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ABSTRACT

In light of the ever increasing demand fareegy efficiency, waste heatamvery hashecome an
important engineering design consideratibleatpipe-HeatExchangersH P H B arewasteheat
recoveryunits (WH R U)athet utilise heat pipes/thermosyphons that contain a working dkuithe

heat transfer mechanism from the high temperatureevetistam to t low temperature streamo

prevent cross contamination for the food industry, the exhaust and inlet streams are often far apart.

However, performanceorrelations for separatddPHE 6 s ar e di fficult to

For this reason,he thermal pdormanceof an airto-air separatedHPHE is investigatedand
characterisedThe investigation involved the theoreti@ad numericamodelling of the sepated
HPHE. The models were then compared to the experimental resultslidationpurposesilt is dso
important to use engy efficiently, hencehe effect ofair temperature and flow rate on the dgyin

times of various materials weadso investigated.

To develop the HPHE model, outside and inside heat transfer coefficients for thearPie¢guired

The outside heat transfeoefficientswere obained by passing hot air oveHPHE filled with cold
water and of similar geomet rHPHE. dhe indide heat Padded s
coefficients for the separatétPHE were determined witR600a, R134a and R123 as working
fluids. Theexperimentsvere undertaken at various temperatures and flow rates. The ststsd
that R600a works the mostfectivelyin the temperature range considered and this is expsittee
R600a is less densmdhas a higher latent heat of vaporisation than both R134a and R428.
example, the R600a charged separit®HE yielded heat transfer rates in the region of 9352 W
compared to the 7017 W and 4555 W yielded for R134a and R123 respectiveiratamerature
difference of27 °Candmassflow rate of 0.841 kg/s.

The predicted inside heat transfer coefficients correlate the experimentallyecbteeat transfer
coefficientsreasonably wellHowever it is found thattheoretical models correlated by praws

researchers do not correspond to the predicted values obtained from the correlatidrisomthe

testing of theseparatedHPHE. The differences are attributed to the poor manifold design and the fact

that theresearchersonducted theiexperiment®n a single therngyphon, whereas the entire heat

exchanger was used in this case.

The main objective of the thesis was hesmthe atested separatddPHE was shown to worked
effectively (recovering up to 9% of the of the dryer exhaust heat) for typied industry drying
temperatures of between-89 °C. Additionally, the theoretical sifation models for the HRE was
validated in as much that its energy saving performance was Witli# % of the agested
experimental models; and thus it was denrarted that substantial energy cost saving could be

realised using standard heat exchanger manufacturing technibltdgg/ heat exchanger is installed

fi
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in a plant charged with R600and is operated with an inlet air temperature of approximateh80
andmass flow rate of 0.841 kg/s, the heat recovere®.82B kW in an environment of T&. At
these conditionshe potential paybagkeriodof installing the heat exchanger specified for this study

is 3.22years

It is recommended that notwithstanding aecies of roughly 226 obtained by the theoretically
predicted correlations to the experimental work, the heat exchanger design should be optimised to
allow better refrigerant flow and various performance parameters like liquid fill charge ratio and

condemser/evaporator length dependencies should be further investigated.



OPSOMMING

As gevolg van die stuigende noodsaaklikhean effektiewe energy gebrui&ak energie behowgh

herwin al hoe meer belangriker ingenieurs ontwerp oorwegyiHgtepyp-hit t er ui | er s ( HP
afvalhitte-herwinningseenheid AHHE) wat hitiepype vol koelmiddel bevat wat die hitteoordrag
meganisme is vanaf die hoé temperatulareistroom na die lae temperatuvloeistroom. Om
kruiskontaminasie te verhoed in die voedsel yeds dit noodsaaklik dat die uitlaat en inlaat strome
geskei is. Daar bestaan tans nie veel korrelasies vir gedkdtdel R 6 s

