) In Germany, whers it had also been
_ tested. Caby [26] had ieste.d thls same pack In ESKOM’s newly commissionad

test facility and results confirmed that the TRI tast facility was working 'properly.
" Figure 4.2 shows the pressure drop across the pack and the heat transfer
coefficient of the same RM test pack containing 55 plates, as testad In Germany
and South Africa normalised to standard condltions (0°C, 1013 kPa). The graph
shows three diffarent test runs from South Africa {1, _2, _41) and one test run
fram Germany {_RM) -
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Figure 4.2: Results for the H8 pack from Apparatebau Rothemushle,

tested in Germany and South Africa

To compare the RM results (heat transfer coefflclent and pressure drop) with the
results obtalned from the Thermal Test Facllity (TTF} 4t TRI, values have been
calculated for normal conditions {0 °C, 101.3 kPa). Ahother ‘possibility for
'u:mparison is to calculate dimenslonless numbers such as the Colburn-factor,
the Fanning Friction-factor and Reynalds-number, which are defined in Chapter

3.

Flgure 4.3 shows a dlagrasn Colburn- and Frictlon-factor vs. Reynoids-number of
* the Rothemuekle and the present results. ' :
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 Figure 4.2: Results for the H8 pack from Apparatebau Rothemuetile,
tested in Germany and South Africa

To compare the RM resulis (heat transfer coefficient and pressure drop) with the
results obtained from the Thermal Test Faclliiy (TTE) at TRI, vaiues have been
calculated for normal conditions (0 "C,' 101.3 kPa). Ancther possibility for
comparison s to calcuiate dimensionless numbers such as the Colburn-factor,
the Fanning Friction-factor and Reynolds-number, which are defined in Chapter
3.

Figure 4.3 shows a diagram Colburn- and Friction-factor vs. Reynelds-number of
the Rothemuehle and the presant results.
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Figure 4.3: Results for the H8 pack from Rothemuehle, _
tested in Germany and Sauth Africa, dimensionless values

From Flgure 4.2 and.' Figure 4.3 It can be seen that for both the ESKOM and RM
tests the pressure drops are well matched. 'However. the RM heat transfer -
coefficlent is slightly lower than the TRI une over the whols velocity range, The
reason for this could be due to the differance in the data reduction systems. RM
- uses g step-temperature function and a calculation methed according to Locke
[6). At TRI the data reduction method according to Mulllsen and Loshrke [2] is
used, Howsever, the deviations of the heat transfer coefficients are less than 10
%, which is within the measuring uncertainties of the test facllities (see Appendix
E). -

For the H8 profile the following numbering system is used to differentiate
between the different test packs:
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Table 4.1: Numbering system of the H8 packs

manufacturer | pack number
Rothemuehle (RM) H8_00(a) _
Howden Power H8_02(a), H8_03(a), H8_04(a), ...

After verifylng that the TRI Thermal Test Faclllty is reliable, packs supplied by
Howden Power could be tested and results compared with those from the RM
pack.

The gaometry. of the RM H8 pack and a H8 pack supplied by Howden Power wl_th '
0.5 min plate thickness and 0.8 m in length was compared. The cross sectional
area, the heat transfar area and the mass Is related to packs for the test sectioh
{300 mm x 300 mm x 500 mm} and Is not related to the standard unit of 1 m®.
The miass Is taken without braces. These values refer to the standard number of
plates. This is valid for all following profile types, unless otherwise statad.

Table 4.2: Geometry data of the standard H8 pack

(300 mm x 300 mm x 500 mm)
Profle | hydr.@ |  Asses Aps | mass | noof | undul form
ype | (mm] | 1M [md] [kg] | plates
Hg 871 | D603 | 18.22 | 362 56 | We-shape
“HE(RM) | 865 | 0.47608 | 1834 | 3585 | 55 | W-shape

The results are shown in the following figures (Figure 4.4 and Figure 4.5).
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These graphs show that there are only small devlations In the pi eséure drop and
~ the heat transfer coefficient. It can be concluded that the Howden Power and the -
~ RM pack show similar performance characteristics.

4.1.1.1 Influence of individusl packs

Three different H8 packs manufactured by Howden Power were tested to
determine the influence of the Individuality (repeatabllity of manufacture) of the
different air heater packs. Figure 4.6 shows the resulls of the heat transfer .
coefficlent vs. mass flow and Figure 4.7 shows the pressure drop auoss the
pack. The graphs show two test nuns for each test pack.
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As it can be seen from these figuras, all test runs from three different H8 packs
with braces show that there is little variation in the heat transfer coefficlent as

* well as In the pressure drop. This leads to the conclusion that there is a negiigible
difference In thermal performance between individual test packs of the H8 type,

4.1.1.2 Influence of the braces

One Howden Power fest pack has been tested wtth and without braces. These -
braces are of mild steel round bar (diameter =10 mm. MasSaue = 2 kg) Two of
them held the pack together,

The followlng graphs {Flgure 4.8 and Figure 4.9) show the results of each of the

two test runs,
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These figures shiow that the Influence of the braces Is not negliglble. This is

contrary {o what was earlier reported by Caby {21]. Both the heat ifransfer '
coefficlent and the pressure drop are higher with braces than without braces. The

presence of the braces increases the pressure drop because of higher entrance

and exit losses. These higher entrance and ext losses are due to the Increased

material aréa which causes contraction arnd expansion of the flow, The increase

of pressure drop is about 10 % and the haat transfer coefficient with braces is

also about 10 % higher than without braces at the highest mass flow rate. Due to

the higher pressure drop, greater turbulence can be expected in the pack so that
the heat transfer must also be higher.

4.1.2 Profile 278DU

* The 278DU profile is the other profile type for which the notched plate has a flow
disturbance in the flow directlon. The basic form of this profile is similar to that of
the KH11 (see Figure 4.1), except that on the flat part of the notched plate
between the hill and the valley there are rolled wavy Indents with an angle of 30
degrees to the flow direction. '

Table 4.3: Geometry data of the standard 278DU pack -
300 mm x 300 mm x 500 mm)

Proflle | hydr. @ Ao Apant maés ho of 'undul.
type | [mm] [m? ] [ka} plates Form

278DU I 10.4 | 7.79E-03 | 15.58 | 34.22 | 45 | dlagonal

This proflle type has been tested with and without braces, but always with the
same number of plates. '

4,1.2,1 Influence of the braces

Figtire 4,10 and Figure 4.11 show the results of the test runs with and without
braces,
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These results ‘ead to the followmg ganclusions conceming the inﬂuanee of _
braces on the 278DU proflle tpe: On the heat transfer coefficient the effect is

unclear because of the scatter of the results, although there is evidence that the
coefficlent is lower for the pack without braces. The pressure drop at 1 kgfs is -
aiso 35 Pa higher with braces than without braces. '

4,13 Profile, KH11

The KH11 profile Is similar to the H8 and the 278DU profile. The only diffsrence -
is that the notched plate of the KH11 has no steps in the flow direction. The
undulated plate is exactly the same for both profile types (Figure 4.1).

Table 4.4: Geometry data of the standard KH11 pack
(300 mm x 300 mm x 500 mm) _
“Profile | hydr. 25 Ao Apgat mass | noof .
type [mim] [m7 [m3 kal | plates

undul. form

KHA1 | 886 | 8.08E-03 | 17.96 | 34,92 | 53 | W-shape

All KH11 packs used in the following test runs wers manufactured by Howden
Power. The following discussion deals with the influence of the number of plates,
the kind of braces {round or flat) and the presence or absence of braces.

4.1.3.1 Influence of the number of plates

For a 300 mm wide pack the standard number of plates (packing denslty) is 53
plates [28]. However. to test the Influence of the nurnber of plates on the thermal
performance this profiie was also tested with 51 plates. The following figures
show the results (Figurs 4,12 and Figure 4.13). '
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As these graph+ show, a variation of two plates has a very small influence on the
heat transfer cc- ficlent and on the pressure drop. The pressure drop is S_IiQhﬂY _
higher (5 %) as can be expected due to the increased material area but this
difference is within the measuring uncertainties. Similarly, the difference In the
heat transfer coefficient is within measurernant uncertainties. '

4.1.3.2 Influence of the braces

The KH11 pack has been tested with flat-bar braces, with round-bar braces and
without braces. The fiat bar is oriented parallel to the fiuid flow so that the frontal
area inﬂuencing flow Is the same as that for the round braces. Figuré 4.14 and
Figure 4.15 show the results, o ' '
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Figure 4.15 shows clearly that the kind of brace has fittle influence (within the
limits of uncertainty) on the pressure drop across the KH11 pack. However, there
is a marked difference In the results of the packs with and without braces. At a
mass flow of 1 kg/s the difference is 30 Pa, which [s 12%. '

The curve for the heat transfer coefficient does not show the expected trend.
Relating to the pressure drop, it would be expected that the heat transfer is also
positlva[y_inﬂuenoed by the presence of the braces, irrespective of the form of the
braces. 'Howevar. Flgure 4.14 shows that only the pack with the round bar braces
. has a slightly higher heat_transfer coefficient. The heat transfer cosflicients for
the packs with flat and without braces are the same. These results are not
explicable, However, there is evidenca that there may be an influence bn the
heat fransfer coefficient due to the pack braces (also see pfevious discussion for
HB8 pack In 4.1.1.2). In future fests all packs wilt be tested without braces to -
isolate any possible effects of the braces on thermal and pressure drop )
performance. - ;

4.1.4 Profile KH10

The KH10 profile is characterised by the same notched plate as the KH11 profile
{Figure 4.1). Howaver, the profile height is 1 mm higher and instead of an
undulated plats, this profile has an adjacent flat plate.

Table 4.5: Geometry data of the standard KH10 pack

{300 mm x 300 mm x 500 mm})
Profile | hydr. @ Acmss Aot mass noof | undul. form
type [mim] [m% im3] | Ika] plates

KH10 l 7.98 I 9.84E-03 | 19.68 | 3p.27 [ 59 I flat

4.1.4.1 Influence of the braces

Figure 4.18 and Figure 4.17 show the resuits of the KH10 profile with and without
braces. All tests were done with the same number of plates.
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Both graphs show the same tendencies as those of the profile types mentioned
previously, The Influence of the braces on the pressure drop ls again significant,
i.2. 30 Pa at a mass flow of 1 ka/s. HUWever, the influence on the heat transfer s
within measurement uncertaintles. The different test runs indicate some scalter.

© 41.5 Profile V75

The V75 profile balbngs o the group of pmﬂles where the notched plate is
characterised by a wavy curve (Figure 4.1). The peaks of this prbﬁle are quite
po[ntéd. The undulated plate is the same as at the H8 pack. The height of the -
notched plate is, including the plate thickness of 0.5 mm, 7.5 mm.

- Table 4.6: Geomeiry data of the standard V75 pack

{300 mm x 300 mm x 500 mm)
Profile | hydr. @ A,,.,,', Asat mass noof | undul. form
type [mim] fmf [m?] tkaj plates

V75 | 7.16 [ TO8E0Z | 7168 EERE | Weshape

For this profile type two different packs were tested to investigate the influence of
the braces and the Infiuence of the number of plates on thermal and pressure
drop results. Figure 4.18 and Figure 4.19 show these rasults.

4.1.5.1 Influence of the number of plates

Figure 4.18 shows that the heat transfer coefficient of a V75 pack with either 59
ar 61 plates Is similar. Also the pressure drop remains the same for either 52 or
61 plates. Both packs were testad with braces,



Figure 4,12: Results for the V75 pack,
pressure drap across pack vs, mass flow
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4.1.5.2 Influence of the braces

Figure 4.18 and Figure 4.19 also show the influence of braces. Again a
compaﬁson of the heat fransfer coefficients shows that there is no visible
difference. However, the pressure drop shows an Influence of the braces. At a
mase flow of 1 kg/s the pack with braces has a 35 Pa greater pressure drop than
the pack wi_th_out braces.

4,1.6 Profile K4

The notchied plate of the K4 profile is very simllar to that of the V75 pmﬂle
(Figura 4.1), The difference is the profile height, which for the K4 i§ 4 mrm, and
the psaks are not that pointed. The undulated plate is the same as those for the
previously mentioned packs. :

- The small rolling he]ght of the notched plate makes this profile a very closed and
compact profile with a high heat transfer area but also a high tendency for
biockage.

_Table 4,7; Geometry data of the standard K4 pack

(300 mm x 300 mm x 500 mm)
Profile | fydr, & Acrosa Apeat mass noof ‘{ undul
type {mm] [m3 m? kgl | plates Form
Ka B 1.44E-02 | 2880 | 5708 | 89 | W-shape

- 4.1.8.1 Influence of the braces

The heat transfer cosfficlent and the pressure drop soross the pach with and
without braces are showii in the following figures {Figure 4.20 and Figure 4.21).
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As expacted this profile has a relatively high heat transfer coefficient and also a
‘high pressure drop. The diffsrence between a pack with and without braces Is
visible in both graphs, The haat transfer coefficiant Is slightly higher (5 %) and
 the pressure loss Is 40 Pa (10 %) higher for the pack with braces.

. 4.4.7 Profile K5

The K5 profile s simiar to the K4 profile (Figure 4.1). The only differeric.
- between these profiles is the amplitude of the notched profile, The K5 profile has
an amplitude of 5 mm (including the plate thickness of 0.5 mm) and the K4 of 4 -
[T.‘Im..'

Table 4.8: Gaometry data of the standard K5 pack
(300 mim x 300 mm x 500 mm)

Profile | hydr. @ Across Aaat mass noof [ undul furn_"l
type | [wm} [m?] [m? kgl plates
K5 I 5.63 | 1.3E-02 I 26,91 | 51.13 I 77 | W-shape

4.1,7.1 influence of the braces

This pack has been tested with and without braces. The following graphs (Figure
4.22 and Figure 4.23) show the results of each of the two test runs,
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Figure 4.22 shows some scatter of tost data. It is ot clear If there Is an influence
on the heat transfer because of the braces or not. However, the results with
braces seem slightly higher than without braces,

. The influence on the pressure drop across the pack is abvious from the graphs,
At 1.0 kg/s the praessure drop with braces is 55 Pa higher than without braces. -

- 4,1.8 Profile K&

'T_he- Ké profile also belongs to the family of the 'K—proﬁles, The height of the
rotched plate |s 8 mm, Including the plate thickness of 0.6 mm. The undulated
plats 1s the same as thase for the previously discussad packs.

Table 4.9: Geometry data of the K8 pack (2 plates less than the standard
number of plates, 300 mm x 200 mm x 500 mm)

Proﬂle. hydr. & Across A mass
type fmm] [m?] fre] [ka}

noof | undul. form

plates

K& | 613 |1.245-02 |'24.s1 | 457 |67 | Weshape

4.1.8.1 Influence of the braces

For the K6 profile type one pack has been testad In the thermal test section, six
times with flat braces and twice without braces, The following graph shows that
the heat transfer resulls have a relatively wide spread for the & different test
runs. This spread is wider than that for any of the other profiles. However, the
pressure drop does not show this behaviour, The test runs show lower pressure
drops for the pack without braces than for packs with braces, as expectad.
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_ Figure 4.24 and Figure 4.25 present the thermal and hydraullc results of the K&
test. pack. As mentioned earller there is some scatter of the heat transfer
cosfficients. This explains why there Is no clez™v defined influence due to the
presence of braces, The results of the pressure . -op show however g dﬂ‘ferende :
of 30 Pa at & mass fiow rates of 1 kg/s. '

4.1.9 Profile K8
The K3 _proﬁle is characterised by the largest rolling helght of all K-proiiles. This

is 8 mm including 0.5 mm plate thickness (Figure 4.1). The undulatad plate s
again the same as In the previously discussed sections.

Table 4.10: Geometry data of the standard K8 pack

{300 mm x 300 mm x 500 mm)
_ Profte | hydr. @ Acrtes At mass | no of | undul. form
type [ram) m3 _ [m? [kal plates

K8 I 7.95 |9.75E'-03| 19.5 I 37.92 | 55 "W—shape

4,1.9.1 Influence of the braces

The test pack has been tested twice with braces énd_twlce-w[thout braces. The
graph {Flgure 4.26) indlcates that the K8 profile does not show any influence of
the braces on the heat transfer coefficient. All four test runs coincide.

' However, Figure 4.27 shows the same pressure drop bshaviour as profile types -
mentioned before. The pressure drop across the pack is 30 Pa higher with
braces than without braces at & mass flow rate of 1.0 kg/s.
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4.1.10 Profile K6G

The K6G profite consists of the K8 riotched plate and a flat couniter plate instead -
of an undu’. *3d one (Figure 4.1). The flat counter plate makes this profite type
less susceptible fo fouling and blockage. On the other hand this profile type has

& low heat transfer performance due to the lack of tubulences caused by an
- undulated plate. :

Table 4.11: Geometry data of the standard K6G pack

© . (300 mm x 300 mm x 500 mm} _
Prafile hydr. @ ' A A mass noof | undul. form
type | fmml | [ | [ | [kl | plates |
KeG I 434 ] 1.59E-02 ] 31.73 ] 60.47 [ 89 ' flat

4.4.10.4 Influence of the braces

The fbllow]ng graphs (Figure 4.28 and Figure 4.29) show the test resulfs of the
KBG profile. The heat transfer results do not conform with the results from the
previous mentioned profiles where the heat transfer coefficient with braces was

‘either higher or squal to profile types without braces. This profile has a slightly

higher heat transfer cosfficlent without braces even when the pressure drop with
braces is higher than without braces. To prove the validity of thess resuits all the

‘test runs were repeatad for two packs of this type of profile. All test runs show

the same results, i.e. the he~t transfer coefficient for the K6G profile without
braces Is higher than witih Jagss,



Figure 4.29: Results for the K6G pack with and without braces,
pressure drop across pack vs. mass flow
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© 4.1.11 Proflle K8G

“The K8G proflle type consists of a 8 mm high notched K-profile and a fiat counter
plate, simllar to the K&6G profile. The purpose of testing this pack was to check
whether this profile also has inconsistent heat transfer behaviour with the braces
similar to the K6G proflle. The K8G: pr'oﬂ!é is the closest profile to the K6G profile.
Both types have a flat counter plate,

Table 4.12: Geom.etry-data of the standard KBG peick

{300 mm x 300 mm x 500 mm)
Profile | hydr. & -V R W | mass | hoof | undul.form
ype | [mm] | [m] A lkg] | plates

KeG I 8.17 |1..23E-03| 246 I 46.67 I 68 | - flat

 4.1.11.1 Irfluence of the braces

.The same pack of the K8G profile was tested twice with braces and twlce without
braces. The resulis are shown in Figure 4.30 and Figure 4.31.
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As can be seen the K8G does not show the same behaviour concerning the heat
transfer coefficlent as the KEG profile. The heat transfer coefficient of the K8G
profile is the same for a pack with and one without braces. The resuits of the
pressure drop are like expected. The pack with braces has a higher pressure
drop than the pack without braces. The difference at 1 kg/s is 40 Pa.

4.2 Special profile: “Cheese Grater”

The *Cheese Grater” profile is & special profile, which is not used in ESKOM air
pre-heaters. The name of this profile describes the plates. There are no
undulated and notched plates, ali plates look the same, Seml-circular tapered
notches are punched into all plates in two different sizes, The holes are punched
out towards both sides of the plates (up and down). The photographs in Figure
4.32 - Figure 4.35 show the "Chessa Grater” profile.

Figura 4,32: "Cheese Grater” prolils, photograph in flow diraction
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Figure 4.33; "Cheese Grater®, photograph from the slde

Figure 4.34: "Cheese Grater”, photographs of 2 plates
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Figure 4.35; "Cheese Grater”, detail photograph of the punchings

Table 4.13: Geometry data of the standard "Cheese Grater” pack
(300 mm x 300 mm x 500 mm, plate thickness 0.7 mm)

Profiie | hydr. & Across Apon mass noof | undul.
type {mm] [m?] [m? [kg] plates | form
Chgr | 13.9 | 7.98E-03 [ 11.44 | 325 | 37 | -

The following figures (Figure 4.36 and Figure 4.37) show the results from the
TTF.
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itis immediétely apparent that this proflle has a high heat fransfer coefficient and
a relatively low pressure drop. The following section shows comparisons with
commonly used profile types,

" 4.3 Summary of the test results

The following figures (Figure 4.38 and Flgure 4.39) show a comparison of the
thermal and hydraulic test results of all previously discussed packs (without
braces). '
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Flgure 4.36: Results for different profiles of air heater packs,
heat transfer coefficient vs. mass flow
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Figure 4.38: Results for different profiles of air hieatar packs,
_pressure drop across pack vs. mass flow

As expected, the K4 and the K5 proflles have the highest heat transfer
coefficlents because they are the smallest profiles (highest plate packing
densities). The “Cheese Grater” profile and the K6 profile are also characterised
by a high heat transfer value. The rest of the profiles are arranged approximately
in order of thelr hydraulic diamieters, The profiles with a flat counter plate have a
slgniﬁcant[y Jower heat transfer coefficient than profiles with an undulated
counter plate. The undulations produce additional turbulence which increase the
heat transfer. '

It is of Interest that the 278DU profile has a notably higher heat transfer
coefflcient than the KH11. The difference betwesn these two plates is that the
278DU profile has additlonal undulations on the flat part of the notched plate,
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The graph presenting the pressure drop across the packs (Figure 4.30) shows
the sequence of the plate types In reverse arder to that of the heat transfer
coefficlents (Figure 4.38). This is to be expacted since the profiles with a high
heat transfer performance caused by additional turbulence have a higher
pressure drop. - - '

Another point of interest is that the “Cheess Grater” profile, which has nearly the -
- same heat transfer coefficient as the K8 profile, has a much lower pressure drop.
Although this would seem encouraging, it should be noted that this new profile
hais less than half of the specific heat transfer area of the K& (“Cheese Grater =
254,22 né/m?, K6 = 551,33 m&/m®). A heat exchanger designed with the "Cheese
Grater” profile wauld therefore have to ba twice the size of one containing the K6
profile to transfer the same amount of heat snergy. '

The 278DU profile also shows some Interesting resiits. This profile has a.
relaffvely high heat transfer coefficlent and a relatively low pressure drop
although the heat transfer area is relativaly high (278DU = 346,22 m2/m?). This
| proflle Is the only one of which the height of the undulated plate is 3.5 mm -
instead of 2.5 mm. It Is possible that thls positivel'y influences the overall
performance. ' |

Lmking' at the. pressure drop It is interesting that the K4 profile has a higher
pressure drop than the K5, since their heat transfer coefficients are the sama,

From the graphs with and without braces as discussed previously it can be seen
that all profiles 'show a higher pressure drop with braces than without braces.
Due to the increased material drea at the entrance and the exit.of the pack there
is a higher contraction and expanslon of the flow. This causes additional
turbulence. The influence of the braces on the heat transfer coefficient is not
clear, It would be expected that due to the higher pressure drop the heat transfer
also increases. However, the heat transfer results of the other profiles vary only
within the measurement uncertainty. It is therefore difficult to make any
conclusions,
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4.4 Literature comparison

. There are not many literature references which can be used to compare the
present results with others. Kays and London [3] tested mahy 'drfferent
geometriss like tubes, grids, 'perforated plates and corrugated channels. They

- plotted thelr results In Colbumn- and Friction-factor vs. Reynolds-number
diarams. The Kays and London profiles, which are most similar to ESKOM
profiles have a wavy notched plate and a flat counter plate. ESKOM proflles
which can be compared with these Kays and Londan profiles are the KFG, KBG -
and KH10, These thrae profile types have a flat counter plate, Figure 4.40 shows
a comparison of three Kays and London and thréa ESKOM profiles, whera the .

~ geometry matches best. The Kays and London (K&L) profile types are

characterised by their. hydraulic diameter {dy) and the. profile height (h). The
geometry of the ESKOM profiles can be seen in Table 4.5, Table 4.11 and Table

412,
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Flgure 4.40: Colburn- and Friction-factor vs. Reynolds-number,
ESKOM and Kays and L.ondon data
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The shape of these particular undulated K&L piates is wavy like the K-profiles.
The difference Is the pitch of the waves. K&L profiles have narrower waves, so
the flow channels are smaller (hydraulic dlameter smaller’ igure 4.40 shows :
that the heat transfer performance shows good agreement. kspedially the K8G
results match excellently with the K&L data (except of the transition region, 1000
< Re < 2000). The geometry of this proﬁ]e is the closest to the geometry of the
K&L. profiies.

Migay [15] also examined profiles, which are similar to the ESKOM profiles and '
can be takén for comparison. He: invesligated the thermal and hydratllic
performance of plates which are similar to the ESKOM KH11 and 278DU
profiles. In his publication there are only graphs (some double logarithmic)
-containing experimental dafa like hydraulic reslstance and Nusselt-number,
without values in a table. This makes it impossible to obtain the experimental
data for a comparison with present results, As mentioned in the literature survey,
Migay gives additionally emplrical equations to calculate the Nusselt-number. He
gi(res a Nusselt-number equation which represents the thermal performance of
KH11 refated profiles; based on the ‘experimental results, fluid properties and
geometry (height and pitch of the profiles). According to Migay this eqtjation is
valid for Re » 2700, Figure 4.41 shows that it is also valid for smaller Reynoids-
numbers. In Figura 4.47 this approximation is used to check the KH11-resuits
from the ESKOR Thermal Test Facility. It can be seen that both the calculated
curve and the experimental ESKOM-data coincide well.
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ESKOM data and Migay calculation

Ancther possibility to check the results of the TTF is to test flat plates and
compare these results with thearetical valuss which can be found in the kiterature
{291._ The test pack of flat plates used for this study consisted of 30 galvanised,
smooth, 0.6 mm thick plates, which are installed vertically in the test sécﬁon,
without any additional disturbance. Figure 4.42 and Figure 4.43 show the
experimental and the theoretical results. The calculated Nusselt-numbers and
Friction-factors are obtained from the equations:

» Nusselt-number according to Dittus-Boelter:

Nu = 0.023.Re®. Pro4, 4.1
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» Nusseft-number according to Gnielinski, including the Fricﬁoh-factor of smooth
tubes:’ ' '

oot '3][Re—1000)-Pr | o
Nup = — L et @.2)
u. 1+127[(Foca) / Bl%(Pr%._‘!]

» Nusseit-number according to Gnielinski, including the Friction-factcr of the -
actual measurements o '

0 = [ st s / él(Re-—moo).pr
1+12‘7[(Fﬂat pmga)-/ 8]-%( %_ 1)

4.3)

-« "Frlctlon-factor for laminar flow according to Hagen-Poiseuilie
64 ' :
- | 4.4)

. thictlon-factc‘:r for turbulent flow according to Blasius

F=0316.Re /% - @45)

All the above mentioned equations were found in rncrbpera and DeWitt [28].
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The calculated Nusselt-number, derived from Equation (4.3), agrees exactly with
the experimental N-J_sselt;numbars in the Reynolds-region between 3000 and -
8000, For higher Reynolds-riumber the difference between the calculated and
the measurad Nusselt-number varles about 10 %.

Looking only at the experimental data of the Friction-factor, It is remarkable that
the transition from laminar to turbulent only occure at Re ~ 7000. This leads to
the conclusion that the equation for tubular flow at turbulent conditions is not
applicable. In Figure 4.43 it can be seen that the equation for laminar flow
(Equation 4.4) best describes the experimental results.

4.5 Regression of test results

To calculate the heat transter and the preecsure drop from the mass flow,
equations must be derived which represent the aforementioned results. It was
chosen to use regression equations for the Calbum- and the Friction- factor of
the following form:

« Colburn-factor

Co= A, -Re® | 4.6)

s Frictiori-factor:

F= A, -Re 4.7)

The graphs and the relevant coefficients for the most commonly used profiles are
following.
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KH10 profile

These diagrams show that the experimental results are well representad by one
single ragresston curve, both for the Colbum- as well as for the Friction-factor. it
Is not necessary to distingulsh between differsnt flow reglons, like iaminar,
turbulent or transition because all resuits fit well to one straight line on a double-
logarithm diagram. Only the KH10 profile shows a slightly different behaviour.
There is a changing of the linearity in the Colium- and in the Friction-factor at Re
~ 1300. T. represent these test results two separate curves, one for the laminar
and one for the furbulent region, would be better, But to avold inconsistency this
~profile type Is incduded such that only one function for the whole Reyriolds-
number range is derived.
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The Reynolds-number range for which the regression equations are valid varies
for each profile. It depends firstly on the tested region (minimum and maximum
mass flow) and the hydraulic diameters of the different profiles. Secondly, it also
depends on the maasuring uncertainties, which made it necassary to eliminate
some of the test points, aspeclally for the Friction-factor. The curves In the
- graphs show the valld Reynolds-number region,

. These coeflicients for the Colburn- and Friction-factor can be used as input data
in the air heatér performance prediction model deve!oped by Habblits [1] in
: parallet with the present project.

~ 4.8 Conclusions of testing uneroded plates

1. The Rothemuehle (RM) H8 test pack confirmed that within the measurement
uncertainties, the tharmal test facilties in Germany and at TRI give matching
results. ' :

2. The RM H8 pack and the Howden Power H8 pack have essentially identlcal
hydraulic and thenmal performance

3. The results of testing three different H8 packs show that thare is no influence
of individual packs on test results. Other pack types have not been testad on
this Influence,

4, The following table shows the influence of braces on the pressure dr‘op and
the heat transfer cosfficlent for all tested profile types so far.
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Table 4,14; Influence of braces on the pressure drop of different proflles

Profile . Pressure loss Heat transfer coefficient
Ha APysteer < APy, (30 Pa) Prahout < Nisin
27800 | APuon < A (35 Pa) o <n
KH11 APatnt < Apuan (30 Pa) “uon < P
KH10 - APyian © Ap,,,,;h (30 Pa) _ et Pty
V75 APyt < APty (35 Pa) Psiout = Pty
Ké APathont < APy (40 Pa) " e < hetr
KS |  Obwwa<Apwn(55P2) | Ptent < Py
Ke APyt < APwan (30 P Patont = Dedin
K& | MPaen<tPm (0P | hupeumhem
KBG Aiitesst < Abunn (30 P2) Do i
- KBG APustout < APutn (40 Pa) Pt % iy

It is seen that for every ptofile the prassure loss across the pack with braces
is higher than without braces, The difference lies between 30 Pa and 40 Pa
for a mass flow of 1 kg/s (except the K5 profile). A theoretical sample
calculation of additiona® pressure loss caused by the presence of braces can
be faund in Append(x I,

As can be seen In this table the influence of the braces on the heat transfer
coefficient Is not the sarme for every profile. For some profiles the heat transfar
coafficlent with braces is higher, as would be expected, and for other profles
- @ heat transfer coefficient is the same for packs with and without braces. It
appears that for some profiles this Increase In pressure drop is not high
enough to effect the heat transfer coefficient, The results for the test pack
KBG need further investigation.
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7. The table below shows the influence of the number of plates on different
profiles

Table 4.15: Influence of the numiber of plates for different profile types

Profila _ Pressure loss Heat transfer coefficient
HE . App2Aps 'hs.- = hss
KH11 _ Apnz4py higa = gy
V75 Apey = Ape - hg < _haa-_

These results also do not show any unlformlity between the different profile
'types. it seems that there is a slight iricrease of the pressure drop caused by .
an additional pair of plates. This pressure drop Increase is not hlgi'i enough to
effect the heat transfer coefficient. A cbmplete summary of all test results can .
be found In the Appsndix D,

~ 8. The profile 278DU shows high ‘heat transfer performance and réiativély ow
pressure drop, ' '

9, Both Friction-factor versus Reynolds-number and Colburn-factor versus
‘Reynolds-number data can be correlated by a power function of the form
y = a:x?, where a and b are constants.
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5, Erosion

This chapter contalns hackground Information on erosion, Including erosion in
power stations, The oh'apter also points out the special situation with South
Afrlcan coal and why investigations on erosio'n'are very important for the South
African powsr generating industry.

5.1. Appearance of erosion

Wear on materials can be caused by either abr‘as'ion or erosion. The wear
caused by slidlhg pértlcles is known as abrasion and wear resuifing from'the
particle impaction is Usually referred to as eroslon. The particle properties that
influence the rate of abraslon and erosion wear indlude the size, density, shapa, -
" . hardness {measured by Vickers or Knoop microindentation techniques), and
cohesive strength to reslst fracture when #."essed by wear-causing foress [189].

" ‘The principle function of wear-causing particles in abrasioni and erosion is to
transmit refatively Iérge quantities of energy to small areas on the surfaca, The
particle energy Is disslpated as heat and rebound motion and is partly used for
particle fracture. A portion, howsver, goes to deform and subsequently to remove
fhe surface layer of the target materigl. The ash particles In the air stream
possess potential and kinetic energy. When they contact the surface of the
material following energy balance can be made [19):

Epm =E_r‘l'Eﬂ +Ef+Eh +Es ) {5.1)

where is; E, = remalning kinetle and potential energy of the
rebounding particles
E, = deformation energy of the particle
£; = fracture energy of the particle:
£, = energy amount dissipated by heat
E, = energy transferred to the impacted material
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Some of the eroslon-inﬂuenciﬁg parameters will be discussed In the foliowing
passages, |

5.2, Coal propertles

The substance of the coal is soft and of low strength. Unly the presence of
abrasive mineral species create the wear-causing properties of the cdal. The
most common ahrasives in ash are the silica (Si0O,), alumina (ALC;) and the
ferrous oxides (Fezoa)-. The quartz content can be calculated from the Si0, and
AlQ, content of ash in percentage weight, The pyrite content depends o’h the
sulphur content of the coal in percentage Weigiht [19]. Raask [20] concludad, that
the erosive characteristics of the fly ash are directly related to their quartz and
- pyrite content. '

Raask [19] defines an abrasion-index and a wear-propensity of coal to evaluate
the eroslon behaviour of different coal types. Thesé values are a function of the
sulphur and ash content of the coal, the silica (SiQ;) and the alumina {(ALO,)
content of the ash (all in percentage weight), and the caloric value (MJ/kg) of the
coal. :

Table 5.1 shows coal analyses for several South Afrlcan power stations [19, 24,
25, 30]. It can be seen that all the coals have especially high ash, silica and
alurninium oxide confents. The abrasion-Index (Al} and the weér—pro_pens!ty (WP)
are calculated, where sufficlent data (s available, in the last two cofumns.
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_Tabie 8.1: Coal and ash properties of several South African power statlons
coal lashed coal caleulatlons
power | ©.V. H,0|Ash|V.M.|F.C.|tot. S|Carb [Hydro [Nitro.| Co,[Oxy.[| $i0, |ALO.]Fe,05|TI0,|P,0;[Ca [MgO[Na, |50:iMnO|K,ClQuart jQuarz |Pyrite |Al |WP
. . . 0 ] z '
station fsource Mk (% |% (% [% | % [% | % { % {%| % % [ % [ % |% | % |%|%|% |%|%|[%]| % _%(cua[}?ﬁ
Amot  {Boshoff | 2247 4| 25[234] 48[ 0.79 -
Krel  [Boshoff | 21.1] 4.7| 26[223[ 47| 0.86 - 0.728
Raask _ 47.5| 225 ' : 13.8] 3.5338
Duvha ||Boshoff | 22.5] 2.2 27|21.8] 48| 0.95] 0.845
Raask 488 3 - 24| 0.8576
Kendal (Boshoff | 20.2] 3.2 32|22.1] 43] 1.03 -
Matia |Bashoff | 22.5| 6| 22|25.2] 48[ 0.83 0.688
: Raask ' 46.1| 27.4 5 1.4
Hendrina [Boshoff | 28.8| 3.5; 10|31.1] 55{ 0.58 ' ]
. Jivlemal | 21.8] 8.4] 24j21.9 0.72| 58,50 3.02] 1.3 60.6| 28.4| 3.95 1.6 3.7} 0.04| 0.35 0| 0.8 4.248| 0.5489.2 [ 11
Majuba |Boshoff | 22.5] 2.2] 30Z1.8] 48| 0.96) . _
Mafimba [Boshoff | 20.6| 2.6[ 34|27.3] a7] 1.13 1.078
Raask 63.2 193] 34.3 11.508
18.47] 1.6| 36|27.8( 35| 1.05( 46.7] 3.54| 0,88 1.3} 7.3} 643 22| &7 1| 03| 3 4 0.)23{0.08 1 11.124] 0.97518. | 24
report _ : 7
40
Raask 55.3( 28.3 ' 114 454

- Remarks:
s V.M. volatile matter of dried coal
s F.C.; fixed carboh of dried coal

» {o calculate the abraslon-index and the wear-propensity is only possible for the coal of Hendrina and Matimba Fower Station, for the other Power
Stations there is not sufficient data available
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Besides the chemiual properties of coal and ash, properties llke the velocity arid
particle slze are also important. According tv Raask [19] tha following values
deseibing some particle properiles for coal used in coal-combustion systems
carn be taken as typical. .

Table 5.2: Coal featurss, particle size, sollds burden, flow velocity, and

impaction rates [19]
Parflcle size “maximum Impaction
System mean ( mex, | solids burden | velocity fm/s] | rates fkg/(m’s)]
fiuidised-bed | &00-750 '
combustion 500 | 2800 kefm® 1-3 500 - 2000
pulverised-coal | ., | 450 _ S
plps lines 1-2 kgim® 25-30 25-60
| pulverised-coal- 25 100 _
fired bollet fite : 10 - 20 g/m® g-22 0.1-04
gas
cyclorie-fired 15 50
bolier fiue gas 2-5g/m? 1620 . 003-0.1
. e .
coal gas lurbin9 2 | 10 50-200 mg}‘m. 150 - 200 0.007 - 0.02

As it can be seen from the table above the size of particles entrained In gas
streams in coal-fired power plants range from below 100 um In pulverlsed coal-
fired boilers to several millimetres in fiuldised combustion beds, In the literature
(19] thers Is disagreement concerning the relationshilp between particle size and
wear propansily, It can elther be found that the wear Increases with the particle
size from 5 to 50 pm and remains constant with larger particles or that the wear
Increases with partlcle sizes up to several millimetre in diametar,

The velocity of impacting particlas is one of the important parameters governing
erasior wear becauge the eroslon rate is a function of veloclly" (n = 2 - 3). The
velocily cf ash laden flue gas passing the air heater Is relatively low compared to '
other parts of the power station (usually below 16 m/s, see Table 5.2 and Section
5.3).
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5.3, Erostan In air prebheaters

Compared with other power station components ilke the boller, supethedter.
pipes or the turbines, the fluld velocity in the regensrative alr prshea{er' is low.
This Is necessary firstly to give the flue gas enough residence time to transfer the
heat to the storage matetlal and secondiy to give the combustion alr enough time
to heat up while taking energy from the heated steei plates. Depending on the
géneratlng load of the wrilt, the veloclty in a regenerative air preheater is between
& and 12 m/s, This means that ash impaction eroslon wear Is not as severe as in
other components of a power station, But whan highly abrasive fuels such as
high-ash bitumirious coals, quartz-rich brown coals and fignites are usad, srosion
on heaﬁng plates is a problem because of the relatively thin plate thickness
(about 0.5 mm). S :

In the literature [19] some recommendad maximum velocities for alr preheaters
can be found:

Table 5.3; Recommended velocitles in air preheaters for different coal

types
coal characteristics ' veloclty
< 15 g/m3 ash burden of flue gaé ' max. veloclty 16 m/s
75 - 40 g/m3 ash burden of flues gas iax. veloclty 14 m/s
> 40 g/im3 ash burden of flus gas max. veloclty 12 mis
German brown coal _ Velooly 8 - 10 /s
if quartz content of brown-coal ash max. velodlty 10 m/s
excesds 50 % by weight or when the '
ash is exceptionally coarse
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Vasil'ev and Dombrovskil [31] investigated experimentaily the life span of heating
plates and tubular heating surfaces for regenerative air preheaters. Thelr test
sectlon was built as a bypass to one of the actual alr preheaters in the Russian
_Troitsk Central Power Station, which uses Ekibasfuz coal. The ash of this coal Is
known as very abrasive. The overall test lasted 4870 hours. The velacity in the
heating plates test sectioi was 10 - 12 m/s. The average ash concentration in
the flue gas wes about 75 g/m®, According to the expearimental data, the authors
calculated the following erosion-waar Iife depending on the flue gas velocity:

+ B8mis 1210 15 years of life expectancy
e 10.mis 5 to 8 years bf life expactancy

» 12m/s 3 to & years of life expectancy

It should be mentiond that there is possibly a difference in erosion features
between the two different operation technlques of regenerative alr heaters, Le.
the Rothemuehle stator principle and the Liurngstroem rotor princlple. Raask {19]
did not distinguish between these two operating techniques when he described
the erosion features in air heaters, According to von Borman [32], however, there
is a differency in the erosion behaviour in the two types, He states that in the
Ljungstroam air heater design, all packs are exposed to the same conditlons, so
that there is equal eroslon potential for each pack, On the other hand the
Rothemuehle type has areas of maximum erosion, These areas of maximum
eroaion are on the opposite side of the fiue gas entrance. That does not, at first
slght, make sense because the hoods are rofating so that the flue gas is
distributed equally, The reason could be that the ash particles tr:vel without
changing direction {l.e. without loosing energy) to the opposite slde of the
entrance. Therefor they have their maximum kinetic energy when they impact the
heating plates while entering the alr heater. Figure 5.1 and Figure 5.2 show the
different gas- and air-entries of the Ljungstroein and the Rothemushle air-heater

type.
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rotating haat-exchenge marix

dircumigrential seals

i
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‘cool gae out

Figure 5.1: Flue-gas and alf streams in the Ljungstroem air-he_ater typa.
(RM trade Hterature) '

yepen gir aut

Figure 5.2; Flue-gas and air streams in the Rothemuehle air-heater type
(RM trade literature)
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For verification purposes, evaluations at the Matimba Power Station
(Rothemuehle type) and at the Kendal Power Station (Ljungstroem type) were.
carried out. The Matimba air heater had been in operation for 4.5 years and the
Kendal air heater for 4 years. The investigation comprised of leading edge
erosion measurements, inspaction of high ergsion areas and determining the
difference in erosion behaviour between the Rothemuehle and the Ljungstroam
alr heater type. Figure 5.3 fo Figure 5.5) show the leading edge eroslon [mm] in
the different rings and cells of the air heatars, In the Rothemushle type air pre- -
heater it was Impossible to galn access fo the packs undar the hood. In the
Kendal left hand side air heater a direction of erosion could be found. Arrows In
Figure 5.4 Indicate the direction of the leading adge erosion, which Is caused by
the fiow direction of the ash particles carried in the flue-gas.