Vir hierdie rede wordlie termieseverrigtingvan6 geskeidehittepyp-hitteruiler (HRHR) ondersoek.
Die ondersoek bevat dieerdiese en numeriesaodelleringvandie geskeiddHPHR. Die modelle
word vergelyk met die eksperimentele resultate om hulle te vali@gers ook noodsaaklik dat
energy sparsamig gebruik word en vir hierdie rede word die effek van lug tempratuur emdoeite

op die droogmaak tye van verskieie mater@aidersoek

Om die HPHR model te ontwikkel is dit nodig om die buga binnehitte oodragskoéffisiite te

vindDi e buite hitteoordragskozxffisixtnte was berg
geometries die selfde is as die HPHRRDesbinnea t g ¢
hitteoordragskoéffisiénte was bepaal met R600a, R134a en R123 as koelmiddels. Die eksperimente
was gedoen by verskeie temperature en lugvioeitempoes. Die resultatatwys0da die mees
effektief werk by die temperature waarteen die eksperimente gedoen was. Dit wasasgeaglg

van die feit dat R6 0 Omttetydensverdanpirgs eiegskap het as allbed + r
R134aen R123. As voorbeeld, die geskeifRHR vol R600a het 9352 W herwin in vergelyking met
7017 W en 4555 W vir die R134a en R123 respektiefen 6n | ug temperatuur
lugvloeitempo van 0.84kg/s

Die voorspeldébinnehitteoordragskoéffisiéntkorreleer die eksperimentefgaardes redelik goed.
Dit was egter gevind dat die teoretiese modelle wat gekorreleer was deur vorige navorsers nie goed
ooreenstem met die voorspelde waardes vir die geskeiB#R nie. Die verskille word toegeskryf
aan die swak spruitstuk ontwerpenfliei t dat di e navorsers hul e k

gedoen het, terwyl die hele HPHR gebruik was in hierdie geval.

Die hoof objektief van die tesis wasrnik deur dat die geskeid#PHR wel effektief (so hoog soos
90 % van die uitlaat hitte) gesvk het tussen die temperatuur limiete var8R5C wat tipies in die
voelsel bedryf gevind wordus was dit bewys dat daar groot energiebesparings verkry kan word
deur die installasie van die HIR.

Daarbenewens, die toeretiese modelle van die HPHHH&édeksperimentele waardes tot binne 12
% voorspelAs die geskeidtli PHR op o6n f abriek geinstaleer wol



80°C en 0.84Xkg/s kan 13.828 kW herwin word as die omgewingstemperatti€ 18 Vir hierdie

toestande is die potsiaaleterugverdieningstijd 3.2jare.

Dit word beveel dat die HPHR se ontwerp geoptimiseer moet word vir minder vioei weens@aid
die vloeivulverhouding en die verdampiat-kondensatetengteverhouding verdere ondersoek

vereies, aangesien die 22akkuraatheid tussen die teoretiese en praktiese metings te hoog is.
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NOMENCLATURE

A
altit
C
Co
Cn
Cp
D

d

T C T

Rey
RH

area, M

altitude, m

concentration, kgyapour/kgdry air

loss coefficient

nozzle discharge coefficient

specific heat, J/kgK

mass diffusivity, m¥s

diameter, m

characteristic length, m
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fin height, m : error

friction factor

mass velocity, kg/ks

heat transfer coefficient, WAK : enthalpy, kJ/kg
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Colburn jfactor

Reynolds number correction factor
diffusion coefficent, nf/s : thermal conductivity, W/Mk
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characteristic length, m

mass, kg

mass flowrate, kg/s

number of tubes per row

number oftuberows

Nusselt numbef® j Q

Absolute pressure, Pa
Prandtinumber®*‘ j "

dimensionless pitch : perimeter, m

heat transfer rate; heating element power input, W
thermal resistance, K/W

Reynolds numbef ®@ T

relative humidity, kgH>O/kg-dry air
coefficient of detenination

pitch, m



St Stanton numbeiQ” ¢ &

S spacing, m

T temperature, °C

t thickness, m: time, s

\% velocity, m/s; volumetric flow rate, ifis ; volt
Whan fan work, W

X moisture content, kgvater/kgsolids

Greek symbols
U roughness, m
density, kg/m

Y—

a relative humidity, %

¥ specific humidity, kewater/kg dry air
VI dynamic viscosity, kg/ms

d moisture ratio

b surroundings/ambient

Subscripts

alum aluminium
c cold, condenser, characteristic
cface  condenser face

cond condenser

cop copper
cr critical
cv control volume

db dry bulb

duct air duct

e evaporator, equilibrium
eface evaporator face

evap evaporatarevaporate

exp experimental

f fin, frontal, fluid
g gas

h hot

hp heat pipe



inside inlet

L longitudinal

m mass

n nozzle

o] outside outlet

pred  predicted

S saturated, free surface, solids
SS stainless steel

T transverse

% vapour

w water, wall

wb wetbulb

Abbreviations

DAS data acquisition system
FS full scale

HPHE heat pipe heat exchanger
HPHRHE heat pipe heat recovery heat exchanger
ID internal diameter

oD outside diameter

TCU temperature control unit
VSC variable speed control
VSD variable speedrive
WHRU  waste heat recovery unit



1 INTRODUCTION

As our limted nonrenewable energy resam@s diminish and become more costly, energy
conservationand waste heat utilisation becomiacreasingly importantengineering design
consideratioa Heating ad cooling of process streams are usually the most energy intensive
processes on proceslant. Many industries, like the nuclear and food processing industries, rely
heavily on process heédr their operationOnce ths process heat is used itagpdled from the

system as waste heat. The waste air stream is usually not suitable to use in the process again (conside
automobile exhaust gas as an example), but is high in heat energy which can be utilised to preheat a

subsystem in the process.

WH R U @isethis waste heat energy to improve #iféiciency of a processAccording to Pieters

(2006), aWHRU has to satisfy four key criteriair$tly, it has to effectively transfer heat fnoone

process stream to anotheecBndly it must cause avlopressure droprhen installed. It should also

be corrosiorand fouling resistant and finallis heat transfer surfaces must be relatively far apart (in
case of damage/leakage that could cause cross contaminetfi®E 0 S ar e one spec
WHRU which use hegpipes to transfer heat from the hot exhaust stream to the cold inlet stream.
Heat pipes ar e ess e mhichadcHaryghdatbatweerrtre hot dne ald fluijd u mp
streams by utilising the large latent heat of vaporisation of a refrigerantpigeathave the distinct
advantage over other WHRUsf being able to transport large amounts of heat energy across a long
distance very effectivelylhis is especially advantageous in applications where the exhaust and inlet
streams are separated, like dodrying goplications. A conventional HFE has the evaporatand
condenser sectiomsljacent to each other, dat certain applications, like food dryingpntamination

is undesired and the heat exchanger has to be sep&tateelerthermalperformanceorrelations

for separatedHPHEG are not easily found in literatur€hus, the main objective of this thesis is to

evaluate the performance ofeparateddPHRHEusing readily obtainable refrigerants

Successful integration af separatetHPHRHE into asystem requires that the thermal performance
characteristics of said heat exchanger is known. This is done experimentally and compared to a
numerical algorithm, the results are then given in such a way that a thermal engineer wanting to
incorporate a sepatedHPHRHE into aprocess plant can easily use the correlationselect the

correct sizd heat exchanger.

Before recoering energy successfully, efficient energy use key parameter. line food processing
industry for example, biscuit manufactigdrave wide estimating ranges for the drying time of their
products.Drying characteristics of cellular food products (ligetatoes and applefave been
investigatedoy other researchernsowever thalrying characteristics of granular food products (like

rusks) are less well knowfor this reasorthe drying charateristics of various food productse



experimentally invesgiated.This is however not a direct objective of the study and will be considered

in AppendixF.
The objectives of this thesis camughbe summarised as follows:

1 Experimentally baracteriseand comparehe thermal performance of a separatesht pipe
heat recovery heat exchangeiPHRHE) using differentefrigerants

1 Write a computer program that can bediso simulate theeparatedHPHRHE

The document gives a historical background and liteeagurvey on thermosyphons, HIEs and air
driersin Section 2This is followed byall the necessary mathematical formulations required to model
a eparateeHPHRHE In Section 3.Section 4 describethe algorithm for the heat exchangé&he
experimental work undertaken is documented in Sectio®estion 6 documents the thermal
performance results of the separate®HRHE Hnally the thesis ends with a discussion of the
results conclusionsand recormendationsfor future workin Section7 and 8.The Appendices

document the calculationdrying resulteand the manufacturing details.