E_msfan

Kendal - 1 st air heater |

aroslon measuraments [mm)
] hot and -
g | data: 23,0457
17 i
. 18
% 10
14 6 p {°
10
43
1 2\e _
0
o B j2
5 s 4
My X 2 ¥
10 n 2~ \
. a 2
w [T |13 ] 1 | 2 42
“
FRY]
] 8
) 10
12
MB [
2 13

I

Figure 5,3: Leading edge eroslon Investigations at the Kendal air heater,

untt 1, right hand side

In Figure 5.3 the positions of three Modified Baskets (MB, to be discussed in

Chapter 8) are algo Indlcated.
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araslon measurements [mm]
hot end
daie: 23,0467

~ Figure 5.4; Leading edge eroslon nvestigations at the Kendal alr heater,
unit 1, left hand side '

As [t can ba seen from Flgure 5.3 and Figure 5.4 there is essentlally no srosion
in the two inner rings of the air heater. Al the offier rows show almost the same
srosion behaviour. The leading edge erosion is approximately 10 mm. Only the
outermost ring ssems fo have a sllahtly hiahar erosion than the other rings. The
distribution of the erosion depth s consistent within concentric circles.
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‘Matimba -air heater |

o N8 s
Iamdm meaguraments [mm] l
hot end
date: 28.03.97

Flgure 5.5: Leading edge erosion investigations at the Matimba air heater,
unit &

" In the Rothemuehle air heater type at Matimba no eroslon features were found In
the four inner rings. The third outer ring shows erosion o the opposite side of
the flue gas entrance. The two outermost rings show erosion dept Yetween 0
and 20 mm. The spread is not as consistent as was found in the Lungstroem air
heatar at Kendal, At Matimba high erosion areas are evident at the entrance of
the flue gas and cpposite this,
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From these two examples it can be concluded that the Ljungstroem alr haaters
" 'show a more aqual distribution of leading edge erosion than Rothemuehle air
heaters. '

As mentioned earlier the Rothemuiehle type shows tigh erosion areas at the flue
gas enfrance and opposite to this. The following explanation is. possibls: if the
positIIOn of the hood Is perpendicular to the gas siream, the flue gas can travel fo
 the opposite side of the air heater. The ash particles hit the- heating plates’
surface first ., without rebounding off the hood. This means that they do not
loose any kinetic energy before striking the plates. This possibly explains the.
high erosive areas in the Rothemuehle air heater. '-

At the Matimba air heater it was also Investigated If there axlsts any cotvelation
between blockages and erosion patterhs. This could not be verified as shown In
Flgure 5.6. Blockages (in percentaga) seem to be distributed equally over the
entire flow area. ' ' '
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 Matimba - alr heater |
:ﬁdum magsurements [%] 1 l

Figure 5.6: Blackage investigatione at the Matimba air heater, unit 6

The changing of the hydraulic and thermal performance [s not the only trr.-p'brtant
" factor, with regards to eroslon In #ir heaters. The decrease of the heat trénsfer
area caused by the appearance of holes in the plafes s also of importance. The
heat transferred Is directly proportion=! Yo the heat transfer area. Plates which are
eroded to 40% mass loss show &n w.ea loss of up to 10%, depending on the
profile type (see chapter 7). If the heat transfer cosfiiclent stayed constant, this
wauld mean 10% less transferred heat.
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6. Erosion test facilities

To investigate erosion on heating plates TRl ESKOM has astablished two test
. mathods. One is the Modified Basket Test Facility (MBTF) and the other is the
Cold Accelerated Erosion Rig (CAER). Both test facllities are described below.

5.1 Modifled Basket Test Facility {(MBTF}

The concept of the MBTF is to test the eroslon behaviour of air heater packs

under real conditions in an air heater. The MBTF Is situated in an air pre-heéter

In a power station. At Kendal Power Station one alf heater contains 7 modified

baskets (MB) and at Matimba power station oné air heater contains 3 modified

braskets. It has to be mentionsd that the Kendal air heater Is a Ljungstrostn type

and the Matimba air heater is a Rothemuehle type. This implies that for the

Kendal air heater the position of the MB is not cr'=al whie the MB in the

Matimba air heater are all placed in the region of maximum wear on the stator

{opposite to the gas Inlet, see Chapter 5). Figure B.1 and Figure 6.2 show the
princlple of the facillty. '

l flow
. ' A
A
567.8 300 663
1805 - . -
' < 1
0] ‘( —_—
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' v
F00—><" 300

Figure 6.1: Single Modified Basket
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Figure 6.2; Half section of an air heater, with a modified basket in its 2"“.
' outer ring

As can be sesn from the dlagrarms the mociffied baskets conslst of two parts, first
the funnel (1.5 to 1.8 m, depending on the depth of the air heater) and the test

- section. The purpase of the funhel is to accelerale the flus gas. The valoclty' In
the basket is two times higher than in a normal air heater. Modelling with the
CFD (Computational Fiuld Dynamlcs) package Star CD indicates that the veloclty
in the Matimba MB [s 14 m/s, as compared to the ordinary velocity which is 6-7
m/s. At the bottom of the MB is an air heater pack with the same dimensions as
the packs used In the Thermal Test Facility (TTF) and the Cold Accelerated
Erosion Rig (CAER),
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The MB-design will accelerats the rate of eroslon of the packs by at least a factor
of eight as compared o real operating condltions. The disadvantage of this test
facillly is that the period of time for erosion is entirely dependant on the outage
plan for the unit once these packs have been placed. However, this could
typically be one year. Therefore it is not practical to use these packs to determine
the change In thermal and hydrauiic performance of eroded packs. For this
purpose the CAER is more .« ctical, This will be explained in the next section.

Expar[ancs b ~s shown that the different packs will erade fo a different degreé
and not be as controlled as In the CAER. The thermal and hydraulic evaluation
will thus probably only be carrled out once, after the first placement of the packs.

At a later stage It would be beneflcial to test the eroded packs from the MBTF §
~ TTF and compare these results with the results of the packs eroded in the
CAER. '

6.2 Cold Accelerated Erosion Rig (CAER})

The CAER mentioned in the previous section has been designed o repreduce
packs which have been eroded to a specific stage. This test facility Is not part of
the plant, but draws ash from a modifled precipitator hopper. As the name of the
test facility Impliss, the erosion rig works at comparatively low temperatures (40
*C). Also the fluid {air and ash) Is accelerated to velacitles four times of that In a
normal air heater when passing the test section. This Is the reason the packs
erode quickly. It is feasible to erode packs fo differsnt stages of erosion, Le.
different stages of mass loss. This is necessary for a systematic investigation
Into the change in the thermal and hydraulic behaviour of eroded air heater
packs,
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For this dissertation only a brief description of the CAER Is necessary. A
complete description of the experimental apparatus can be found [n von
Bormann [30]. The following diagram shows the schematic layout of the CAER.

— Daor
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Chain conveyor || vertical Duat
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Fighire 8.3: Layott of the CAER

The main characterlstics of the CAER are as follows:

To use ash directly from the power cycle the hopper of the CAER Is cannected to
one pracipitator hopper. The ash travels via a chaln conveyor through an ash
feeder chute and past a slide gate into the test rig hopper. A rotary feeder
Insures a constant ash flow throughout the test facility. A 110 KW fan is used to
© provide an air flow rate of up to 40 m/s, which ls approximately four times the
velocity In a real alr heater. The average mass flow of the ash-air flow rate Is 0.6
kgfs. The test section, which contains the test pack, Is placed In the vertlcal shaft
of the facllity. To ensure that the flow [s uniform and straight before entering the
test saction the verlical duct has & length of 16 m after the bend, The size of the
test section Is the same as the one in the TTF. This is to ensure that the test
packs fit In both test facllities, After passing the test section, the ash-air flow goes
back Into the precipitator.
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The CAER operates as foliows:
A test pack is placed Into the test section. After setting a constant mass flow rate

. of ash at a specific velocity the test runs for & specific time, depending on the

desired stage of erosion. For example a 40 % mass luss takes about 36 hours,
depending on the profile type. The velocity and the mass flow are moniliored
cunstantiv To fest the weight of the pack, the whole test facility has to be

 switched off, the test pack has to be removed from the fest section and only then

it can be weighed.

Far the purpose of this study the KH11 profile test pack was tested. The pack
was fIrst eroded to 20% mass loss. The pack was then taken aut, tested in the
TIF to Investigate the change in thermal and hydraulic petformance after 20%
mass loss. After this test, it was put back into the CAER and was eroded a
further 10% to a total of 30% mass loss. The pack was then taken out again and
tested again in the TTF. After this, the pack was put back into the CAER for a
Jast time where it was eroded to 40 % mass loss. This is the highest safe
percentage [imit to which these packs can be eraded to without damaging them

- during transportation. Packs with a higher percentage of mass loss tend to fall

apart. :

To visuallse what heating plates look like at 20%, 30% or 40% mass loss the
following photographs were taken. They show four pairs of the proflle type KH11
at each stage of erosion. These four pairs represent the whole pack, because the
otiver half of the pack looks identical. The plates are numbered such that, the
outermost plate 1s number 1. The plates which are closer to the middle of the
pack tend to have less erosion than the platas which ara clbser 1o the outslde of
the pack.
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Figure 8.5: Plate 10 and 11, KH11, 20% eroded
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Figure 6.7: Plate 24 and 25, KH11, 20% eroded
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KH11, 30% erosion

Flgure 6.9: Plate 10 and 11, KH11, 30% eroded
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Figure 8.17: Plate 24 and 25, KH11, 30% eroded
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KH11, 40% erosioh

Figure 6.13: Plate 8 and 8, KH11, 40% eroded
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Figure 6.15: Plate 24 and 25, KH11, 40% ercded
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It can be seen that the undulated plates. have more damége than the notched
ones. Also the pattern of the undulated plates are stched into the notched plates.
These are the first signs of erosion on the notched plate.
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- 7. Thermal tests of eroded plates

- After testing many uneroded heativ~ nlates, one commonly used profile types
was chosen fo be tested at different stages of erosian. Firstly the results of the
pressure loss for this pack will be discussed. Secdndly the results of the heat-
transfer coefficient will be presented. The calcutation of this coefficient for eroded
plates differs from that for uneroded plates.

7.4.  Preparation of the eroded plates for the TTF

- From the large quantity of profils types tested, one commonly used profiles was
chosen fo be tested in an eroded stage. This proflle type is the KH11. The
diménsioné of the pack were the same as those used for uneroded thermal
testing. Before the pack was sent to Matimba for erosion it was tested in the TTF
to ensure that its characteristics were consistent with other new packs. At
Matimba this pack was eroded to 20% mass loss. Afterwards it was taken fo TRI
where the braces were removed to take photographs of a mpmséntativ'e number
of plétés. Before the pack could be tested in the TTF the remaining heat transfer
area had to be measured. An sutomatic image analysis system (LECA) was
used for this as follows.

744, image analysis system LECA

The main steps of an Image analysis system are:
' 1. input
2. processing
3. measurements
4, output
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An imags is first visualised through a lens attached to a TV camera. Electronic
circuits then digitalise the analogue sfgna! coming from the TV camera so that it
can be stored in a computer memory. Once in the memory, variols
enhancements are performed on the stored image. This resulting image Is
recorverted fo anélogue mode. and fed to & monitor enabling an operator to
observe the effect of the enhancement operations.

The enhanced grey Image is then sliced in various sets of grey levels,

corresponding to the objects or phases of intersst. As these phases or objocts
are discriminated from the background, they are also coloured aceording to their

grey lavel spread. These colours are then supérlmposed to the grey image seen

on the monitor. Finally, measurements are made onto each of thess coloured

objects or phases and results are computed, displayed, or printed.

Procedure to measure the actual heat transfer area of eroded heating
plates with ihe help of the LECO 2001 system

First the plate was put onte the light bnx. The plate was adjusted such that it
fitted exactly on the image screen. It had to be ensured that the leading edge
erosion was.visib!e on the screen. The lens and the objectives were adjusted. If
necessary the heating plate had to be shaded. Then the picture was frozen. The
plate area {dark areas) was coloured with one colour and the holes area (brighter
patches) was coloured with another cofour. The two are_as were connected to
one area. Now the fractlonal area of the heles and the number of holes wers
measured.

.This area measurement was also done for a representative numter of plates (4
notched and 4 undulated from one haif of the pack) to get a good average, Using
the actual heat transfer area, the mass and the denslty, the average plate
thickness and the cross sectional area can be calculated.
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After this the packs wers put together, the braces were welded on and the pack

was tested in the TTF. Then the pack went back to Matimba to be eroded to 30%

mass loss, which takes approximately 24 hours, The above mentioned procedure
- repeats Kself for the 30 % and 40% eroslon stage,

The following table shows the gsometry values for test pack at the different
stages of erosion.

Tabla 7.1: Geometry of the test pack at different stages of erosion

" Pri_)ﬂlé Erosion st’artinQ mass [mass| Ana .Am, plate| % %
type | stage | date tkgl | loss | [m? [m? |thickn] holes | holes |

with | [%] . . inotch {undul.
braces _ [rm]; ed
KH11 [ newl - . 381 0f 1v..28.61E-03] 0.5 1] R 2

" 20%| 03.08.97| _ 28.5| 21.05] 18.957(8.75E-03|0.392] 0.867| 1.760
| 30%] 12.06.87] 25.41 29,64| 16.667|5.96E-03|0,346| 1.479| 5316
" 40%| 03,10.97| 23.04| 36, 18] 16.0546,36E-03(0.311| 4.29] 10.76

Table 7.1 shows that the average plate thickness for 20% eroded plates is 0.4
mm, for 30% eroslon 0,35 mm and for 40% 0,3 mm. It is evident that, the
percentage of the area of the holes Is substantially higher for undulated plales

than for notched plates. '

7.2.  Pressure drop across tha pack for eraded packs

The pack that was eroded, was 500 mm in length with brates, In comparison
with an uneroded puci the following results were achieved. Figure 7.1 shows the
pressure loss for the tested profile type al different stages of srosion.
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Figure 7.1: Prassure drop across the péck vs, mass flow, KH11,
uneroded and eroded plates

Two features of how erosion effects the pressure drop across heating plates are
vislble from the above graph. Firstly, the stage of eroslon does not have any
Influence ot the pressure drap. Once the pack started eroding, the pressure drop
was the seme for 20%, 30% or 40% mass loss. Secondly, the pressure drop of
eroded plates s less than the presaure drop of uneroded plates, At a mass flow
rate of 1 ka/s the difference between these pressure drops [s at about 40 Pa.

A possible explanation as to why the pressure drop for eroded plates Is less than
that for uneroded plates could be the presence of the holes in the profiles. Once
the plates start eroding and the flrst holes appeur the path for the fluld is easler,
it does not have to go around the notches and undulations, but rather go straight
through the pack.
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7.3. Heat transfer coefficlont uncertainties of eroded packs

To measure the heat transfer coefficient of eroded plates was not as easy as for
the uneroded plates. The results of all the %est runs showed an unacceptably
large difference between the experimental and the calculated outlet temperature
(see Chapter 3). The lteration program was ot able to estimate an heat transfer
cosfficient, to give the correct temperature ouflet history (see Figure 7.2 and
Figure 7.4). The corvergence criterion is the difference betwsen the
dimensionléss calculated and the dimensionless experimental - outlet
. temperature. An average absolute difference is calcuiated to specify the
canvergence criterion over the test duration: :

n

| ) ‘ - _ _ _

s = Z(T eutetsoa =T uuﬂe:.f.em] (7.1) .
fm)

i=0.,...n, ime duration apf -ox. 50 se¢,

For uneroded plates the eror for calculating the heat transfer toeffigient is
always between 0,05 and 0.2, depending on the Reynolds-number. With
increasing Reynolds-numbers the error afso Increases. The average error value
over the Reynolds-number was about 0,1, The differsnce beiween the calculated
and the experimental temperatures was both positive and hegative for one test
'polnt {one Reynolds-number). The absolute temperature differenca between the
calculated and the experimental data was less than 0.15 °C. The difference
between the calculated and the experimental data does not increase with the
time duration, therefore changing the time duration does hot effect the value of
the error. Inlet temperature rise duration has no influence on the heat transfer
coefficient, '
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Figure 7.2: Inlef and outlet temperatures histories for an uneroded pack

To establish the reason why the calculation madel works for uneroded plates but
not for eroded plates, the differences between eroded and uneroded platas
should be emphasised.

The mass loss depends on the stage of eroslon (20%, 30%, or 40%). The plate
thickness decreases from 0.5 mm fo a maximum of 0.3 mm. There is one
average value taken for the undulated and the notched plates. The presence of
holes start at the 20% eroslon stage. The areas around the holes are very thin.
The undulated plates are more eroded. The loss of heat transfer area Is up to.
10%. Also because of leading edge eroslon, the flow entrance area is not
uniform, thersfors the flow could be distorted. This could alse result in non-
uniform temperature distribution at the pack exit, '
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Some of the foatures of calculating the heat transfer coefficient for eroded packs

should also be mentioned. The dimensionless error (see Equation 7.1) Is always

betweeni 0.1 and 0.5, .depending on the Reynolds-number, with Increasing
Reynolds-numbers the errcr g also increasing. That means the error is § times

“higher than for uneroded platss, The curve for the heat transfer coefficlent vs.

mass flow for an eroded pack dos not look similar to one for an uneroded pack.
At low Reynolds-numbers the values are similar. In the reglon of irtermediate
Reynolds-numbers the spread grows, so that the heat transfer coefficient of the
eroded pack is vislbly higher than the one of the uneroded pack. At high
Reynolds-numbers again there is no differance between the heat transfer
coefficlent of eroded and uneroded packs. See Figure 7.3, ' '
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Figure 7.3; Heat transfer cosfficient vs. mass flow, KH11 profile, uneroded
and eroded (original calculation without any adaptations)

The influence on the heat transfer coefficient and the error is dependant on the
stage of erosion. The temperature difference T, - Tep is always positive, which
means that the calctilated te'mberature is always higher than the experimental
temperature. The maximum Is about 1 °C,
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Figure 7.4: Inlet and outlet temperatures historles for an eroded pack

The effect of increasing. the differerice between the calculated and measured
temperature is more significant at 40% mass loss that at 20% mass loss, This
difference also increases with time (see Figure 7.4). If the inlet temperature rise
duration is shortened the error becomes smaller. This leads to the assumption
that shortening the test duration reduces the emor, Calculations have been
performed for 20 sec., 30 sec., 40 sec. and 50 sec. fest duraflon. Using a time
duration of 30 sec. the error (0.1) is acceptable, For this time duration the heat
transfer coefficient also does hot stay the same; it increases up to 10% at high
Reyriolds-numbers, The reason why the data for the eroded plates exhibits such
a behavitour is unknown and unacceptable.
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7.3.1. Flat plates with holes

In order to exclude the possibility that holes in the undulated and notched plates _
* might cause problems when calculating the heat transfer coefficlent, experiments

“on flat plates with holes were conducted. Firstly, a-pack consisting only of flat

plates, held together by rods, was tested in the TTF. Secondly, a similar pack

with holes drilled in It was tested. The area of the holes was chosen to be 8% of

the total heat transfer area. This'cor'responds with the percentage of holes for a

40% eroded pack, The error for both packs was as small as the error for
uneroded plates. Figure 7.5 and Figure 7.6 show the resulls of the heat transfer

coeﬁiment and the pressure drop. :

w
L&
= -
L 3
% w
A
70 . TS 3 T
4 o
 w — 8
& ]
(-3 .
5 3 = LS f
a —
«© y 4 flat plates
E ’_ a a 1
§ ® Teo,. & ©h,_coolt_{ {al platas, wikaut helee)
g n, " .
2 e ir_pal{_2 (it platea, without holes)
& 1Lc0et.3 Mok piaben, wih hotas)
1o |
o_coeft_2 {flel pluken, wil hchoa)
0 - —
oo a2 o4 08 (1] 12 12

masafiow kol

Figure 7.5: Heat tranafer coefficient vs, mass flow, flat plates with and
without holes
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Figure 7.6: Pressure drop vs. mass flow, fiat plates with and without holes

it can be seen from the graphs that both the heat transfer coefficient and the
prassure drop of the pack with holes are higher than for the pack without holes,
This means, In this case the holes do not stralghten the flow, as it was seen with
the eroded packs, but rather increases the turbulencs. This results in a higher
pressure drop and higher heat transfer performance. '

From this experiment it can be concluded that the presencé of the holes do not
cause high errors when calculating the heat transfer cosfficlent.

7.3.2. Steps taken to solve the problcm

The following steps were used to approach and solve the problem of the high
error when caiculating the heat transfer coefficient for eroded plates.
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There are two possible reasons why the calculation method can not find the
corrsct solution for eroded plates. Firstly, the Matlab calculation program
hicosf.m fails because of wrong input data for eroded plates, which are the
-temperature histories for the inlet and outlet, and geometry values, like the cross
sectional area, mass and heat fransfer area. Secondly, the model of Mullisen and
Loehrke [2] does not work, because one or more assumptions of the model are
invalid. As stated before, the presence of the noles can already be excludad as
one possibiliy.