2LITERATURE STUDY

Heat pipes ardevices that transfer heat using the large latent heatvairking fluid The deice is

used in a variety of applicatiorfsom airconditioning to electricity generation. The histolica
development, performanoharacteristicsadvantages and disadvantagéasingheat pipes will be
discussed in this literature stydycludingits adrantages and disadvantages and alternative heat

recovery devices.

2.1 Historical Development of Heat Fpes

The Perkins boilera device that uses single or two phase processes to transfevdsedeveloped

by A. M. Perkins and J. Perkinsn t h e hé& &0id® éamsists df a tube and an airtight space
filled partially filled with working fluid.Boiling, condesation, convection heatand mass transfer

occur between the boiling and condensation sectiOne @d of the tube projects intofarnace
whichis situated at the bottom of the device, while the other end of th@tajeets upward it the

water of the boiler. Heat supplied by the furnace rises up the tube into the boiler section, where the
heat is given to the surrounding watBioro,1997) The Perkins boilerepresented a technological

step forward in a time when high pressbiogers were still in their experimental phase. Additionally,

the Perkins tube had no fouling, scaling and leakage problems like the high pressure boilers of the
time. A Perkins boiler is illustrated iRigure 1.

Expansion
tube

- Interceptor

Evaporator

Figure 1 Perkins boiler (taken from Lock 1992)

The Perkins boiler design neglected the use of external fins to increase thedgabeheat transfer.

Gay poposed this concept in 1929. He vertically aligned a number of finned Perkins tubes with the
evaporator section below the condenser section (Dunn, 1984).respective evaporator and
condenser sections were th@parated by a plat&long with the intraluction of capillary forceby

incorporating wicking structures in the heat pithés is considered the birthplace of the moderat

pipe.



A modern heat pipe consists of a sealed pipe lined with an internal wicking straictlieehollow

inner sectionwhich contains a small amount of working fluid. A heat mpasists of two sections,

the evaporator and condenskEeat supplied to the evaporator section by a hotedastl stream

heats the working fluid till it vaporise$he pressure difference besvethe two sections causes the
vapour to flow to the condenser sectiamhere it gives off its latent heat of vaporisation and
condenses. Theapi I | ary forces in the wicking struct
section and the process repatdslf. The heat pipe is very efficient due to the minimal temperature

dropbetween the evaporator and condenser.

In 1944, R.SGauglerproposed usinthe heat pipe in refrigeration engineering applicatici® to

the large hearansfer rates attainabl€his idea never was appliedmmerciallydue to the fact that
energy was relatively cheaghus heat recovery was not an essential part of thermal system designs.
However in 1962the heat pipe idea was suggested by Trefethen in igpdrature space wer
systems (lvanoskii, 1982fsrover then started developing the heat pipe in 1963 at Los Alamos
National Laboratoryin New Mexico. He illustratedhe effectiveness of heat pipes as a high
performance heat transfer devidr over 6 s wo rthe,treoreticalrasgltsawd dedign
guidelines published by Cotter in 1965 are recognised by many as the true beginning of heat pipe
researchFollowing these developments, 1968 Nozu bundled together a number of finned heat
pipes in an air heater. This wasmiately known as the heat pipe heat exchanger (HPHE). This could
then e used in various energy recovery applications from refrigeration-tm@dglitioning.

2.2 Thermosyphons

Thermosyphons are heat transfer devices without a wicking structure and aderezha special

type of heat pipeThe fundamental difference between heatepimnd thermosyphons is that
thermosyphons utilise gravity to allow condensate flow back to the evapanatead of the capillary
forces in the wicko nlye sdimilariotheatr pges,otfe warking fiuid is ma |
vaporised by heat addition in the evaporator section and the vapour moves into the condenser section
due to the pressure difference between the two seclitbesworking fluid then gives off its laté

heat of vaporisation to the cooler condenser section and as such condenses. The condensate runs dow
the tube wall under the influence of gravity and the process is rep€agthosyphons aggeferred

due to lower condensate flow resistanddee wickng structure in the heat pipe causes a condensate
flow resistance which decreases the attainable heat flux in the heat pipe by 1.2 to 1.5 times below that
of a thermosyphons (Pioro, 1997urthermore A n o r rheat gipes are more expensive to

manufactureéhan thermosyphons because they are structurally more complicated.