From a visual inspection of the temperature histories of the eroded and the
uneraded packs, no difference could be found. In terms of slopa and absoluts
values they seem similar. To determine if input data such as the cross sectional
area, heat transfer area or mass are incorrect, these values were varied in the
hicoefa.m. This procedure yielded to the following results: The increase in the
error is not dependant on the value of the heat transfer area. When the heat
' transfer érea'is changed the heat balance of the fiuid, for the convective part,
~ becomes incomrect. This means that the error stays the same, only.lhe heat
transfer coefficient changes. If the input of the heat transfer area is bigger than
the ariginat one the heat transfer coefficlent becomes smaller and vice versa, as
expected. '

In order to take longitudinal conduction In the plates into account, it is necessary
to consider the cross sectional area. Variations of the cross sectional area do not
show any Influence on either the error or the heat transfer cosfficlant. This leads
fo the coriclusion that the conduction is not a major Influsnce on the whole data .
analysis. Tests where the thermal conductivity was varied between 1 W/mi)
and 100 W/{mK) showed that this definitely did not influence the heat fransfer:
rasuits,
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- Changlng the tolerance in the itératlon program or thé_ number of nodes (in
longitudinal direction) or the number of iteration steps did not effect the error or
the heat transfer coefficient. The itaration stops when the changing of the heat
transfer coe®icient is less than the value of the tolerance, Tha function fmins
{programimeu in Matlab) is used to look for a local minimum. '

Inputting h-values by hand to get a lower error, did not yield any success. -
Compatisons of temperature graphs. with different (hand entered) h-values, but
the same mass, showed that the heat transfer coefficlent Influences the slope of
the calculated femperature curve. Comparisons of temperature graphs where the
mass was varied, but the same heat transfer coefficlent was used, showed that
the variation of the mass influences the ofi-set of the calculated temperature
curve,

_ This leads to the fdilawing conclusion: Variations in the mass input influences the
error. Tests showed that increasing the mass results in a [ower emor (within
" limits) and decreasing the mass results in a higher error. The first (by hand)
optimisation showed that an additional mass of & kg minimises the error for the
KH11 pack, 40% eroded and at Re = 5000. The next step was to expand the
‘calculation by putting in the iteration of the mass. The iterated artificial mass
increases with the stage of erosion and with the mass flow. Uneroded pla{es did
rot show any behaviour of mass dependency. .

The theoretical explaﬁation why the calcutation methed does not work for ereded
plates and why artificlal mass has fo be added to decrease the error can be
found be studying the fur; 'amental eguations of the model.
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. 7.3.3. Fundamental heat balances

One essential diffsrence between new and eroded plates is the presence of
holes in eroded plates. But since the modst [23] has ‘been developed for
interrupted plates and Investigations of plates with holes were done, this should
not be a problem. The other main difference is the unevenness of the plate
thickness. Figure 7.7 to Figure 7.9 show why there Is a problem using differential
heat balances. The first ‘picture shows an eroded plate with two specified
differential parts, one in the thicker section of the plate and the other one in the
thinper section of the plate. ' ' '

flow :
1
——— 31§ _
/—/—.-—I
= &

Figure 7.7: Schematic represantation of an eroded plate with hole

The following representation shows fhe different amounts of energy which
influence the thicker part of the plate, section L The apprapriate heat balances
are written below.
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Figure 7.8: Schemiatic representation of the thicker part of the plate

. energy equatiops of the section I (see also Appendix-G)

o heat Iba|ance for plate material:

Getor = Goontr = Foond xeetx + Woony (7.2)

= storage term:

Ao
Goor = Ja-p -c%dx _ (7.3)
. X .

¢ convective term;

x+dv
Goam = JH-{Tr = Tu}elx (7.4)
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¢ conduction term:

. &7,
Ut cond xsnade = g;' B 7}':" . (7.5)

»  substituting Equation 7.3, 7.4 and 7.5 into Equation 7.2;

AT, &°T,
a'P'Q"ﬁ'“h(ﬂ“TS)"‘k'a %2 . . (723)
. rearranging:
AT,k . k2T, , _ .
el 2PN i =T )o— == : .
¢ a-;o-c(-rr ’)+p-c ax? : (7:20)

A representation for a thinner part of the plate, section II (half s thick as the
other section) together with the appropriate heat balances is written below,

flow
' q I| Qoand, ssax
cond T
% I ","'—_'—) " Qetompe =
X ' x + dx
adi. atle surface

Flgure ¥.9: Schematic fepresentation of the thinner part of the plate
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ene uatlons of # tlon I

e heat balance materlal:

e = Gt ~ Gt *+ o2

. storage term

JH-dk ' _
_[ 3P cf-Tidx _ (7.3a)

» convective term:.

x4di

jh(T,, T)dx | Caw

‘s conductlon term:

O comd s = S5x 2 ax (7'_.53).

" = substituting Squation 7.3, 7.4 and 7.5 inta Equation 7.2:

T, a 77,
E Pc -——h(T, T)+k-— T (7.2¢)
e /sarranging:
AT,  2:h 2%, _
ot a-p-c(T Tt g6 Bxt (7.2d)

As can be seen from the above energy equations, the energy balance for solid
(Equation 7.2) is a function of the mass and not of the heat transfer area. The
mass Is represented in this equation by the denslty and the plate thickness, The
storage tarm of the solld Is most influenced by the mass (or plate thickness).
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The energy balance of the fluld (see Chapter 3, Equation 3.2) is nota function of
the mass of the material, but a function of the heat fransfer area. This is the -
. reason that this balance is still correct,

As can be seen from Equation 7.2b and 7.2d the input of an average plate
thickness is Insufficient and incorrect to use in this model. In the Matlab
calculation program (hicoef.m) the value of the plate thickness is not present,
" Instead the mass [s used as the input parameter in the energy balance, see the
following equation. '

&1

(oxY

Ck

_m(ﬁ‘:—'Ts‘)q-.% ' o : (7.8)

i ¢ .c N :
whereas; @ =% @
s Cs

(7.7}

It can be seen that by changing the mass, the change In piate thickness can be
accommodated. ' '

The following describes the consaquence of using in the real situation for uneven
plates (plate-thickness not constant) an average plate thickness for calcutation of
the heat transfer coefficlent. '
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Figure 7.10; Schematic view of an eroded plate with thicker and thinner
~ reglons and holes |

The eroded plate consists of parts of thicker parts and thinrer parts. It can be
assumed that both parts are separated by an adlabatic wall, because longltudinal
conduction fs unimportant in the model (see Sectlon 7.3).

At the time = n the fluld comes into contact with the storage material. Part | and
part 1! recelve the same incremental quantity of energy. If the heat fransfer
coefflcient for the two parte can be conéldered the same, the average
temperature of the thicker part is lower than the average temperature of the
thinner part (less storage materla).

flme: n

T = G hy=hy = Ta>Ty
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At the time = n+1 the tansferred anergy to the two parts of the plate are no -
longer the same. The thicker parts can absorb more energy than the thinner part,
because the differencu between the average temperature in the thicker part and
the fluld Is higher than the difference between the average temperature in the .
thinner part and the fluid, The temperature in the thinner part will, however, be
stllf higher than in the thicker part, '

time: n+1

T > Qas hy=hy = Ton > Ty

- Model with average plate thickness -

o D
Ta ]

" average T. TWT ........... :
plate ! L g
thickness J‘

Figure 7.11: Schematic view of an eroded plate with an averags plate

thicknass
" whereas: T T = caleulated temperature

T Tay = real temperature
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Figure 7.11 shows that there is a difference betwaen the real temperatures in the
uneven plate and the calculated temperatures when consldering an average
piate thickness. '

The following situations need to be considered:

o Tu>Ty
The calculated temperature of the thicker section is higher than the real
temperature in that part, because in reality there is mors mass to absorb the
heat than estimated in the calcutation model. |

¢ Ta<Ty _
The calculated temperature of the thinner sectlon is lower than the reaf
temperature in that part, because in reality there is lass mass to absorb the
heat than It is predicted in the calculation model.

. Tat"; To :
The calculated temperatures in the thicker and the thinner part of the plates
 are equal, ' '
o Tu<Ty

In reality the temperature of the thicker part is lower than the temperature of
the thinner part.

These considerations lead fo the following conclusions:

‘= The temperatures In the thicker sections are overestimated.
= To decrease these temperatures the average plate thickness should be
increased or artiflclal mass must be added.

= The temperatures In the thinner sections are underestimated.
= To increase these temperatures the average plate thickness should be
decreased or arfificlal mass should be subtracted.
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From that point of view the following question should be asked: Wha_t does a

* realistic distribution of plate thickness of an eroded plate as a function of plate

length and width look like? Or the other way round, what fraction of the plate of
the plate area is thicker than the average plate thickness and what fraction of Is
thinner?

‘The answer to these quéstiohé would give an indication of how much the original
mass must be changed. Elther a spciﬁc. amount must be subtracted, that s the
case if a larger fraction of the plate area Is thinner than the average plate
thickness, or a specific amount of mass must be added, that Is the case if &
larger fraction of the plate area Is thicker than the average piate thickness.

The mass has to be changed as long as the aror (difference betwsen the
experimental and.'the estimated temperature outlet history, see Chapter 3) is
unacceptably high. This error should be an average value, for the whole mass
flow range, of about 0.1, which means a difference batween experimental and
calculated termparaturs of 0.15 °C. '

. By changing the Input mass value to either higher or lower values In the Matlab-

program it was found that a specific amount of mass had to be added to the
original value. This leads to the concluslon that the major portion of the plate
area has a higher thickness than the average thickness:

To prove this statement, experimental measurements with & micrometer on
several eroded heating plates were camied out. These led to no meaningful .
conclusions. It became obvious that the measurements comprised too many
uncertainties. Additionally the amount of time necessary to measure sufficient
plates to get a reliable average was not considered justified in relation fo the .
results which could be obtalned.




Thermal tests of eraded plates page 135

Finally the Matlab pregram hfcoef.m was changed so that the additional mass
could be iteratively optimised together with the heat fransfer cosfficlent. The
convergence ctiterlon for both iterations Is the error {Equation 7.1). Table 7.2
shows the change in mass after the Itaration for all profile types and every stage -
of erosion. in coniparison, the mass was aiso iterated for an unsroded plate, The
table shows that the error in this case could not be significantly reduced.

Table 7.2: Results of the mass optimisation for the eroded KH11 pack

Profile |%mass |%area |orig. | Amass iter, | error error with
loss loss mass | [kag} without correction
- [ka] | correctlon
KH11 [20%  |1.318  |2648 (198 0482  [00ve
' 1195 _ 0.180 0.084
30% - [3400 |23.38 [250 10225 | 0.051
. 2.42 0.232 10054
40% _  |7.026  |21.02 1285 (0289 - |0.047
o 289 - |o.283 | 0.058
KH11 0% 0% 34.08 0.8 0.077 0.066

Table 7.2 shows that the etror for the eroded profile at every stage of erosion
becomes smaller after optimising the mass. After the lteration the error Is lass
than 0.1 (average over the whole Reynolds-number range). This value Is
comparable with emrors for uneroded plates. It can be seen that the amount of
mass which has to be added fo the original mass Increases with increasing
* erosion stage. For 20% erosion the artificial additional mass fs about 1.85 kg, for
30% eroslon it Is 2.45 kg and for 40% eroslon It Is 2.93 kg. This leads to the
assumptions that there might be a function for a mass correction factor between
the erosion stage and the mass to be added. Coming back to the reason why
mass has fo be added (because of plate thickness unevenness), a functlon
contalning the percentage of area where the plates are specially thin would be
very useful, The value which describes this area of very thin plate parts best is
the area percentage of the holes. Around the holes the plates are the thinnest,
Figure 7.12 shows the iterated addltional mass vs, the percentage of the area of
the holes of the total.
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- Figure 7.12: lteratively optimised additional mass at different stages
' of erosfon, proflle KH11

Since only one type of heating plates has been tested in the eroded state éo far,
this graph is not of universal applicabllity. For the first KH11 profile the cormection
rnass factor Is sufficiently representad by the following function.

AMoyponst = 0.1643 x Yage area loss + 1.8017 {7.8)

With the help of this mass comection factor the standard caloulation program
(htooef.m) can be run to obtaln the correct heat transfer coefficlent with
acceptable arrors for eroded plates. '



Thermal tesis of eroded plates page 137

7.4, Heat transfer coefficient of eroded plates

The following results of the heat transfar coefficlent were achieved wile i help
of the mass Hteration, How much mass was added to the original mass can be
sean In Table 7.2. The diagram shows the heat transfer coefﬁcienf of the KH11
profile fype at different erosion stages. For comparison the results of an
uneroded ;ack are aiso printed into the same figure.
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Figure 7.13: Heat transfer coefficlent vs. mass flow, uneroded and eroded
pack, KH11 profile

It can be seen from this graphs that the heat transfer coefficlent is only slightly
infivenced by erosion. The heat ftransfer coefficient for eroded plates,
independently of the stage of erosion, is a little less than the coefflcient for
uneroded plates, as expected because of the lower pressure drop for eroded
plates than for uneroded plates. The difference in heat transfer coefficient is
probably not important. However, it has to be remembered that the heat transfer
area decreases with increasing erosion rates. At 40% mass loss the area left is
only 90%, which means 10% less heat cen he fransferred (provided there {s still
sufficient mass so as not to adversely affect the heat storage).
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Regression curves were calculated to fadllitate the comparison of eroded and
uneroded plates. Figure 7.14 - Figure 7,16 show the Colbum- and the Friction-
factor versus Reynolds-number for the KH11 pack at different erosion stages.
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Fgure 7.14: Colbum- and Friction-factor vs. Reynolds-number, KH11, -
20% erosion, experimental and calculated results
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Figure 7.15: Colburn- anid Friction-factor ve. Reynolds-number, KH11,
30% erosion, experimental and calculated results



Thermal lests of erodad plaies page 139

300E0
£
ran.1me‘"ﬂ
e KH11 :
ﬁ [ & Gn_pap (40%) —
1 —r
g 1 =002 t™]
[ = Powar (FLsq 40K |- .
_ " Pwe: {Co_exp 40%))
1.00E03 — L :
1o ) 4000 . 10000

Re-numbert

Figure 7.16: Colburn- and Frictioi-factor vs. Reyndlds‘-number, KHA 1,
. 40% eroslon, experimental and calculated results

Some Friction-factor data points at lcw Reynolds-numbers have been omitted
from these'ﬂg_ures because at low volocities the pressure drop shows some
scatter which, though ot visible in graphs with linear scales, Is magnified by the
logarithmic scales.
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8. Summary and conclusions

The correctness of the TTF was checked by testing a Rothemuehle (RM) pack of

~ heating elements which had been tested before in the Rothemuéhle test facility, and

secondly, by testing flat plates and éomparlng the results with literature data, Testing

the RM H8 test pack in the TTF at TRI confirmed that within the measurement

uncertainties, the thermal test faciliies in Germany and at TR} give matching results,

~ For the flat plates, the calnulated Nusselt-number, dertved from the Gnlelinski
equation (ses Chapter 4), agrees exactly with the experimental Nusselt-numbers in
the Reynolds-reglon betwsen 3000 and 8000. For hlgher Reynolds-number the
difference between the calculated and the measured Nusselt-number varles about
10 %, which is acceptable.

Twelve different pack deslgns, which were uneroded, and one pack design, which
was eroded, have been tested in the TTF at TRl The test facllity Is operating
according to the single-blow method, The data reduction method belng used
involves the numerlcal solution of finite difference equations describing the heat
transfer In the test section. It is shown that for testing eroded plates the procedure
had to be changad slightly, because of hon-canstant plate thicknesses, '

All test runs were performed at least twice for each configuratlon; rapeatabliity was
very good. This study of uneroded plates covers the entire range of heating plates
avallable from Howden Power. It Is shown that the profile designs with the smallest
profile heights have the highest heat transfer coefficient, but also the highest
pressure drop, as was expected, Good performance in one paramster always
means bad performance in another parameter. Heat fransfer coefficlents and
pressure drops of the various pack designs are In approximately 'inversely proportion
to the hydraulic diameter. Profiles with a flat counterplate have a lower heat transfer
cosfficlent than profiles with an undulated counterplate.
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One eroded pack (with 20%, 30% and 40% mass loss) was tested and compared
with an uneroded one In terms of heat transfer and pressure drop behaviour.
Pressure drop' was approximately 15% lower for the eroded plates (irrespective of
the extent of erosion) and heat transfer coefflcient was essentially unaffected.
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9. Redommendatit:ns for future work

The heat transfer and pressure drop data gained from these experiments can be
used as input for the air-heater model developed by Habbitts [1]. This model allows
one to analyse the actual operation of an air-heater, By changing profile deslgns
fictitiously In the program, the effects on the overall heat transfer and the pressure
drop can be observed. This allows the operation of the alr heater to be optimised.
When more erosion date Is available the influence of erosion on the heat transfer
and pressure drop behaviour should be evaluated with the help of this program.

Even if the whole range of avallable plate designs have been tested some features

need further Investigation: | '

- lndividua{ity of pécks for alt proflle types (i.e. check that different pack types of the
same profile have the same thermal performance)

o Influence of braces on the heat transfer coafficient for all profile types

s Infiuence of number of plates on the heat transfer coefficient and the pressures
drop for all profile types '

« Influsnce of the plate thickness on the heat transfer coefficient and the pressure
drop '

« Influence of the pack length on the heat transfer coefficlent and the pressure drop

¢ More pack designs should bs tasted in the eroded state to establish firstly the
procedure of handling the data of eroded plates and secondly verify the _
behaviour of eroded plates In terms of change In heat transfer and pressure drop.
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Some recommendations can be made to improve tha reltability of the test data and
decrease the uhcertalnties: ' -

Due to the problems experienced with the 16 thermoacouples, which measure the

" inlet and outlet temperature histories, 1t is recommended that this situation be

improved. There are three possibilities, firstly, all the thermocouples could be
changed, secdndly, more thermocouples could be installed In the cross sectional
ares, or thirdly, a grid of resistaco wire could be Installed in the cross sactional
area, which measures the average temperature of the fluid stream, in the
literature [9, 11] the number of thermacouples installed In the flow area vary
betwesen 2 and 20, ' | '
To ensure that the test section Is adiabatic, the side walls also need to be

-inswlated with polystyrene and not only the bottom and the top of the fest pack.

To decrease the error of determining the heat transfer coefficlent from the

- temperature historles, the heating perfod shauld be shoriened (see Appendlx E). .

After all Investigations related fo the different types of heating plates have been

completed, an overall assessment of the different designs should be undertaken,
" Therefore severai features such as thermal and hydraullc performance as new
packs, tendency to erosion, thermal and hydraullc performance at an sroded stage
and tendency to blockage have to be taken into account,

Capital cost of packing, the number of re-packings required as well as boller
efficiency and fan power consumptlon determine the life cycle cost of the system.
Prediction of the above parameters will lead to an improvement in cost sffectiveness
of the alr heater, '
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In addition to the heat transfer and pressure drop measurements on existing plate
geometries It Is proposed to cany out computational fiuid dynamics modelling (GFD)
on heating element plates. A successful modelling of air heater elements using CFD
would lead to an enharced understanding of the dynamics of heat transfer and
pressure loss for new and existing pack designs as well as for eroded packs. As part
of the present project a CFD solution shouid be develaped to predict heét_ {ransfer
and pressure loss firstly for flat plates. The results of -the CFD model should be
verifled against measurements taken in the TTF. The cholce of a suitable turbulence
model largely de_teri‘niries the success of the CFD model. These results of the CFD

" work should be basis for further work in predicting more complex element designs. iF .

suctessful, this technology could lsad to a more economic air heater element design
" tool. It would also promote the prediction of element erosion behaviour.
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Appendix A

Difflculties encountered during the progress of work

As mentioned eartier, the Thermal Test Faciiify has besn in operation for several
yearé. Over the last year several checks were made to compare the accuracy of the
test facflity. Additlonal factors were taken into account to give more accurate results,
Some mistakes were identified and corrected during this period. '

For comparison with results from literature, graphs sither at np.rmal conditions {0°C,
1013 mbar) or graphs in dimensionless units must be compared, Le.. Colburn- and

Friction-factor vs. Re—number, Mu-number vs, Re-number. Therefore it is important

to use the correct fluld properties at labnratory'conditions. These fluld properties are:

denslity, kinematic viscoslty, Pr-numbet, specific heat capacily and heat conductivity.

The air-density has a significant influence on the calculation of the dimensioniess

numbers, Therefore the humidity of the laboratory air has o be measured to get the

correct value of the air-density,

Tasts were done {o compare the accurscy of the differentlal pressure transducer
(pressure drop across the test section) with a BETZ-Manometer, Thelr results
showed exact agreement betwean bath devices,

There was nonoemn that the pressurg tappings were too close to the test saction,
espacially after the pack, It was suspected that there was ot enough flow length to
aliow the dynamic pressure to stabilise and transform to static pressure, with the
rer Jlt that readings at this point could be too low,

When the pressure tappings were moved further downstream, the thermocouples
and their radlation shislds were in between the pack and the tapplng points. These
however, added more reslstance to the flow and resulted in a higher pressura drop.
This effect was however not quantified.
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Tawards the end of the present study (March - May 1998) the following errors were
discovered:

. During the annual calibration of measuring equipment it was found that wrong
corractions were pragramimed for the 17 thermecouples used to measure the
inlet, outlet and the nozzle temperatures. The data acquisition system uses a
prog:ram written in Labview. In this pragram the Input values to Indicate the types
of the thermacoupiés and the values indicating the type of cold junction
corrections  were Interchangad. Since the thermocouples were originally
calibrated using a different program, now using the Labview Program 97 gives
the incorrect oufput values in °C. The temperature readings for temperatures

~ above _a’rhbfent were too fow and for balow ambient they wers too high. At
ambiant temperatufe the readings were almost corrsct, which is why this error
was not discoveted sarfier. At 40°C (trus tempsrature) the faulty program.
indicated femperatures approximately 6°C lower, -

o The Labview Program 97 was then comected and the thermocouples re-
calibrated, Test runs with the new Labview Program 98 (i.e. cotrected program)
and the new calibrations then showed much lower heat transfer coefficients than
the old restilis (more than 10% fower).