Thermosyphons can be categorised as single phase and two phase flow tled@sgle phase

thermosyphonthe pipe is filled with only liquid or gashile the operation is taking plagestead of



the twophase flow taking place in a twihase deviceThe major disadvantage of egle phase
liquid thermosyphois the fact that one has to make provision for the fact that liquid expands as it is
heatedThis could cause difficulty in cordlling the internal pressure tfe tube Additionally, in a

two phase flow thermosyphatie heat transfer capacity is increased because one can utilegéhe
latent heat transfer mechanism of the working fleidure 2illustrates the difference beeen a heat

pipe, a single phase and two phase therpiosy

Liquid or vapour flow

Tecold

Vapour
flow

Liquid flow

Working
fluid

Heat pipe Single.phase Two-phase
Thermosyphon Thermosyphon

Figure 2 Heat pipe and singleand two phase thermosyphon operation

Thermosyphons camlso be categorisedas opened or closedn open themosyphonhas no
condenser section and the working fluid is continuously supplied by an externzg e fluid
evaporates tthe environment when it is vapgsed.These thermosyphons are used primarily to study
boiling processes inside thermosyphd@R#oro, 1997).Aerosyphons are apg of thermosyphom
which the heat flux is transferred by the forced convection of the liuehaerosyphonsaturated

gas is passed througte working fluid causing bubbles to ppagated in the fluid, which in esgxe
Aistirso the |liquid. However, the aerosyphon
investigate boilindheat transfer.

Thermosyphons can also be used like conventional refrigersystiems due to the fact that the
evaporator and condesrssections can be separated in what is ternfied & p aao@ arrandjement
(Yun & Kroliczek, 2002) Dobson & Jeggels (2008) successfully illustrated this in the cooling of an
electronic cabinet. They found that an energy recovery of up to\6B8(posdble using a single 12.7

mm OD separated thermosyphofihis arrangemant is illustrated in Figure.3The principle of



operation remains the same: the working fluid is vaporised in the evaporator section and runs in the
vapour line to the condenser, wherethe@emoved and condensatimecurs. Any vapour still present

after the condenser is condensed in the liquid line. Here it is imperative that the sejmardézder
section be located at a relative position which is above the evaporator section. Quihgeiee

liquid line must have a net downward gradient toward the evapofiaominimise flow losses,

smooth wdk must be employed in the riser and downcolmes.

Riser
Vapour flow
e e
e e
. Heat
Heat input — Evaporator Condenso o
rejection
e e
e e

) )

<«—— Condensate flow
Downcomer

Figure 3 Separated thermosyphavop arrangement

An example of a practical application of separated thermosyphonsnaeggr-¢onditioning
applicationsWu et al(1997) used aeparatedHPHE to control humidity in their experimental work.

It is often desired to remove moistdrem the inoming air. However, dehumidification and cooling

are inseparable, and the air must often be reheated at high costs. In this case the condenser anc
evaporator sections can be separated and placed on either side of a dehumidifier as depicted in Figure
4.

evaporator riser  Cooling coil Heating coil
N / /
50°C, wet air 50°C, dry air
N
return condensor

Condensate flow

Figure4A Wr ap aroundo dehumidifier ther mos



2.2.1 Thermosyphon characteristics

Thermosyphons have many favourable characteristics that make them very viable heat recovery
devices. Firstlythermosyphons can act as thermal transformers. Energy candzk atdal low heat

flux over a large area and removed at a high heat flux over a small area (Faghri, Tio&%hal
transformer ratios as high as 15:1 can be attaifbds, the thermosyphonsrt be designed to
maintain a constd temperature at treondensesection, even though the rate of the heat input to the
evaporator may varySecondly,a thermosyphonmequires very little maintenancendis a sel
contained, closed system that in mosesas easy to instalinally, thermosyphons also haveexry

high thermal conductance, up to a 1000 times higher than an equivalent copper pipe in similar

conditions Russwun, Part 1, 1980).

Thermosyphon performance characteristics are often dependatite ai-to-wall heat transfer
characteristicsthe wall conductance of the tube waltgldahe internal heat transfeoefficientsof
the condenser and evaporafbne latter characteristics are very importamd complex to calculate,

and these will bdiscussed in turn.

Inside condensetheat transfer coefficient

The vapour that condenses in the condessetion can condense in two ways, either filmwise
condensatiori which forms acontinuousliquid film and runs down the tube wall or dropwise
condemation which forms droplets that run down the tube wallopwise cadensations highly
unlikely and thus filmwise condensation is usually modelled in the condenser s§ttiatiey

(1987), states that Nusselt theory can be used to finaettetransfecoefficient.

Inside evaporator heat transfer coefficient

The falling film of working fluid propagated in the condenser section continues into the evaporator
section.The subcooled fluid film is heated as it flows down the evaporator section. If theatiah
temperature is reached befdtereaches the liquid popkome of the liqu from the film will
evaporate In total, three boiling mechams may occur: nucleate, convective and film boiling.
Nucleate boiling in which vapour bubbles form from rieation sites in the liquid poeis generally
accepted as the dominant form of boilidpwever, the actual boiling process is very difficult to

modeland the heat transfer correlations are usually experimentally determined.

Many sources document difeart correlations for determing heat transfer coefficientso@elations

are found in Whalley1(987) and Pioro (1997).&e should be exercised in using them as the results
are sometimes very differeobson & Krayer (1999) document correlatiofte® amnonia charged
thermosyphons, which give resultsthin 10 % of the experimental result¥hey also evaluated
existing correlations for the pool boiling heat transfer coefficients and found that these estimations

were 57% under the experimental values fonmonia.



Dobson & Pakkies (2002) investigated the heat transfer correlations for an¢hbBded twephase
thermosyphonLiquid charge fill ratios of 586 were used and the experiments were conducted for
vertical and inclinedtases. They established tha¢ imaximum heat transfer rate is at an inclination
angle of 45° and igpproximately 406 higher than the vertical inclination. Me\{@003) investigated
heat trangdr correlations for R134a and butaAgain, liquid charge fill ratios of 506 were used

ard the experimental errors ofi515 % were found for both butane and R134a.

2.2.2 Performance parameters ofttermosyphons
Thermosyphons are subject to various limitations and factors which influencedigirmance;
these includdlooding, entrainment, rgfout andboiling limitationsas well as othemiscellaneous

factors These factors aiscussedbelow.

Flooding and entrainment limits

As the vapour moves from the evaporator to the condenser and the liquid film moves in the opposite
direction, viscousdrces arise that decelerate the liquid filrhe vapour velocity is depenatsonthe

heat input to the evaporator, while in turn the viscous shear force on the sirtiaediquid film is
dependat onthe vapour velocity. Thus if the heat input becona@gd enough, the viscosbear
forces may eventually become so large thatliquid film isentirely prevented from movingpack

from the condenser to the evaporatthen this occurs, the thermosyphon is said to be flodfled.
additional heat is added,ehvapour velocity becoes even larger and the therdlaid condition
becomes unstabl&his instability causelgjuid droplets at the surface of the liquid fitmbesheared
from the film completely, becoming entrained in the vapour. When this occuestiiagnment limit

is reachedThe floodinglimit can be predicted by using the Wallis (1969) and Kutateladze (1972)

correlations.

The liquid fill charge ratio also plays a vital role in the flooding linittis parameter is defined as

the ratio of the vimme of the liquid phase of the working fluid to the thermosyphon's volume or the
evaporator volume. It is imperative to define whether the fill ratio is relative tihénmosyphoror

the evaporator volumé&he role the fill ratigplays on thdlooding limit is summariseds followsby

Lock (1992) for small charge fill ratios, the heat transhenit increases as a power of the filling
ratio. For large charge ratios, the heat transfer Istays approximately constarRioro (1997)
suggests that the aetl quantity of working fluid should be between38 % of the thermosyphons
volume and if the condenser length is longer than the evaporator, the fill ratio should be @p to 50
of the evaporatoil he effects of charge fill ratios were investigatedPlak et. al (2002)Their results
showed that the effect of the fill charge ratio on the heat transfer coefficient were negligible when

usinga copper container and FR2 as working fluid. The experiments were conducted in the range



of 507 650 W and 10 70 % charge fill ratiosHowever, the condenser heat transfer coefficients

werenotinfluenced by the fill ratio.