» To be able to use the old results of more than 100 test runs done previously, it
was decidad to apply a correction function to the old temperature readings.

« ‘The temperature callbration laboratory did an overall callbration for the correct
temperatures using Labview Program 97, in order to determine a correction
function that can be used to calculate the correct temperatures from the old
temperatures,
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* The new calculations of the heat transfer coefficient with the corrected
temperatures did not give the same heat transfer coefficient as calculations with
the new Labview Program 98 (the correctéd resuits were less than 10% higher

than the new resulis).

» To determine the reason why the corrected temperatures did not give simliar
“resulis of the heat transfer coefficient as measurements with Labview 98, a

. sepsitivity study regarding the temperature readings was undertaken. This study
~ showed the following influsnces on the heat transfer coerficlent when: the

temperature readings were artlficlally changed (like uncertainties). The following

example was calculated for test run H8_an16.m (after new calibration)

.Table A1 Influences of Incorrect temperature readings on the heat transfer

coefficient
description heat transfer coef.
: Wim? K)]
original 77.73
Twat - ngt =Q°C 77.72
(before heating) '
Touriet +0.5°_C 66.21
Tt +0-1°C 75.32
Tpum <0.5°C 90.49
_ Topa-0.1"C 80.19
T H0.5°C 90.49
T +0.1°C 80.19
 Tiug -0.5°C 66.21
Vet -0.1°C 75.32
Tine +0.5°C and 77.73

Toutet +0.5°C
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« This study shows that the influence of incorrect temperature readings has a major
Influence an the calculation of the heat transfer coefficient. A difference of bniy
0.5°C in the average temperature measured upstream or downstream results in a
change of the heat transfer coefficlent of more than 10%, '

» Therefore a study of the correction calibration {calibration i.e. values using faulty
Labview program 97) of each thermocouple was undertaken. This showed that
callbration values for three of the 16 t_hennc‘:ooubles were inconsistent with the
calibration values of the other thermocouples. The temperatures they indicated
are too high (2°C in 45°C). When these three thermocouples were excluded from
the heat transfer calculatlori the hest transfer cosfficient wouid go down, which is

. the correct direction. Both the average of the inlet and the average of the outlet
temperature would go down. However, since two of the faulty thermocouples
were at the Inlet and the other one at the outlet the inlet temperature was reduced
more than outlet teniperatune {two thermocouples too high), with the results that
the heat transfer coefficlent was reduced (see table A1) B '

« There were two possibilities to correct for the fauity three thermocouples, sither
use only the 6 cdrrect inlet and 7 correct outlet temperaluras to calculate the heat
iransfer coefficlent or derive a comected average comrelation to replace the
calibration of the three faulty thermocouples. In the lalter case the heat transfer
cosfficlent couid then be calculated using comrected values for 8 thermocouples
upstream and 8 thermocouples downstream of the test pack.

e To determine If the aforementioned considarations with regards to the
thermocouples give the same heat fransfer coefficient as Labview Program 98 It
was decided to use firstly the more easler method to use only & inlet and 7
temperatures. The results of each of two test points (high and lower mass flow)
for two different profile types are shown In the following table (tabie AZ).
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Table A2: Heat transfer coeflicients for differant tamperature calibrations

Flaf plates

low mass flow:

FF_7_97 (before calibration)

h = 41.67 WP K)

FF_7 97 (wro'ng correction}

h = 40.51 WIe K)

FF_7_97 (without 3 thermocouples)

h = 38.10 Wm=K)

FF_7_98 (corracted program)

h = 37.68 W/(nPK)

hi_gh mass flow:

.| FF_16_97 (before calibration}

h = 66.60 W K)

FF_16..97 (wrong correction)

h = 65.26 W/(m?K)

| FF,_16_87 (without 3 thermocouples) -

h=63.81 WP K)

' FF_16_98 {corrected program)

T = 62.20 WHMEK)

Ha profils

low mass flow:

HB_7_ 87 (baforé calibration)

h'=55.70 W{M?K)

H8_7_897 {(wrang correction)

h=64.11 WimeK)

H8_7_97 (without 3 thermocouples)

h = 51.88 WITEK)

H8_7_986 (corrected program)

fi = 51.356 WITEK)

high mass flow:

"He_16_97 ({pefore calibration)

h = 84.43 WiME K)

He_16_97 (wrang comsctian)

b= 82.64 W2 K)

H8_1 6_97 {without 3 thermocolples)

b = 80,60 Wi(meK)

H8_18_93 (corrected program) -

h = 81,45 WH{m?K)
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» The new corrected heat transfer coefficient was now within 1% compared with the

Labview Program 8 results, see table A2,

s For the whole range of test runs it was however decided to apply an average
~ corelation function on the three vaong calibrated thermocouples, because of
following reason. Firstly the positions of the 8 thermocouples at the inlet and the 8

thermocouples at the outlet is important.

outlet

iniet
2‘ 7o
4 5@
3". g®
1@ . g®

i0®

g®

158

12@ 13®

119 14®

16®

Figure A1: Arangement of the t'hehnooouples at the iniet and the outlst of the

tast section, flow into the plcture

Pue to not absolutely ideal adiabatlc conditions in the duct the outermost -
thermocouples at the infst show slightly lower tsmperatures (+/- 1°C) than the
Inner thermocouples. Consequently the outermost thermocouples at the ouflet
also show lower temperature readings than the Inner ones. It was found that this
spread is even mare significant for packs with braces {untll now no explanation

could be found for this behaviour),
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Because of this spread of temperatures, it was found that using the average inlet
ternperature without two thermocouples and the average outlet temperature
without one thermocouple did not represent the real average of 8 Inlet and 8
outlet thermmocouples, Considering the sensitivity of Incorrect temperature
readli = (ses table A1) it was decided to derive an average calibration function,
so that the values of the 3 wfong callbrated thermocouples coutd be substituted.

Comparisons at ambient temperature showed that u..- themiocouples after the
callbration are much more stable. The variations between the 16 thermocauples
are now within +/-0.2°C, wheraas before the calibration the variation was greater,

Temporature readings without flow at ambient conditions (after cafibration): _
Since the temperatura In the !aboratdry varlas from the ground to the cafling of
4°C, it is understandable why the temperatures In the duct vary of 0.5°C between
the bottom and the top. -

Inlet th_em‘nocouples outiet thermocouples
18.4 18,5 18,5 18.5
| 184 184 184  'BA
182 - 18,3 182 181
18.0 18.2 18.1 18.1

Figure A2: Tenjperature readings without flow at ambient conditions
(after calibration)
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» While stripping the whoie ring to ook for general uncertainties some small
amounts of leakage were found In the rig, which Is now sealed.

« In the original Matlab calculation programs the Incorrect viscosity for calculating
the Re-number (kinematic instead of dynamic) was used. Fortunately this
calculation of the Re-number Is only used in the mass fiow calculation, i.e. to
-obtain the coefficient of discharge. Here the value of the Re-number has only a
small influsnca, This had very liitle influence on final results (Co-factor and Re-
number} previcusly calculated, since the Reynolds-numbers wera re-daléu’lated
undependable agaln In the correct manner in an Excel-spreadsheet,

¢ In the calculation for the coefficient of discharge another mistake was found, |

instead of the pipe Re-number the nozzis Re-number was used (in the Matiab
program prapdat.m),

» Inthe mass flow equation (Intsrnational Standard 1SO 5167)
m=c-s-a-§.d2f./—-4m' (A1)

two coefficients wers omitted In the original mass flow calculation:

- velocity approach factor E

E=(1-p )% (A2)
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- @xpansion factor e

EATS 1\ _ '
£=1 ";f;][ 1-/842 [1';:“} {As)
1"‘/94!'? [ .

The effect of neglecting both' coefficients together resulted In a 7% lower mass
flow being__calculated in previous tests. This has now been changed In the Matlab
prograrm prepdat.m.

+ I the above meritioned equation for the expansion factot g, © rep'resenté the ratio
of the absolute static pressure before - nd aftar the nozzie, At the momient these
values are nof available from the test rig. An approximation Is made, which
conslders an average pressure ratlo {for the minimum and the maximum mass

" flow). The resuiting error for the mass flow is negliglble (+/-0.1%);

+ After all these corractions a pitot traverse was cafried out ucross the duct
upstream from the hozzle according to the standards. The mass flow caloulafion
using the pitot uaverse and the nozzle measurements show excellent agresment
{(+/-0.8%).

s The Re-ntimbet range for which the nozzle was callbrated Is conslderably
different from that Re-nusmber range which It is currantly oparating in the thermal
rlg. The calibrated range of the nozzle is Re = 400000 - 800000, In the TTF the
nozzle Is used at Re: 20000 - 230000, According to Llebenberg [33] this
exirapalation is acceptable. '
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o It was found that the turbulator in the test facllity was installed upside down in
* comparison with the way it was fitied by Caby [26].

. a') . ’ b.)
. Figure A3; a.) correct Installation of the turbulator (wings down), b.) Incorrect
" Inatallation (wings up) of the turbulator, angle for both
instailations between turbulator and flow direction is 30° (origlnal
~ according to Caby [26),

When this problem was found, & study was undertaken conceming the effects of
different Installation conflgurations of the turbulator, he. right way round {wings
down}, upside down (wings up)} for different ang[es and without turbulator. The
velocity an temperature distribution was checked for each inslalled poslifon at full
mass flow; at half mass flow the results are the séme. The results ars described
balow,
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. 1.) without turbulator

Pitot traverse [Pa]

638 956 938 728 594
Y44 M7 1082 806 549
703 768 743 622 436

374 454 468 434 348

temperatures {°C]
inlet thermocouples
a7 . . 41,6
428 . 425
428 434
424 427

{In all clagrams fiow direction In the paper)

outlet th'ermocoupl’es.
40,8 : 40.9
44,8 .7
424 . 424
_ 42,9 . 42,4
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2.) turbulator wings dawn, at 10° to the flow direction

Pltot traverse [Pa]

1028 1377 1168 1060 6a.5

08 912 845 E4B 944

435 584 478 2.0 20,4

780 T B4E M3 536

temperatures [°C]

Inlet thermocouples
A0.4 40.4
41,6 4.4
413 A2
40.8 40,8

outlet thermocouples
40,9 404
Mz M2
4.2 #.1
408 407
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3.) turbulator wings down, at 20° to the flow direction

"Pitot fraverse [Pa]

o4 885 768 670 1034
1062 78O 694 BIB 118
677 810 E1E 462 738

428 508 482 . 327 399

temparatures [°C)
| iﬁlet thermdqqubies outiet thermocouples |
44 | 45 a4 | #4
8 418 _ 48 a7
“ns #HE : 414 414
a8 e ws 7o
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4) turbulator wings down, at 30° to the flow direction
Pitot traverse [Pa]
S {38 778 M4 T4B 83D
10B.5 834 806 781 108.0
70 87 a7 400 768
40.8 b4.7 478 aar 40.0
temperatures [°C]
inlet thermocouples outlet thermocouples
4z2.1 423 424 421
422 42.3 420 a2
AZD 421 419 420
41,6 4.8 415 M7
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5.) turbulator wings up, at 10° to the flow direction -

Pitot traverse [Pa] . -

8B4 1287 1178 983 854
913 1023 B4 882 7B
848 840 12 480 4zd

358 606 5§94 452 807

temperatures [*C]

_ injet lhennoﬁoupl‘es ’ : outlet thermocouplgs
Mz a3 | 408 4.3
422 P 419 420
28 4256 420 422
My o 424 418 422
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8.) turbulator wings up, at 20° fo the flow direction
Pltot traverse [Pa]
1008 1051 888 805 944
1016 862 738 687 843
e 08 688 400 559
393 686 688 47 31
temperatures [°C]
inlet thermocouples outlet thermocouples
421 ' 422 418 422
426 427 425 428
424 428 42.4 426
419 427 413 425




'AppeﬁdbcA -

- page 161

' 7.) turbulator wings up, at 30° to the flow direction

_ Pitot fraverse [Pa]

1000 803 MT 773 47
986 . A02 768 B4y 629
883 619 682 609 T4

441 B7A 540° 408 - 448

temperaturas [*C]
inlef thermocouples outlst thermocoﬁplas
41.{ ' ' 415 41,3 MM.5
a7 a8 45 Mz
4 a8 15 M8
41,0 #48 4.0 | 45
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Conclusions which can be drawn from these temperature and velocity distributions
are follows:

good repeatability of velocity and temperature measurements (not printed),

no difference in temperature distribution when full or haif mass flow (not printsd),
best temperature distribulidn if the turbulator has an angle at 30" to the flow
direction for beth configurations, wings up and wings down,

best velocity distribution at an angle of 30°, for both confi guratlons. wint.}s up and

“wings down,

if the turbulator is adjusted to smaller angles (wings down) the ﬂow is
concentrated on top of the flow channel, : _
for the half mass flow the velocity distribution does not change that much when .
changi_ng.the angle of the turbulator, . .

without the turbulator the temperature distribution Is much worse

(Atrinma=1.9°C), |
without the turbulator the velocity distributiori Is not uniform, similar to the
distribution for turbutator angle of 0° {not printed). _

the measurements with the turbulator wings up at 30° show that both the velocity
and the temperature distribution are slightly better than the configuration wings
down at_ 30°, _
it should be concludad that these variations in the temperature and velocity
distributions of the configuration wings and wmgs down do not effect the
maasurements of the pressure drop and the heat transfer coefficlent, as can be
seen in Figure A4 and Figure A5,
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~ Figure A4: Heat transfer duefﬂc[ent vs. mass flow, H8 profile,
different installations of the turbulator at 30°
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Figure AS: Pressure drop vs. mass flow, H8 profile,
different installations of the turbulator at 30°
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Even without the turbulator the heat transfer cosfficient and the pressure drop do not
~ change much ' '

All thesa discovered problems and mlgtakes could lead the reader to the qﬂastion._
why was all this only discovered at the end of this study. The answer is, the present

test rig and calculation miethod was already runifilng for years when the present .

project started and the obtalned results from former studies never gave any reason
for suspicion and were therefore never doubted.
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Matlab Programs

This appendix includés the Matiah programs for calculating the mass flow and the

heat transfer coefficient from the raw experimental data

B1 . Prepdat.m calculates malnly the mass flow -

%**prepdat.m**
cler - '

clear; .

clear global;

dlsp('Formatllng of Test Data for all test runs (preparation for htcoefa m)').

%Data for Input to this program Is recorded by LABVlEW
%tst({1)=time
%tst(2) to tst{9)=air inlef temps to pack {"C)

- %tst{10} to tst(17)=alr outiet tamps from pack (°C)

%ts1(18)=air temp before nozzle (°C}

%tsi(19)=pack differential pressure (Pa) :

%tst(20)=nozzle differentlal pressure from MEDM {Pa)

%tsi(21 )=nozzle differential pressure from Fumess{Pa)

%%tst(22)=average of 'graph 1' femps (hormally inlet termps)

%ist{23)=average of 'graph 2' temps {(normally outlet temps *+ nozzle alr temp)
%tst{24)=Lab almospheric pressure (kPa)

%+**{raw test data flename.m}™
% Locsrtion of the raw test data
% chdlr [drive]:\[path] :
shdlr c\kgiexcehthermaliresults

% This Is an edited ASCII file which contains the rmatrix 'tst', This
% an m-file i.e. has & file extentslon='m'.

% Mate: do not Include the file extension when calling an m-file in
% Matiab source cods, It Is automatically assumed.

- y[filenama]

for k=1;18,

clear tst;

clear mMMEDM;

clear testdata;

clear NozzleTalr;

clear NozzleDPMEDM;
clear Noz2leDPFC;
clear PlpeReMEDM;



repemicB

page 166

Slear LastCdMEDM,;
clear LastCdFC;
Jlear AirViscosity;

- glear packDP; : :
slear mFG; %Fumess controls
clear NozzleDPFG;  %[Pa]Furness confrols

" clear PlpeReFC; %Furness controls -

So**apening of test files™*
If k==1,
H8_a01
alself k==
HB_a02
elsaif k==3
H8_a03
elself k==4
H8_a04
olself k=5
H8_a05
elself k==6
H8_als
elself k==
Ha_al7
glsalf k==8
H8_a08
- elself k==9
He_a0p
elseif k==10
HE_al0
elssif k==11
H8_at1
glseif k==12
HB_a12
plself k==13
H8_a13
elseif k==14
H&_ ald
elself k==15
H8 als
alseif k==16
H8_a18é
enhd

%*“'I‘Irné domain**.

% Check that the first two header rows have been deleted In the input file

iftst{1,1)==0 %Then they have basen deleted
testastal;, 1)=tst(;, 1%
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%**Detamining. tha average fluld inlat temparature profile
testdata(;, 2)=(tat{;, 2)+st(;,3)-Hst(:, 4 }Hst], S s 8)+tst( o7 Htst(;, B)Hat{: DIVE;

%**Determining tha average fluid axit temperature profile
testdata(;,8)=(tat(;, 10)+tst(:, 11)+tat(; 12)+tst(;, 13} Hst(;, 14)+ist(:, 15} +sl(:, 16}+tst( 7S

%*‘Nozzle mass flow rate

NozzleDiameter=0,235972; %fm]

PipeDiameter=0,394657; 9&fm)

g=8.79; %im/s4

%LabPr-ss=13.8*LabPress"g; “%[Pa] Baro press. l.e. converting from mmHg to Pa
%LabPress=84,002*1000; %fPa] Baro Press.’

LabPress=tst(1,24)*1000; %I{Pa] Baro Press, [.e, converting from kPa to Pa
R=28T7: %.Specific gas constant f4f{mo] K)]

kappa=1.4; : Y%lsentropic exponant [

tau=(LabPress+1 046).’(LabPresa+1 208);%ahsolute static pressute ratio between before and
after the nozzle {min - max, flow} {-]
%this Js only an spprox. value, not correctiilli!
E=(1-{NozzleDiameter/PlpeDlameter}*4A{-0.5);
%Velocity Approach Factor -
apsilon=({kappa*tau*(2/kappa)/(kappa-1}}*{{1- (NozzleDlamelerfPlpeDiameter)M)!ﬁ-
{Nozzlenlame!en‘PIpeDlameter}ﬁél*tau"(szappa)})"((1 ~tau”({kappa-1)ikappa))i{1-tau)))*0.5;
%expansion factor [-]

for =1 4engthist), |
%ist{20)=nozzle differentlal pressure (MEDM) (Pa)
%tst(21}=nczzle differential pressure (Furness) (Pa)

NozzleDFMEDM(I)=tst(1,20); %[Pa] MEDM
NozzleDPFC{f)=tst{),21); %[Pa] Furness Controls
packDP(l)=tst{, 19); %[Paj from Schaevitz
CdMEDM(},1)=0.976; %Initlal guess for nozzle Cd
CdFC(l,1)=0.876; %hinitial guess for nozzle Cd
MNozzleTalr{)=tsf(i,18); %Alr termp fust befora nozzle

AfrKelvin=NozzleTalr{i}+273.15;

% The following formula calculated for the range 275 - 400 Kelvin using date from

%ihe table It "findecoef.m”, kinematle viscosity, eguatlon Is accurate enough
AlrViscasity(i)=0,5142855726E-11*AlrKelvint2+3.561857242e-8"AlrKelvin-3.66207 16252e-6;
AerensIty—{LabPress!(R‘(NozzleTatr(iHZ?S 18));

for J=1:5, Slooping 5 imes should enable us to get a good enough estimate of true Cd
mMEDM(i)—CdMEDM(I.1)'E"epsilon*(pil4)"Nnzz!eDiameter"z*sqrt(z*NozzlsDPMEDM(IJ*AIrDe
nsity); %MEDM
PipeReMEDM(l)-4*mMEDM([JIpIfPipeDiameterfAir\ﬁsoosIty(l)fAerenslty.
%MEDM

%The foliowlng formuta got from nozzle callbration certificate
CdMEDM(j+1)=0.98418-0.08426"sqrt(10C00/PipeReMEDM());
S%MEDM
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mFC{i)=CdFC{L}*E*epsilon*(pli4)*NozzleDiametar’2*sqri{2*Nozzie DPFC{l)*AlrDenslty);
%Furness controls -
PipeReFC(i)=4*'mFC{iypiPipeDiameter/AirViscosity{ii/AirDensity;
%Fumess controls
%T he foltowing formula got from nozzle callbration certificate
CdFC(I,j+1 }0.98419-0.06426*sqrt(10000/PipeRaFC(i));

%Fumaess controls
end
LastCdMEDM(y=CdMEDM(1,5); %MEDM
LastCdFG{i=CdFC(,5): “hFumess conirols
end
testdata{:,4)=mMEDM", SMEDM
testdata(;,5)=NozzleTair; : :

. lestdata(;,6}=NozzleDPMEDM; %[Pa] MEDM.
testdate(:,7)=PipeReMEDM" S%MEDM
testdata(;,8)=LastCdMEDM';
testdata(’,8)=AirViscosity"; pkinematie [m?/s]
testdataf;, 10)=packDP"; '
testdata(:,11)=mFC’ %Furness controls
testdata(:,12)=NozzleDPFC", %[Pa] Furness controls
testdata(;, 13)=PipeReFC"; %Furness confrols

% Sava the formattad test data in & mat-file contalning the matrix
% testdata. This fila will be used in e.g, heatcosf.m io ileratively -
% solve for the heat transfer coefficient. :

%save [drive]:\{pathi\[filename].mat testdata

if k==1,

save c\kg\excel\ﬁ'lermal\results\HB a01.mat testdata LabPress
alaaif k==

save ciikglexcelithermaliresults\ H8_a02.mat testdata L.abPress
Afe CF k

save c\kglexcalithermaliresults\ H8_a03.mat testdata LabPress
alseif k==4

save ¢\kg\excelthermalresults\ H8_a04.mat testdata LabPress
alseif k==

save c\kglexcelthermaliresultst H8_a05.mat testdata LabPress
eigelf k==

save c:\kglexcelthermal\resuits\ H8_a06.mat testdata LabPress
elseif k==7 )

save c\kgiexcelthermal\results\ HB_a07.mat testdata LabPress
elself k==8

save ¢kg\excelihermaliresults\ HB_a08.mat testdata LabPress
alself k==@

save c:ikg\exceMhermaliresults H8_a09.mat testdata LabPress
elseff k==10

save ckpiexcelthermaliresults\ HB_a10.mat testdata LabPress
elsaif k==11
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save ¢kglexcel\thermaliresults\ HB_a11.maf tesidata LabPress
olself k==12

savekc \kg\axcal\thennaﬁmsulﬁs\ He_a12.mat testdata LabPress
elseif

save c.\kg\excel\thennal\results\ H&_a13.mat testdsta LabPress
elself k==14 '

save c:ikglexcelithermalwesulis\ H8_a14. mat testdata LabPress
alseif k==15

save c\kglexcel\thermaliresuits\ H8_z15.nat testdata LabPreas
elself =18

save ¢\kglexcalithermalvesulis\ HB_a16.mat testdata LabPress

end

 else %frst 2 header rows were not deleted

. disp{'First two header rows of input fila were not deletad - operation cancellad‘).
end .

end

chdir \kg\excal\thermai\rssults
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B2 findcoef.m contains the lteration for the heat transfer coefficlant

* % Function cafl for findcosf.m

function error=findcoef(h);
% Global variables being passed fromthemainp  2m e.g. Heatcosfm.
global N freq. passdata - %findcos. puts
global k Cs Ar As Ms Ymatrix phiysical props
_global emor k. a - %findcosf outputs

% Air proparties at 1 atm In matrix form "AIR". .
% T Cp k ‘Pr rho A
% K kdikg i) WimKy . - ko/m® ms

AIR=[260 1,0031 2,227e-2 0.720 1.412 1.132e-5;

. 2751.0038 2.428e-2 0.713 1.284 1.343e-5;
300 1.0049 2.624e-2 0.707 1.177 1.568e-5;
325 1.0063 2.816e-2 0.701 1.086 1.807e-5;
350 1.0082 3,003e-2 0,697 1.008 2.056e-5;
375 1.0106 3.186e-2 0.602 0.9413 2.317e-5; _
400 1.0135 3.366e-2 0.668 0,8824 2.591e-5; S

- 450 1.0206 3.710e-2 0.684 0.7844 3.168e-5; o ' o

500 1.0285 4.041e-2 0.680 0 7080 3,.7826-5;
550 1.0398 4.357e-2 0.680 0,6418 4.43%-5;
600 1.0511 4.661e-2 0.680 0.5883 5.128e-5;
650 1.0620 4.954e-2 0.682 0.5430 5.8638-5;
700 1.0750 5.236e-2 0.684 0.5043 6.607e-5;
750 1.0870 5.508s-2 0.687 0,4706 7.399e-5;
800 1.0987 5.774e-2 0.690 0.4412 8.2146-5];

% EUNCTION PROGRAM™*

%™({time domaln)**
=passdata(;,1);
%tst=passdata({1,1);
iength=length(t);

di=1/freq; %[rec] _

Ti=passdata(t,2); %[°C] Initiel fluid & solid temperature
Tfm=passdata{iength 2} %["C] maximum s'able fluld temperature
Th=0,5*{passdate(1,2)+passdata(1,3)); : '

%++(fluid propertles at Tby** '

C=(inter(Tb+273.15,AIR,2))*103; WfikglK]

m=passdata(:,4); ' Solka/s)

%**{dimenslanless time domain}*
td (1 )=((m(1)CHAMS Cs))"t(1);
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%‘*(expenmenta] fluld Infet functlon)*"
Tfi=passdata(;,2);
TRG=(TR-TH(Tim-TD;

* gp¥*{experimental fluid exit function)™
Tee=passedata(:,3);
" Tfeed=(Tfee-Ti}{(Tim-Ti);

% **{construction of node netwmk)*‘“
- dx=LIN; - %[m]
 dxd=1/N; - %[dim]

%**(setiing initial boundary conditions)*
Tsold=ones(1,N).*TAd{1);
Tiold=ones(t,N).*TAd({1);

Tsed(1)=Thd(1);
Thel(t)=Th(1)

- %M (time step)™

 for tstep = 2:tlength,

: %"‘(dirriensiunless time domain)** _
. Tb=0,5*(Thtstep)+Tfeeltstep)) :
Cf={Inter(Tb+273.15,AIR,2))*1e3; %[Jf(kg Kl
did={(m{tstepy*Cf)/{Ms*Cs})"dt;
td{tstep)=((m(tstep)"Cf)/(Ms"Cs))*{step};

* %*{non-dimensionalised groups)*
lamda=(k*As)(m(tsiep)*CFL):
Ntu=(h*Ar)/(m{tstep)*Cr},

. Rei=(lamda*dtd)/(2*(dxd)*2); -

* Rs2=Ntu*did;

Rf=Niu*dxd;

9%**(tridlagonal matrix (H}**
maln=ones{1,N).*(1+2*Rs1};
submaln=nnes{1 JN-1).%(-Ra1});

H=dlag(submain, 1) + diag{main,0) + dlag{submain,-1}
H{1,1)=H(t,1)}-Rs1;
H{N,N)=H{N.N}-Rs1;
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for M= 1:N,
FM==1]|M=
A(M)-(1-Rs1 Rsz)"rsold{M)
else -
A(M} (1-2“Rs1-R32)‘Tsold(M},
and

ifM =
"B )—(Rs1)"Tsold{2)
elseff M =
_ IE',{I'm) (Rs1)'Tsold(M-1);
S
BBfll\ﬂl) (Rs1)*(T sold{M-1 )+Tsold(M+1 W

If M == .
C{My=(Rs2)*Tfid({tstep-1};
else
C(N' )= (R82)‘Tf01d(M).
e _
ond.

' D=A+B+C;
D=DY

Tsnew=H\D;

for P = 1:N,
ftP=1 o
;I-'ﬁ'lswﬁ )=Tfid{tstep);
else
Thew(P)= ((Rf"l' snaw(P))+Tfnew{P—1 WH+R;
end
end

Tsed(tstep)=Tsnew({N),
Tled{tstep)=Thaw(N};
Teold=Tsnew;
Tiold=Tfnew;

3hd

% Difference array between the experimenta] and predictad alr

% temperature vs. time profiles,
_ difference=Tfed-Tfeed";

% Normalising the difference artay,
error=riorm{{difference)}, fro');
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B3 hitcoef.m calculates the heat transfer cosfficlent, ﬁses ﬁndcoef.m

%***htcoef.m™*

%for running pleasa switch off power save {screen) and perhaps screen saver
cle:

clear;

clear global; .

disp{'HEAT TRANSFER PERFORMANCE COEFFICIENT -original-;

%***DEFINED INPLITS***

N=5D; % Number of nodes

freq=3; _ % Data acquisition rate [H2]

inltguessFC=50; % [nitlal guess for convactive H/T coaff [Wf(m‘ K)J
iniiguessMEDM=50; % Initial guess for convective HIT coeff [Wiim2 K]
k=64, -B% Mairlx thermal conductive coeff [WHm K)]
Cs=458.8; % Matrlx specific heat [J/{kg K)]

=287, - % specific gas constant [J/{kg K)]
 disp(The followmg calculations assume the following values:');

disp{  N=BO; - - % Numberofnodes’; :

disp(' - freg=3; - % Data acquisition rate [Hz]');

disp("  Initguess=50; % initial guess for convective HIT coaff 1\J'\'.'(rn’l K)]'),
disp{’ k=84; . % Matrix thermal conductive coeff fVm K)I');

" disp(’  Cs=458.8; % Matrix specific heat [J/(kg K)i')
disp{  PackLength=0.5; %m]'}:

disp(’ NozzleDiameter=0.236972; %Im]'); -

diSP(' »

Ms-Input(‘Emer matrix mass [kg] 35.89: "%
An—lnpul{'Enler matrix H/T area [m?:18.222: '); :
input('Entsr matrix X-sectional area avallable for heat conduction [mP]:9.1% 1e-3 %

% Length of the test pack or plates in [m].
1=0.5;

% Half-plate thickness of the plates constifuting the pack in [m].
% a=0.25e-3;

_for i=1:16,
% where XX Is the number of test runs.

% Location of the test data mat-fles.
% chdir [drive]:\[path] '
chdir \kgiexcehthermaiiresuits
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% Test data should be called in order of ascending or desceriding
2 mass flow ratas, This allows the program to more efficiently
% solve the heat fransfer cosfficient from one test run to the

% next,
fi==1, _
load H8_ali.mat
alself i==2 _
ioad HB_ad2.m:.”
elself 1==3
load H8_a03.mat
elseifi==4

load HB_al4.mat

elsalf i==5

" load H&_a05.mat

elselfi==f
" load HB_a08.mat
elself ==

" load H8_a07.mat

elseif I==8

-Joad H8_a08.mat -

glseif i==0 .
load HB_a09.mat
glself ==10
- load H8_a10.mat
elseif i==11 -
load H8_#11.mat
elseif i==12
load H8_ai2.mat
elseif i==13
load H8_ai3.mat
alself =14 R
load HB_atd.mat
elseifI==15
load H8_a15.mat
elself =16
load H&_ 216, mat
end .

%Set up aray of pertinent data to be passed to 'findcoef

passdata(:,1)=testdata(:,1);
passdata(:,2)=testdata(:,2);
passdata(:,3)=testdata(:,3);
passdata(;, 4=testdata;,4);

%MEDM

% Global varlables 10 be passed to the function findcoef.

global N freq passdata
global k Cs Ar As Ms

giobal errorl &

%findcoef Inputs

%mairix physical props

%findcoef outputs
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% Logation of the fils indcoef.m
% chdir [drive]:\{path]
chdir ¥gicaleu -

% Minlmiging the error between the exit experimental and predicted
% air temperature vs, fime profiles by manipulating the initial guess

- % of the heat fransfer coefficient entered by the usar.
H_coeffMEDM=fmins{findcoef, imtguessMEDM,[D fe-2]):
errorMEDM=error;
%Optima=fmins{'dcfis’,Initguess ; initguess? ; initgusss3},[0,1e-1]);

% To facilitate a quicker solufion of subsequent test runs the
% solution of the preceding test run s submitted as an initial
% guess for the solutlon of the following test run,
InitguessMEDM=H_coefiMEDM;

% For Furness confrols
passdata(.4)=testdata(:,11);
H_coeffFC=fmins{‘findcoef,InitguessFC, [0 12-2]%
errorFC=grror;

initguessFC=H_coeffFC;

% Determining the average mass flow rate & alr temp, & ajr viscosity over
% the entira test run. This Is used In calculating the Colbum

% j-factor when presenting heat transfar results.

AvgMassfliowFC=0;

AvgMassflowMEDM=0;

AvgNozzleAir=0; Y%average alr temperature upstraam from nozz[a {fre nozzle celcs)

aygtemp=0;
for e=1:length{testdata),

. AvgMassflowFC=AvgMassflowF C+testdata{e,11); %Fumess Controls

AvgiMassilowMSDM=AvgMassiowMEDM+Hestdatale 4); %MEDM
avgiemp=avgtemp+({{testdata(e,2)+testdatale,3))/2);
A;gNozzIeAir=AvgNuzzleAir+testdata (e.5)%
an
AvgMassflowFC=AvgMassflowFCllength{testdata); Yalkgls]
AvgMassflowMEDM=AvgMassfiowMEDMAength(lestdata); %ika/s]
avgtemp=avgtemp/length{testdata);
AvgNozzleAlrKelvin=AvgNozzieAirlength(testdata)+273.15;

%The following formula calculated for the range 275 - 400 Kelvin using data of

%the table in "findcoef.m”, equation Is accurate enough

AvgAlfViscosity=9, 514285572BE-1 1*A\rgNozzIeAirKelvin‘\2+3 561857242~
B*AvgNozzleAirKelvin-3.5620718252e-8;

AirDenslty=({LabPress/(R*AvgNozzleAirKelvin));

% Determining the Initial mass flow rate, air terrip, packDF and nozzIeDP before

% switching on the heaters. This is used in calculating the

% fanning friction faclor when presenting pressure drop results.

initMassftowFC=0; %[kg/s]

InrtMassﬂowMEDM—O: %[kals]
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Initemp=0; _
InitNoz2teDPFC=0;
InitNozzlsDLPFMEDM=0;

InitPackDP=0;

for g=1:10,
InltMassﬂowFC-lnItMassﬂawFC-i-testdala(s 1), %Furness Cortrols
InitMassflowMEDM=InltMasafiowMEDM+iestdata(s,4); %MEDM

inftemp=initemp+({testdata(s,2)+estdata(s,3)}/2};

InitNozzleDPFC=InitNozzleDPFC+estdata(s, 12); %Fumess Controls
InitNozzleDPMEDM=InitNozzle DPMEDM-+esidata(s,6); - %MEDM
inttPackDP=InitPackDP+testdata(s, 10);

end

fnltMassfowr C=initvassflowFCl0;

InliMassfiowMEDM=InitMassflowMEDM/10;
intemp=inlterp/0;

InitNoz2leDPFC=hitNozzleDPFC/10; %Pl
" InliNozzleDPMEDM=InitNoz2ieDPMEDIM/M 0; %[Pa]
!nitPackDP*lnitPackDPH 0 %5[Pa]
% Datermine Reynolds numbers I test pack and nozzle, and pack face val,
PackLength=0.5; %[m]
NozzleDlameter=0,235972; %[m]

" DuctArea=0,093025; : %[m? Ie 0.305*0,308
PackReFC=4*AvgMassflowFC*PackLength/ArfAvgAlrViscosity/AlrDensity;
NozzeReFC=4*AvgMassflowFC/piNozzleDiameter/AvgAirviscosity/AirDensity;
PackFaceVelFC=AvgMassflowFC/DuciAres;
PackReMEDM=4"AvgMasslowMEDM*Packi.ength'ArfAvgAirviscosity/AirDensity;
NozzieReMEDM=4*AvgMassfiowMEDM/pi/NozzleDiameter/AvgAlrviscosity/AlrDensity;
PackFaceVelMEDM-AngassﬂowMEDM!DuctArea,

clear testdata;
% Staring results In a matrix form by the name of 'sof",

sol{l,{)=AvgMasstlowFC;
solff,2)=H_coefFC;
sol(l,3)=lnltMassﬂowFG;
sol{j 4)=InltPackDP;
s0l([,5)=avgtemp;
sol(j,8)=iriltarmp;
sol{l,7)=errorFC;

sol{l,8)=InitNozzleDPFC;

sol{|,9)=L.abPrass/10060;
s0i{l,10)=PackReFC;
sol{l,11)=NozzleReFC;
sol{i,12)=PackFaceVelFC;
sol(), 13)=N;

sol{l,14)=freq;

% average mass flow rate.

% teat transfer cosfiiclent.

% Initial mass flow rate.

% Inltial pack AP [Pa].

% average alr temperature.

% Inltial air tamperature.

% narmallsed error between the
expetimentsl and predicted air ternp.
Vs, ima prafiles.

% initial pressure drop across
nozzle [Pal.

% Lah barometric pressure [kPa).
% Pack Reynolds number.

% Nozzle Raynolds nuniber,

% Pack face velocity [m/s].

% number of hodes

% data acquisition rate [Hz}
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sol(i,15)=k;
sol(l,18)=Cs;

sol(1,17=Ms;
sol(i,18)=Ar;
sol(l,19)=As; -

sol(1,20)=AvgMassflowMEDM;
sol(l,21)=H_cveffMEDM,
s0l(i,22)=InitMassflowMEDM;
sol(l,23)=errorMEDM;

solfl, 24)=initNozzleDPMEDM;
" sol{1,25)=PackReMEDM;

80l{1,26)=NozzleReMEDM;
sol(1,27)=PackFaceVelMEDM;

page 177

% matrix thermal conductvity
[Wi(m K}

% rnatrlx spacific heat capacity
[H{kg K))

% pack mass Jkg] _
% matrix heat transfer arsa [m?
% mafrix cross sectional area
avallable for haat conduction

- % average mass flow rate.

% heat fransfer coefficlent,

% Initlal mass flow rate.

% normalised emor between the
experlmental and predlcted alr temp,
vs. fime profiles,

% tnltial pressure drop across
nozzls (Pa].

% pack Roynolds number,

% nozzle Reynolds humbaer,

% pac face veloclty [mvs].

%Set up a matrix io display ceriain channels only durlng runtime

. mydisp{l,1}=sol{l,1);
mydisp(l,2)=s0l{i.2};
mydisp(!,3)=soi{i,7}
mydisp{l4)=sol(i,8);
mydIsp{l,5)=sal{i,10)/160;
mydisp(l,8)=sol{},11)/1 0000;
mydiep{i.7)=s0l{i,12)

% Save the results to an output file [flename].mat containing

% the rnatrix 'sol', Do not alter the file extension. or the subseqtent
% miatrix deacription "sol'. This I8 a hackup flle which gets written
% every flme a result from a test rur have beer. determined,

% save drive]\[path]\[filename].mat sol

save \kglexcelthermalresults\tempsol bt sof -ascil

% Purge memaory of all data to ensura that calculations for the
% subsequent test fun are not Influenced by data left in memaory
% from the preceding test run, _
cl;ar ploba] passdata.testdata error

&1

% Save the results of the program
save kgiexcelthermaliresults\HB_a.txt sol -ascli
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Appendix C
Appendix C
Table of fest runs at the thermial test facility TTF
No| Date |{Packtype| Test Test Braces | newor | Pack no. | Super-
: hame number | (Withor | eroded visor Comments
without) _
01 | 04.0897 H8 H8_x (b) 1 without new | Hg_00 Njabulo | st SAGUIBLon was wilh wiong e
02 | 42.03.97 Ha H8_n 2 without new | HB_00 Njabulo gﬁﬁgfg‘mswﬁizﬁmrjfaﬂ‘m
03 | 14.0307 H8 H8 | 3 without new | HB_0D Niabuio ggsr:rf:éf;‘f‘ﬂ“a:sza‘:?gggﬁzn?bm e
' . tappings
04 | 08.0497 KH11 KH11_a 1 with new |KHi1 02 | Njabulo {23 ourves match perfect, round bra., door to.
05 | 10.04.97 KH11 KH11_b 2 with new |KH11.02 [ Njabulo {3 3uns agrea with Caby, round bra., door clo.
06 | 11.04.67 KH11 KH11_c 3 with new |KH11_02 |Njabulo { 909F closed, round braces
07 | 240897 K6 K6_n 1 with new | Ke_01 Njabulo ;"gﬁ:,:bm:jf;;fr;2:“3-"’9“3-“"""
08 | 260897 | K K J 2 with new [KAOT | Niabulo | goe e e ner elipings, door op.
' mass = mass_tot - mass_braces_cale,
09 | 01.04.87 K& K&_b 3 with new KB_01 Njabulo slid. door op., new motherboard, humid.
_ me~sured, Betz a. pross, trans. Inmer tagglngs
| mass = mass_fot - mass_braces_cale,
10 | 020497 K6 K6_c 4 with new | K6_01 Nabulo | S or op. Tets a. orss, bans. lanet eppings
mass = mass_ tot - mass braces calc.
11 | 04.04.97 K6 K6_f 5 with new | Ke_01 Nabulo | B s o trcs. rone Tnnes tappmgs.
12 | 14.04.97 Ke Ké_z 6 with new |Ke 01 | Nabuo | TR0 e e ans ouer tappin
13 | 16.04.97 K8 K8_a(1) 7 whhout | new |KB.Ola | Njsbulo gg,—;g:;‘“{g“:?:";?;’c“‘éﬁi "Bi"é'lﬁffé’r or. i
outar taggings, packing similar way
14 | 170487 Ke Ke_h 8 whhot | new |KeOta | Nsbuo | oSS MRS s ene BReee o nings
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Table of test runs at the thermal test fagcility TTF

No Date Pack typs Test Test Braces | newor | Pack no. | Super- :
name number | {withor | eroded visor Comments
without)
16 | 18.04.97 He HE_a 4 wihoust | new |HB.00 | Njabule ;gﬂ":g&onal i (57 el of pies)
16 | 270297 He Ha 0 wihowt | new |HBO0 | Njbulo | NOcompulerrasulls, 7 test e instaliaton of
17 | 240407 18 H8_b 5 without new | H8_00 Njabulo | EPettionofHB 2~~~ |
18 | 30.04.97 H8 He_c 6 with new | He_o1 Njabulo :vseti;?ﬁtthwﬂ ggi%%sbgkpégt;; !;u;l:é:dkf ez
. . subtracted)
19 | 020597 HB H8_d ? with new |He_o1 Njabuto | revetiion of E_c
20 | o7.06.97 KH11 KH11_d 4 with new |KH11.08 | Njabulo | "3tbraces
21 | 12,0597 KH11 KH11_e 5 with new |KH11_08 | Njabulo | "oPeiiion of KH11_d
22 | 130597 | KHM KH11_f 8 whhout | new | KH11_03a | Njabulo | Praces taken off from Ki11_03
23 | 140697 | KH1! KH11_g 7 wihout | new |KH?1_03a |Mjsbulo | "ePetiton ofKHILT
24 | 15.05.87 KH11 KH11_h B without new KH11_03a | Njsbulo | °"@ additional pair of plates than KR11_f
25 | 160597 | Kut1 KH14_L 9 wihout | new |KH11.03a |Njabuio | FoPetitonofKHh
2 | 200507 | Chesss | Choa 1 without new |Chgr01 | Njabulo | 1Stiet
giaer
27 | 210897 cgr;?ésra Ghg_b 2 without new |Chor 0t | Nabulo ;"ggﬁ'ﬂ;’" of Chg_8, laet measurement with Betz
28 | 28.0597 cghr:i:f Chg_c 3 without new | Chgr 01 | Themba gfiﬂ?t“: ;{;:g’:?‘;&g’“gﬁ;g only measur é’"-
20 | 29.0597 Cgi'_:?es: Chg_d 4 without new | Chgr 01 L?:I:EE: gfimi?i\g :;‘:ﬂgﬁ;e(t;;rensasﬁr:s;zr:) 'qgltxg;?:i?#tr:m.
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Table of test runs at the thermal test facllity TTF

Date

| No Pack type Test Test Braces | newor | Pack no. | Super-
name number | (withor | eroded visor Comments
without)

30 | 00.06.67 H8 He_e 8 without new | Hs 00 Nja, | Without MEDM

31 | 12.06.97 KH11 KH11_j 10 without new | KH11_03a | NJa, ;‘;‘;‘"ﬁ‘;‘;‘g;‘:ﬁt p‘;’;"g:‘;"n"gig';’ well tust section
a2 | 130897 KH11 KH11_k 11 without new | KH11_03a | Nja. :gg%‘;‘t&"fea"gl ;:Pseggg“s%g%?ét sestion

33 | 100697 | KHi1 KH11_) 12 without new | KH11_03a |Nja. ;‘:g:ﬁ:‘ﬁg{‘;xﬁﬁgﬁ'm betwaen plates

a4 | 230687 | 278DU | 278DU_a 1 without new | 278DU_01a | Rich, | "onG MEDM, braces are cut off

35 | 2306887 | 278DV | 278DUb 2 without new |278DU_0%a | Rich, | Wrond MEDM, braces are cut off

36 | 25.06.97 V75 V75_a 1 without new | V75.01a | Rich, | “Fon@ MEDM, braces are oul off

a7 | 25.08.97 V75 V75_b 2 without new | V75.01a | Rich, | “rond MEDM, braces are cutoff

38 | 270897 | 2mDu | 27eDUc 3 with new | 278DU_02 | Rich. gmm‘%&?‘;kaﬁg?b%eﬁm 2760U_ab

3g | 300697 | 278DU | 278DU_d 4 with new |278DU_02 |Rich. |2 :::"! o \aken fram the p; 278DU 01

40 | 010797 V75 VT5_C 3 with new |V75.02 | Rich. gffk""f;‘: ot pack domp. 1o tests V75_a.0
41| oorer V75 V75_d 4 with new | Vv75_02 Rich. ;::;:‘{:;@n from the pack V75_ 01

42 | oaorer H8 H8._f 9 with new | H8_02 Rich, | Packlitlle bt rusty

43 | o03.u7.97 Ha He_g 10 with new | H8_02 Rich, | fepetiion

44 | 040797 KH11 KH11_m 13 with new |KH11 04 |Rich, | difficulttoputthe packinto the test section

45 | 04.07.67 KH11 KH11_n 14 with new | KH11 04 |Rich, | repetition




Appendix

page 181

Table of testruns .. e thermal test facility TTF

Date

| Mo. Pack type Test Test Braces | newor | Pack no. | Super
hame number | {withor | eroded -visor Comments
without}
4B 08.07.07 He H8_h 11 with new | HB_02 ' Richard | Pack for CAER, Error max.: 0.15
47 | 08.L7.97 He HE_) 12 with new |HBO02 | Richard | =0T MEX:018
48 | 16.07.97 M8 H8_k 13 without new | H8_00 Richard | R pack repetition
new pack of store room, same geometry llke
» el e o 14 with new | HB 08 Kristina | g 02, same resulis
80 18,07.97 H8 H8_m 15 with hew Hs_03 Kristina repetition
. . new pack, no FC
51 | 220787 | 2780U D278_e 5 with new | 2780U_03 | kiistina | 33%r o0 R 4 ioker insulation
82 | 230797 | 278DU | D2raf 6 with new | 278DU_03 | Kristina | "PStition, no FC
2pl o,
53 | 2507.97 V75 V75_e 5 with | new [V7602a | Kistia | R St o
. repetilion
54 25.07.97 V7h v75_f 6 with new V75_02a Krlstlna wiih Betz
55 | 26.07.97 He H8_p 16 with new | H8_02a Kristina { | Plate cut off
86 | 260797 He H8_q 17 with new |He 02 | Knstina | oPOtition
57 30,07.97 KiH11 KH11_p 15 with new KH11_0d4a | Kristina 2 plates cut off, braces grinded
58 | 31.07.97 KH11 KH14_q 16 with new | KH11_04a | Kristina | "POION
Ttest eroded pack,
59 | 010897 | 278DU | D278_g 18 with | 20%er. | 2780U_03 | Kristha | fiony e P2
: 2* tast eroded pack,
60 | 040897 | 278DU D278_h 2e with 20% er. | 278DU_03 | Kristha | FiepM row baterian
4l
61 | 060897 He He te wih | 20%er. |HB 02a | Kristing | 1" o5t Sroded pack
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Table of test runs at the tharmal test facility TTF

Pack. no.

No. | 'Date |Packtype| Test Test Braces { newor Super o
name number | (with or | eroded -visor Comments
withsut)
= . =]
62 | o7.0897 Ha HE_s 2e wih | 20%er. |HB 02a |Kristin |2 testeroded pack
63 | 08.08.57 V75 V75 g 18 with 20%er. | V75 02a | Kristina
64 11.08.97 V75 V75_h 2e with 20% er. | V75 _02a Njabulo
85 | 13.0897 KH11 KH11_r 10 with 20% er. [ KH11_0da | Njabulo
66 | 14.0897 KH11 KH11_s 2e with | 20%er. |KH11_Oda | Njabule | 2N boaring made naise
87 | 180897 | 278DU D278_) 3e with AD% er. | 278DU_03 | Njabulo | 2Pra 10 Patoo low
no higher mass fiow possibie (only untl polnt 14)
a8 | 18.0897 278DU D278 | 4e with 40%er. | 278DU_08 | Njabulo | > 305 B R |
. only 13 meas. points pussible
B9 | 19.08.97 278DU D278 k 7 with new | 278DU 04 | Njabulo Apy 10 P too low
i . only 14 meas. polnts poasible
70 | 20,0897 278DU D278_) 8 with new | 278DU04 | Njabulo | oF 0 paiosion
: - after cleaning the fan
7 26.08.97 H8 HB_t 18 without new H8_04a NJabulg APe; 10 Pa too low
72 | 27.0897 Ha H8_u 19 without new |H8 04a | Njabulo | 4P 10 Patoolow
73 | 020097 H8 H8_v 20 with new | He_04 Njabulo | Pressure transducer pack new callbrated
74 03.09.97 Ha Ha_w 21 with new HB_04 Njabuie
75 | oso0ee7 | 27eDU | D278m Sa with | 40%er. |276DU_03 | Njabuio | roPotiion, because of high effor at former tost
76 | 08.08.97 278DU D278_n e with 40% er. | 278DU_03 | Njabulo
77 10.09.97 Ha H8 x 22 without new H8_00 Bhekl RM pack, repetition test
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Table of test runs at the thermal test facllity TTF

No. Date Pack type Test Test Braces { newor | Pack no. Super
name number | (withor | eroded -visor Comments
without) '
78 | 11.08.97 KH10 KH10_a i with new |KH1001 | Bheld
70 | 120807 | kHio | Kntob 2 with new |KH0.01 | Bhek
80 | 150097 KH10 KH10_c 3 without new | KH10_0la |Bheki
81 | 16.08.97 KH10 KH10_d 4 without new | KH10.0fa | Bheki
82 | 18.00.97 Ka K4 a 1 wihout | new |K4O0fa |Bhelq | Oy 14testpoints
83 19.09.97 K4 K4_b 2 without new K4_01a Bheki
84 | 250097 M8 HA_y 38 with 30%er. |H8_02a | Bhek
85 26.00.97 Ha He_ =z 4g with 20%er. | HB_ 02a Bheld
88 | 200097 | KHi1 KH11_t 3¢ with | 30%er. |KH11_04a | Bhek
87 | 20.09.97 KH11 KH11_u 4e with 30%er. | KH11_04a | Bheki
as g2.10.897 K4 Kd_c 3 with new K4 1 Bhekd gla?gmégﬁtﬁhhggsmnﬁer coetlclent
g | 02.10.97 K4 K4_d 4 with new | K4_01 Bheki
90 | 061097 V75 v75_l 3e with | 30%er. |V75.02a | Bhek
91 | os.007 V75 V75, 4e with 30%er. | V7502 | Bheki _
9z | 001097 Ks K5_a 1 without new |K5.01a | Bhek Eg;smfggg,”gﬂ{ :‘;’cj‘:‘dﬁs{‘gﬁg&m:s |
93 | 104097 K5 K5_b 2 without new |K5.0la |Bhek |PP-Packwrong m—‘
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Table of test runs at the thern:al test facility TTF

No. | Date |Packiype| Test Test Braces | newor | Pack no. | Super

hame number (with or | eroded -visor Comments

without)

9s | 131007 K5 K5_c 3 with new | K5 01 Bheki | DP-Packwrong
95 | 14.10.97 K5 K5 d 4 with new | K5 01 Beki glgf"éfear?tkh:ggl‘\% in ise => MEDM resuits wmng____
a6 | 151087 K&G K8G_a 1 wihost | new |K8G_O1 | Bheki ﬂ%—gﬁ“gﬁgim
o7 | 161007 K6G KBG_b 2 withoet | new ]K8G 01 | Bhek ;g-g;ﬂ;s"{;‘;;g&mg
g8 | 201097 He H8_aa Se with | 40%er. | M8 02 Brekl | LRee S g
00 | 20.10.97 H8 H8_ab 6e with 40% er. | MB_02 Bheki ﬂ%{;"fw‘"’:ﬁ:ﬁmng
100 | 211097 | Du278 D278_o 78 with 30%er. | 278DU_04 | Bheki ﬂ‘é—g’ﬁd‘regjfgimg
101 | 211097 pU278 D278 _p 8o with 30% er. | 278DU_04 | Bheki ﬂ%—gﬁ“r’;swg’tgfmg
102 | 22.10.97 KH11 KH11_v 5o with 40%er. | KH11. 04 | Bheki ﬁ%—gﬁﬁ"eﬁ"'ﬂﬁ:‘fmng
108 | 221087 | KH¥ | KHitw ge wity | 40%er. {KH11_04 |Bhei E.IPE-g;‘;";;;;gfmg_ |
104 | 231007 KeG K6G_c 3 with new |KBG 01 | Bheki E“’Egﬁcr';ﬁ:‘fmng
105 | 23.10.97 KBG K6G_d 4 with new |KBG_O1 | Bheki ﬂ%—gﬁ"gﬁgimg
106 | 30.10.97 H8 H8_ac 23 without new | HB_05 Dekalo ﬁ%ga"r';swjﬁgfmm
107 | 301097 He HB_ad 24 witout | new |H8O05 | Dakalo a%-,mcr"e‘;‘:jﬁ:%mw
108 | 03.1.97 HB H8_ac1 25 without new | Ha 05 Dakalo ﬁﬂ?ﬁ;},ﬂ“ﬁ:ﬁa ,‘;?;‘;;‘t’:;ﬁ‘*gf‘ﬂgﬁaz‘*} in use
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Table of test runs at the thermal test facllity TTF

Pack type

No. | Date Test Test Braces | newor | Pack no. | Super
name number | (withor | eroded -visor Comments
without) 3
108 | 041187 H8 H8_ad 26 without | new |H8_05 Bhek | repetition of H8_ad
110 05,11.97 K& K8_a 1 without new Kg_D1a Dakalo
111 05.11.97 K8 K8_bh 2 without new K8_01a Dakalo
112 | 06.11.07 Ha H8_ae 27 with new | H8_05 Bheki | 2nother H& pack
113 | 08.41.97 H8 H8_ef 28 with new | Hg_05 Bheld
114 | ora197 K8 K8_c 3 with new | Ke_o1 Bhekd
115 | 07.41.87 K8 K8_d 4 with new | Ks_01 Bheki
116 | 114197 | 27repu | pz7s_of ge with 30% |278DU_04 | Dakelo | rePeiition of D278 o
117 | 11197 | 270U | D278 p1 10e with 30% |278DU_04 |Brew | "ePetiion of D278 p
18 | 17.11.97 KH11 | KH19 w1 7e with 0% |KH11_D4 | Dakalo |fePeliionofkiti v
119 | 174187 | KHt1 | KHI1w 8o with 40% |KH11_04 |Dakalo |rePelionofKHi1 w
120 | 184197 H8 He_aa 7e with 40% |Ha 02 Dakalo | (oheior o b1 a. higher error than HE_aa
121 | 181197 He Hg_abf 8a with 40% |Ha_02 Dakalo L?ﬁﬂ?s“df +18_8b, higher error than HE_eb
122 | 181187 He He_ag g winh | 40% |HB02 |Bhew | CNockinefvaiuesofhl aat
123 | 19.11.97 He He_ah f0e with 0% |He o2 |mhen | o ohackinfivalles of Ha_abi
| 124 | 20.11.87 K5 K5_a1 5 without new K501 Dakaia -

page 185
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Table of test runs at the thermal test facility TTF

No. | Date |Packiype| Test | Test Braces | newor | Packno. | Super :
. name number | (withor | eroded -visor Comments
_ without}
125 | 201197 K5 K5_b1 6 without new | K5 01 Dakalo
126 | 244197 | K5 K5_¢1 7 with new | K5 01 Dakalo
| 127 | 241197 K5 K5_d 8 with new | K5 ot Dakaio

128 28,11.97 (66 KeG_at 5 without new K6G_01 Dakalo
120 | 251197 <G K6G_b1 6 without new |K8G_01 | Dskalo

130 | 27.41.97 3G KBG_cf 7 with new |K6G_01 | Dakalo
131 | 27.11.97 KeG K8G_d1 8 with new |K8G_01 | Dakalo
132 28.11.97 Chgr Chor_e _ 5 .wlthout new Chgr_01 . | Dakalo Dp_Pack higher 89 beforg |
133 | 011267 | Chgr | Chart 6 witiot | new |Chgr01 | Dakalo | DP-ackhigher as before

134 | 021297 K6G KEG_o 0 without | new |K6G_02 | Dakalo

i35 | 03.12.97 KeG K6G_f 10 without | new {K8G_02 | Dakalo

136 | 05.12.97 KoG K6G_g 11 with new |KEG_02 | Dakalo

187 | 064297 KéG ®8G_h 12 with new |K6G_02 | Dakalo _ _
138 | os.12.97 H8 He_al 28 wihout | new [H8 00  |Dakalo | CP-P8Lz=Dp_pressure transducer
139 | 08,1297 H8 He_af 30 without new | H8_00 Dakalo | DP-Petz = Dp_pressure transducer
140 | 104297 Chgr Chgr g 7 without new | Chgr 01 | Dakelo | DPPackhigher than bafore
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Table of test runs at the thermal test. facility TTF

No. Date Packtype | Test Test Braces | newor | Pack no. Super
' name number | {(withor | eroded -visor Comments
without) :
141 " 15,1297 KH11 KH11_x 17 without new |KH11_05 | Dakelo
142 | 15.12.97 KH11 KH11_y 18 without new |KH11_05 | Dakalo
143 | 171297 KH11 KH11_z 19 with new | KH11_05 | Dakalo
| 144 | 171297 KH11 KH11_ga 20 withh new |KH11_05 | Dakalo
- 145 05.01.98 K8 KBG_a 1 without new K8G_01a Dakalo
148 | 05.01.98 K8G K8G_b 2 without hew | K8G_0la | Dakalo
| 147 | 08.01.08 | KEG K8G_c 3 with new K8G_01 Dakalo
148 | 09.01.98 K8G KBG_d 4 with new |K8G_01 | Dakalo
149 | 190108 | 278DuU | Do2rEgq e with 40% | 278DU 04 | Bhelq | 2 PEcK
150 | 20.01.98 278DU D278_r 12e with 40% |278DU 04 |Bhew |27 PACK
151 | 21.01.98 V75 V75_k 5e with 40% |vr5.02 | Bheki
152 | 220198 V75 V75, Be with 40% |vr502 | Bhek
153 | 04.02.98 FF FF a 1 rods new | FF_01 Bheki | Completely without hotes
154 | 09.02.08 FF FF_b 2 fods new |FFO1  |Bneki | ComPlotelywithoutholes
155 | 11.02.98 FFh FFh_a 1 rods new |FFho1  |Bhek | SPmPletely with holes
186 | 11.02.98 FFh FFh_b 2 rods new | FFh01 | Bheki |comPieeywihholes
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Table of test runs at the thermal test facility TTF
No. | Date |[Packtype| Test Test Braces | newor | Pack no. | Super _
name number | (withor | eroded ~visor Comments
_ without) .
157 | 130288 FFh — \ rods new | FFh o0z | Bheld | '@ wilh holes and half without holes
188 | 17.0208 FEh FFh_d 2 rods now | FFh 02 | Bhex | el with hotes and half wihout holes
159 | 18.0298 FFh FFh_e 3 rods hew |FEFh 01 |Bhex | omfoles
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Appendix D
Profle | Influence of braces | Influence of farm of braces Influence of no. of plates  influsnce f individuality
| ~ ah Ape, (8t 1 kgls) Ah Abpa A AP Ah Apes
Hs R > hmnl Ap,™> pro . - Hgs < hg? Prs < Por 3 pﬂCk.ﬂi no 3 packs no
: | (same pack) {30 Pa) {RM-pack) (4" pack diff.} | (4* pack dlff.)
278DU Ny > Pt APy Ay - - . - 3 packs yes 3packs yes
_ (diff. pack) § (35 Pa) _ ;
KH11 Mosrround ™ Nnowt | APy g = Prouna > Dt ABround > Apat Py = has Apgt < APy 2 packs yes 2 packs yes
(diff, pack) APy sound > APyn | (slightly) ' (same pack, :
Puener = o | (30 PE) without braces)
(same pack) :
KH10 Mo > Phthout Apy> Apy, - - - - - -
_ : {same pack) (30Pa) : : :
V7S Rt = Migtront APy APy - - hige > gy Apgp = APy - -
{diff. pack) {35 Pa) (diff. pack, with | (10 Pa)
_ I braces) . |
K4 Ptn > Ppont 8Py > Ay - - - - - -
{same pack) {40 Pa)
Kb hwlh > hmlhmt pr> APya " - - “ - -
{same pack) (55 Pa)
K6 Bt = Pypins Apy> APpy - - - - - -
(same pack, (30 Pa)
flat braces)
K8 T = Mgt Apyy> ADyg - - - - - -
_ {same pack) {30 Pa}
K8G Mt < Minous APy ADyq
. {same pack}) (30 Pa}
K8G Pty = Myt Apy, > APy - - - - - -
- {same pack} | (40 Pa}
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Appendix E
Uncertainty analysls

All data gained from experiments requires evaluation according to their
uncertainties. In the present study an uncertainty analysis for presenting _t'he results
was undertaken for the pressure drop across the pack versus mass flow and heat
ir_énsfer coefficlent versus mass flow rate. The second analysis belng for the
Colburn-factor versus Reynolds-number and Frictlori-factor versus Reynolds-
number. There are different forms of uncertalnties. 1n the present study It has to be
distinguished between measured uncertainties during the experiment, uncertainties
. In determining the geometry of the test pack and an error due to deviation from the
“mathematical modsl to calculate the heat transter coefficient. : '

The uncerlalnty analysis In this sectlon will be presented according to Kline and
_ McClintock [34]. The mass flow rate in thls sample calculation will be 14 kgls and the
test pack will be the H8-pack.

E1  Mass flow
The mass flow rate will be determined by following squation:
n‘1=c.E.e-%.d’. 2 p (E1)

with density defined as follows:

oo Patat (E2).
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The considered uncertalnties for the single elements are;

- Coefficient of discharge; i:— =01%

- velocity approach factor; F= 01%

- eXpansion factor: -%9- =01%

- diameter: ' %d = 0.4%

P pressure drop: %‘E— =50% (@ 1_0Pa-, calibrétion)
- static pressure; OMPuet _ 0.011%
. 4P et
“ é]r temperature: _é_-';; = Q.17%

From these single uncertainties thie uncartainties for the density and the mass flow |
can be determined: '

« donsity: |
e CRC B
= 0.17% |
¢ mass flow: |
’ 2
N CRCRC R RN
= 2.6% (E4)

E2  Pressure drop
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- The pressure drop across the pack is measured with a pressiire transducer

Rasemount, maximum scale 1 kPa.

' The uncertainty of this device is 0.1% of full scale, which Is 1 Pa.

p

- pressurs drop across the b’ack: E =0.35%

E3

- Heat transfer coefficient

" The heat transfer coefficient Is evaluated according to the numerical scheme of )

Mulilsen and Loehrke [2]. it Is difficult to determine the uncertainties Involved in this
calculation, There are four different types of uncertainties to distinguish:

measuring and fluid properties uncertainties _
uncertainties where the test procedure does not correspond to ideal assumptions

: uncertainties describing the pack properties

unéerigintles in the data reduction

These different forms of uncertainties should bé described in detail. '
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E3.1 Measuring and fluld propertles uncertafatles

In the model following values are required. These values are meastred with certain
uncertalnties:

- temperatures
ror T,
average inlet-temperature G 0.5%
. . h
average outlet-tomperature —2 = 0,5%
. L R P
- fluid properties _
density _ 28 _o17%
viscosity %":1.0%
hurmidity 22 _10%
_ o _
conductivity | ik’i=o.5%
.specrﬁc heat - -i‘i =0.5%
']

The uncertainty of the Pr-number, which is defined as follows

Cp-pr v
k

Pr= (E5).

 yieldto:
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Appendix E

¢ Pr-number

oPr_ (@)Zﬁ’
Pr \o e,

-=1.24%

2 2
k +[£"”_P]

Y

Uncertalnties describing the pack properties

- geometry of the pack

: length
.width E
| heigh{
plate thickness

" expanded length ratio

- storage material properties

density
specific heat

mass

5,

n

S, =1.0% - {undulatad}
SI'J .

Pu _ 109
Pl ]

ey
Gy
Ay
My

=2.0%

={.26%

~1.25% (notched)

(E8)
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. From these single uncertalnties following uncertainties for composed values can be
defermined:

= ¢ross sectional area

o ORI
o=os8% -

. \ﬁeeﬂowarea | | | o :
e R R REONCIE

=2,89%

« heat transfer area
Py _ [ﬁ)ﬂ[@)ﬁ(ﬂ]‘+'[z2_9.j“'+(ﬁ)2(§)
Acat S, S, W 2a H L

=2.,6% - (E8)

It is not possible to calculate the influence of these aforementioned uncertainties
(E3.1 and E£3.2) on the heat transfer coefficlent. Thers Is not ane single relationshlp

" but a set of differentlal equations to calculate the heat transfer coefficlent. So the

method of Kllne and MeClintock is hot appropriate. -
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E3.3 Uncertainties due to the fact that the actual test procedure
does not correSpond to the ideal assumptlons agsumed in the
mathematlcal model

Firstly the assumptions on which the model is based .should be repeated here:

» the fluid velocity profila is uniform across the cross sectional flow area over the
testlng tlme '

» - the fluid temperature profile ls uniform across the cross sectional flow area;

+ the propemes of the test pack surface remain constant throughout the whoie test _

' pack {see [26])

= the thermal conductivity of the air is zero;

&+ the thermal conductlwty of the stes! plates perpendlcular to the flow dmectlon is
infinite; -

« only the thermal conductivity of the steel plate in longltudmal direction is
oonsldared

« the side walls of the test section are adtabaﬂc,

e the thermal capacity of the fluld is zero.

"The evaluation of the uncerfainties caused by deviation from these assumptions. are
not possible to quantify. But during the test runs every possibility was undertaken to
ensure that these assumptions were fuffliled.

It was ensured that the test section was as adiabatic as possible. There was no gap
between the test pack and the side walls of the test section. There was polystyrena_
~ Insulation on top and at the bottom of the test section,
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To ensure that the veloclty distributfon Is unifortn across the cross sectional area,
veloclty traverses have been undertaken at the inlet and at the outist of the test
‘section. The results are shown in Appehdix A. Especially the ui'.m outlet
distribution of the velocity indicates an uniform flow inside the test pack. Also a
. ‘temperature fraverse has been undertaken to proof an uniform femperature.
distribution across the test section. '

‘The steel plates. fulflt perfect the assumption that the properties of the test pack
surface should remain constarit throughout the whole test pack.

- The assumptions concerning the conductivity of the alr and the storage materlal
should not influence the test results very much. One test was undertaken, whére_the
fongitudinal conductivity of the storage material was changed from 1 Witkg K) to 115
Wikg K) and the change.in heat transfer coefficient was only 0.01%. From this
evaluation it can be concluded that conductivity i of minor influence on these test
runs. '

E3.4 Uncertainties in the data reduction

The uncersinties which are caused by data reduction method are quantified by the
arror, which was discussed in Appendix A. The eror determines the difference
betwsen the calculated and the experimental outlet temperature. Therefore the
“uncertainty of the heat transfer coefficient can be expressed by following equation

[26]:



Appendix E _ ' page 198

_ _
oh 2 Troot oo = Thiut ' '
_h_=Jz{ - 20100 (E10)
B =i * ol pxp
for: 121,2,3....n, 1 is the number of dis<reet points in the recorded

fire response curve after starting the heating.
Equation (D4) has been solved for several fest runs of different pack types. The
average uncertainty of these packs is below 10°%, which Is less than what can be

found in the literature (see Chapter 2). The average uncertainties are:

H8: 89%

KH11: 65%
Via: 81%
278DU: 7.8%

It was found that the time duration of the heating period has a great influence on the
error; the longer the heating period the higher the error. The calculated . outlet
temperature matches with the experimental one only up to a certaln time. !f the
heating perlod Is shortened to 25 sec. (instead of 50 sec.) the eror decreases
drastically without much influencing the heat transfer coefficient. For the above
mentioned packs the efror is reduced by 50 % and the average changs in heat -
transfer coefficient is 1.7 % when shoriening the heating period to 25 sec. This

shows that the above mentioned error can be reduced without changing the heat =

transfer ooefﬁcien_t. For further test runa it Is proposed to reduce the heating period
to keep the error smaller.
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E4 | Rayﬁoid5=numher

The Raynolds-number is determined by followlng aquation:

vdy __d I
Re=—= = h (E11)
v Age-porv N

Whereas the hydraulic diameter d, Is defined as follows:

A =% o _ . _ (E12) ’

' The uncertainties for the single elements have been determined sarfier. The
uncertaipties for the hydraulic diameter and the Reynolds-number are:

e hydraulic dlameter

2, _ [fam)" _«zt[zéh_) | E13
& J_A,,,' 5 Aren | =
=3.68%

s Reynolds-number:

EBEEE e

= §5.20%
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ES Frictioﬁ-factor

| The Frlciidn-factor is cafculated by follov&ing equation:
g=1 4p Aa 2 9y (E15)

The uncertainty analysis yields to:.

. F_ﬁction'-factor

N R RO

=6.38% (E18)

E6  Golburn-factor
The Colhurn-factor Is defined by following equation:

Nu o h'dh

Co= = .
Re.Prf k-Re.pPri

{E17)

The uncertainty of the Colburn-factor can be calcuiated as follows:

- G O e

=10.14 %
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Appendix F-
Error between the experimental and calculated temperatures

Far the calculation of the heat transfer cosfficient an approximate valus for the heat
transfer coefficient Is assumed and s used in the heat balances to calculate a
theoretlcal exit fluld temperature history (sse Chapter 3). This hfsfory is then
compared with the measured fluld exit temperature history. If both histories match
within specified limits, the assumed value of the heat transfer coefficient Is the

correct average heat transfer coefficient of the pack. If the history does not match, .

the heat transfer cosfficlent Is chianged itaratively untii the specified agreement ls -
achieved. For the convergence criterion an average absolute difference value ¢ Is -
used, which is calculated as follows: '

. [l
5 =X (st~ Tatjme) | | (F1)

=D

where: / = 0...h, time steps of 0,33 sec. (test duration Is normally
approx. 50 sec.)
T toae = dimensionless, calculated outlet temperature for each time
step | | _
Touts o = dimensionless, experimental outiet temperature for each time

step |
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- The dimensionless temperatures are defined as follows:

+ g.g. dimensiocnless outlet temperature:

e Ty T '
Touty = okl "outd _ F3
outd Toutymar — Touts ' (F3)

where: T,y = outlst temparatum for each time step
Tooae = MaXimurn outlet temperature
Tons = outlet temparature for time 1 = 1

Following features could be found regarding the error:

« The error is increasing with Increasing mass flow.

e The error far packs with braces Is higher than the error for packs without braces.
it Is also found that the spread of the temperatures behind the pack is wider for
packs with braces than withaut braces. This is a possible explanation for this
increased error.

¢ The maxlmum error (at maximum mass flow) for the majorily of the test runs is
close to 0.15.

= Some fest runs had a maximum error below 0,02, The highast maximum error
was 0.35, ' . _

« The error Increases if the readings of the thermocouples are not uniform, |.e. one
or more thermacouples show higher or lower readings (+ 0.6°C) than the
average. '

e Some questions which feeded answered were, .

- when there is an Increased efror, how does the calculated outlet temiperature
history look compared to the experimental history and,
- how does thls Increased etror Infiisnce the heat transfer coefficient?

» The following table shows. some sample calculations which answar the above.

mentiched questions;
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Table F1: Dependency of the error on the temperature difference and the

higat transfar coefflciant
OITOre | AT s (G8lC - 0Xp) [°C] | Ah [%]
0.02 0.004 0.0
0.14 0.130 a8
0.21 0.200 5.7
0.27 0.230 8.6
0.40 ' 0.350 8.9

s [t can be seen from the table that an error of ¢ 2 a!ready gives an lnaccurate heat '
~ transfer coefficlent of 5%. - :

» This indicates that the accuracy of the temperature readings is quite important
- (see Appendix A), '
. For this reason the maximum accepted error is 0.2. Preferably ths arror should
" notexceed 0.15.
« Test runs which have higher errors should be repeated. These are caused

possibly by faulty temperaturs readings. ' .

= To avoid these difficulties either more thermocouples could be lnstalled in the flow
area (so that the average is not that sensitive to one or two faulty thermocouples)
or a grid of wire could be installed which measures the average temperature,
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Appendix G
~ Numerlcal scheme according to Mullisen and Loshrke 2]

Mulliser and Lochrke [2] developed their data reduction pmcedure for inl-rmpted-
- plate surfaces (see Flgure G1), '

ﬂOW - =

HU L L
-|.-""

Figure G1: Multiple in-line piates

One flow channel consists of two plates {see Figure G2).

T
centre-line storags W

material - _ - .j;

Figurs G2: Single pair of pia‘tés

Considering the symmetry of the flow channsl, the heat balances are epplled to half
of the matertal and half of the flow channel {(between centre-lne storsge materlal
and centre-line flow chanhnel, see Figure G3)
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Figure (33: Half flow passage and half piate -

Frgure G4 shows the divislon of the half flow passage and the half plate Into finite-

difference nodes.
ETM [T §Tis Tt | Tim ;
Tq -] T" a Apr) T-'-n

Figure G4: Divisicn Into finite-difference nodes

cen{i'e—llna fluld

centre-lne storage

"~ material

'The heat balance for the difference nodes are made under the following
_ assumptlons: ' '

» steacdy flow
-» finite wall conduction in flow dlrsction

« infinite wall conduction perpandlcular to flow direction

_e zero6 fluid conduction in flow direction
"o zerofluid capacity

» constant properties
= adiabatic side walls
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T.ije heat balance of the gfofagé rﬁaterial Is described by following e‘duation.
Gur = Gt~ * o e
where thé single terms are as follows:
D étorage torm:
Xy

ja-p -ciz‘ dx _ (G2)

daror =
: x

» convective term:

xde _ o
oo = [T ~Te)dx - S (G3)

s conduction term:

. k r“Ts. N .
dq:nnd',x-m-t-dx = ;—,’;C"a_ 'E’ (G4)

Substituting equations G2, G3 and G4 In equation G1 results!

aT, v . L P%T,
a-p-c--—é-ti--—-h('l}-l',kk-a = _ (Gs)
AT, R k 3°T, -
Al 0 Ty s
&t a»p-c(Tf ’)+p-c ox* (Gsa)
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' The heat balance of the fiuid is described by following equation:

T W
X

“T)=0 - {G6)

The Initial conditions are:
T t=0) =T t=0=T, of Tl =T} =T,

“where T; is knoym from the experiment, The inlet and outlet temperatures of the
ﬂurd as & function of time, are also known from the experiment

rx=09=T® o T =Ty(t)
TX=LO=TH or T, =Tylt)

The equations GS5a and G6 are converted to i nite-difference equations Equation
G5a becomes: '

Tm‘? aJ k |- o "ZTH-H +Ts|3l‘f1 | + K r sr.'l-f __2-';-;:’ +T:J+1 + h [-f- T ]
4 2 2 2 el ™
e () ol (&) P

(G5b)

for i = 2 to m (steps in iength direction).
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When the following conditions prevail, L.a.:

-« no heat is conducted over the ends {i=2andi=m),

e Th =TI, and T2, =TF, . where the nodes 1 and 1 are fictilous,

equation G5b becomes a single matrix:

5 [rrl=[or] - (@50)

A

_ where:
A =Zifori=3m
B =-2Z-1;fori=3, m-1
G, =2;fori=2 m-

D, = T;:,[zz + (—‘E—Q - 1] _z[f;:,_,' + T;J,,,] - [%]T;} ifori=2m
A, =0

B, =-Z-1

B, =8,

C, =0

v

Equativn G becomes a finlte difference equation as follows:

YT TS

G6
" 1+Y (Ga)

1
T =
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whera; - _

The procedure to determine the correct heat transfer coefficient is as follows: Firstly
equations G5c and GBa must be solved using an estimated value for the heat
transfer coefficlent, the boundary conditions and the measured Inlet temperature
history. From this a theoretical exit temperature history is caiculated, which must be
compared with the measured éxpeﬁmentai history. The heat transfar coefficient has
to be. changed iteratively unti the measured and the calculated exit temperaturs
" historles match within certain limits, This procedure [s described in détail In Chapter

3 and need not be repeated, | '
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Appendix H

Fluld Properties

Ht  Correction of barometric pressure [35]
" H1.4 Temperature comection

K —p, .. 182:107° -t 11107 .(t — 20) ' H1)
e 1+[182 0%t ~11-107 (£ - 20)]

with: . K, = temperature corraction factor
b, = barometric pressure at lab temperature t ['C |

by=b+K  (baromeiric pressire reducedto 0°C)  (H2)

Hi.2 Gravity correction.
mﬂggng igg graphic Iat[t_qde (because of rotation, centrifugal force)

9,80816
Ky = [9,806 o (1 0002637 - 0082¢) - ] (H3)

with: K, = gravily correction caused by geographic latitude ¢ [°]
' b, = barometric pressure reduced to 0°C

8.080665 = gravity at equator

9.080816 = gravity at angle z.s‘ (see figure)

. [nﬂuan@ of atiityde _
Kw=—0,195-10'8‘H-ba (H4) -,

with: Ky = gravity correction caused by geographic altitude H [m]
b,, = barometric pressure reducad to 0°C

For the place Johannesburg (¢= 26.2°, H= 1600 mj following correction s
necessary;

= (K, +Km )by = (~0.001659~0.000312) - b, = ~0.001971-b,
(HE)
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H1.3 Capilllary fo. :e {(height of the tip, meniscus)
K, =h, " _0448 - (H8)

“with KG = correcticn of height of the ilb caused by capilliary force
b, = height of the tip, menisqus

= corracted parometric Pressure : Poe =D + I + K,
Peo = 0.998029(b, + KJ

ZH)
H2  Humidity (according to [36])

-The followlng calculations are based on a humidity measurement by means of a
psychrometer. Values which are o be measured ate the dry bulb 1, and the wet bulb
temperature £,. The corresponding saturation pressure can be taken elther from DIN
24163, sheet 2, or can be caicutated a'ccordlng to the following procedufe- [28]. '

For the two temperatures t, and t, the appropriate saturation pressures p, 4 and p,,
are to be calculated by means of the following equations:
fort>0°C

{15.&34[1 —— i?;;s;‘;x),'ﬂ}}
Pew =61120-€ A [Pal - {H8) .

zradeK V'

. 15,854{1 T2 23735, ]] . .
Pes =sﬁ.zo-e{ g ik I el (H9)
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fori<0°C

2,{1_ 273.15K ]]
Paw =611,20-e[ (s [P]

[ _zradsK ]mr
Doy = 611208 to¥ara K] |
54 T Lok ) .

[Pa]
the *Sprunc” formuta vields to:
_Pen_ Pus . (Eaiw_\
Ps A Py o 1542K ) [%]

so the vapor pressure can be caloulated In the following way
| Py =0y Psa Pl
the mass of water Is then according to [36]

o,
Xyo = 0,622 —¥— [kalkg]
o Pt — Py

H3  Gas constant {according to [37))

The gas congtant can be calculated by means of

?87-————-
Ry K Lif(kg K]

1-0377-Pe
o

- (H10)

(H11)

{(H12)

{H13}

{H14)

(H18)
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ag= 01027747 .10~ =0

Appendix H
H4  Denslty calculation (according to [37])
prp—b Tkg/m] (H16)
Ry -(t+27315K)
HE  Kinematlc viscosity (according to [36])
The kinematlc viscosity can be calculated as follows
-0/ & ' '
y= 3—%——(2 ¢ t‘] [més] (H17)
~with
o =8+ +’;=:p b, (H18)
and the coefficients
80=0,1714237 .10% . b, =-0,9108949.10"
- a,=04636040.10" b, = 0,2654355 .10
a,= -0,2745836 .10 b, =-0,6432423. 10~
a,= 0,1811235. 107 by = 0,1307..5 A0
a,=-0,6744970.107" b, ==-0,8190284.10"°
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Appendix I
Sample calculation of additional pressure loss caused by the presence of
braces ' '

AN example calculation for additional pressure foss caused by the presence of
braces Is following. For this caloulation the case of flat braces is assumed.

[ — T oo
— > |
! ' )
—p e
! A
e —y 10
| ]
S . ' >
l . |
1 2 1. i 2 : 1
Figure 1.4: Flow through a pack without and with braces, definition of the

different cross sections

The pressure drop due to entrarce and exit losses can be caloulated according to
different references in the lterature, Only the VDI-Waermeatlas [38) and Kays and
London [3] should be mentloned below. These calculations should be dene for the
Reynolds-numbers 2000 and 4500.



The following equations are for calculating the entrance and exit losses of an air
heater pack aceording to the VDI-Wasrmeatlas [38]

oohtfaction - _
- Wecontcson = =& L 5 L7 ._ with:gsa-f(%J LY

~ expansion (Carnot) _
| Apmm,=( ﬁzj LiyE o (1.2)

'3

MI

with: p = denslty of alr [0.89 kg/m?}
v, = velocity in the pack 6 mis and 10 m/s respectl\rely]

Uslng the above mentmned aquations (). 1) and (1.2) the additional pressure loss due
to contraction and expansion with and without braces is:

o without braves '
_Re=2000 ' _Re=4500

. Mootz = .74 Pa ' ADrorrmion = 891 P2
APegenuon = 0.35 Pa : APwgaein = 0.97 Pa
A= 4,08 Pa _ APy = 9.88 Pa

s with braces
Re = 2000 _ _ Re = 4500
ADerirscton = 446 Pa Abcontroction = 9.0 Pa
Apaupamloh = 0.77Pa Apmmm = 214 Pa
APyt = 5.23 Pa APy = 12.04 Pa

The éddlttonal pressure loss according to Kays ahd London is calculated with the
help of diagrams showing coefficients for the entrance (K;) and axit ioss (K.}, With
these cosfficants and the following equations the pressure loss can be calculated.



&EP_GEQ'L!I. . . _ e paga21B

. »_gontraction
_ 2 .
a "22 P(f- o K.} [N/ . (1.3)
. expansloh : .
o 2
D oraneton = "_"22"’(1--0_j -K) N (4

. with' o = core frea-flow area to frontal-area ratio,
with or without braces [m?m?]
p = denstty of air {0.99 kg/m®]
- The following calculation is related o the K& profile (Symau smces = 0-86, Cuti bracas =
- 0.8), turbulent flow with a reference Reyrolds-number of 2000 and 4500, which

. represenis a velocity of 6 mfs or 10 m/s In the heat exchangér pack. For valuas of '

higher Reynolds-numbers the influence on the pressure loss |s more 1mportant but
for lowar Reynolds-numbers the influence Is nagliglble ' '
Following cosfficlents for the axit and entrance losses can be fournd in &R

_ = without braces : -
Re = 2000 Re = 4500

Ky =-0.11 Ke =-0.08
K. = 0,34 K, =03

+ with braces
Re = 2000 Re = 4500
K, =-0.14 Ky =-0.1
K.=0.3 K, = 0,25

According to equation {1.3) and {l.4) the additional prassure Joss due to exit and
entrance losses with and without bracas 1s:

= without braces

Re = 2000 _ Re = 4500
Apmm = 10.7Pa Apmmm = 27.7 Pa
APaypanaon = 8.8 Pa APaugeraton = 16.9 Pa

Apyy = 17.3 Pa APy = 44.6 Pa
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= with braces

"~ Re = 2000 ' _ _ Re =4800
ADeoatrastion = 11.8Pa APeonimaen = 30.2 Pa
APeangen = 8.9 Pa ' " APugunen = 22.8Pa
Apg= . 20,7Pa : ' Ay = 53.0Pa

These calculations point out some Interesting fesfures. First, thera is litile
coincldence between both -ca!ch!atio_n methods, The preésure drop calcuiated by
Kays and-London is considerably higher than the one calculated by the VDI -
Waarmeatlas, § ohd, the calculated difference between a pack with and without
braces is not as high as the experimantal results show. Theoreﬂbally the difference
should be between 1 Pa and 10 Pa (depending on the calculation method and the
Reynolds-number), it has to be conside'red that the calculation dogs not take Into
account the axpansion at the entrance after the flow passes the bracss and ancther
contraction at the exit when the flow passes the braces :
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