Dry-out limitation

The dry out limitation refers to a condition in which the bwottof the evaporator is completelyy.

This usually occurs whethe liquid charge fill volumeés very smalland the radial heat flux anad

the evaporator is very largéhe liquid film flowing down the tube wall approaches zero thickasss

it reaches the bottom of the evaporafbhis causes that the entire amouhtwmrking fluid is
circulated ayapour or as a falling film. If the heat flux increases, the net result is that the film length
in the evaporator becomes shoréerd thus approaches zero thickness higher in the evaporator,
leaving the lower sectionf ehe evaporator completely dry and shortening the effective evaporator
area.The evaporator wall temperature thus increases but the heat transfer stays constant.

Boiling limitation

This phenomenomwccurs when thé&quid charge fill ratio is high and theeatflux in the evaporator

area is very large. If the heat flux increases, nucleate boiling odsuascritical heat flux, vapour
bubblescoalesceclose to the wall, prevemity liquid from touching the tube wallhe tube wall
temperature increases rapidiy,compensate for the loss of heat flux because the vapour has a higher
thermal resistance, not allowing heat flow into the liqUikds is analogous to the effect of air between

two walls in a housing structure.

Miscellaneousfactors

Geometric propertieplay an important role in the performance of a thermosyphdéasing the
diameter can have a profound effectignid and vapour interactions in the conder{(&oro,1997).

The evaporator and condenser lengths also determine the amount ¢fahst#red from each
section, effectively increasing or decreasing the heat transfer surfac®iarea(1997) also states

that experiments have been conducted to determine if the adiabatic section between the condenser
and the evaporator has an effect on heatsfer and this effect was found to be negligible in
comparison to other geometric parameteisyever, AbodZiyan et al. (2001investigated the effect

of adiabatic length on the performance of thermosyphidms tests were conducted using water and
R134a as working fluidsTheir results indicated that as the adiabatic length increases, so does the
heat transfer capabilitie¥hey also found that optimum heat transfer takes place at fill charge ratios

of 50% of the evaporator volume

The nextmiscellaneas consideration is the working fluid. Depending on the temperatutach
determines the pressure of the vapioone selects a workinftuid. The temperature is important to
ensure that the working fluid remains in a stable condition and does nodoreaknto its separate

chemical componentsow pressures naturally ensure that ttermosyphoroes not leak or burst.



Pioro (1997) states that a working fluid should have a high latent heat of vaporisation so that large
amounts of heat can bairsferre at low vapour flow ratedlost importantly, the critical parameters

of theworking fluid should be above the operating temperatkoe.the reasons stated above, water

is the best working fluid. It transmits more heat than other working fluids, itagp¢cheadily available

and fire and explosion resistahtowever, the high pressurescountered in operatid@0 bar @ 180

°C) anddifficulty of charging the HPHE without specialised machingegms it too dangerous for

the scope of this project.

Another factor to be considered is the thermosyphons inclination aRglgakaruket al. (2000),
investigated the effect of inclination angles fror¥fO0 A wi t h copper ther mosyf
11.1 and 25.3 mm and working fluids R22, R134a, R123 and Wi@teir results showed th#te
heat transfer rate is increased at inclination angles ©f780 and that workig fluids with high latent

heats of vaporisation conduct larger amounts of heat.

2.3 Heat Pipe Heat Exchangers

For any thermal process in whickdt is generated, heat has to be removed. This heat that is removed
often iswaste heat and is usually of suiiot thermal quality to be employed into the thermal system
as a preheater or heat source for another subsy&eneral industry guidelines dile waste heat
categories according to temperature ranigms (T< 230°C), medium 230°- 650°C) and high (T>
650°C). Heat exchangers transfer heat or recover heat\raste heat streams.

Heat exchangers can bplit into various categories accordirgtheir flow configurations and their
functions Flow configurations include single streaparalletflow two stream, counterflow two
stream and cross flow two streamsingle stream heat exchangers, the temperature of only one fluid
changes and the doton of fluid flow is irrelevant. Examples include boilers atmhdensers
Paralletflow two stream heat exchangers have the fluid streams flguerajlelto each other in the
same direction (McQuay, 2001). Examples includdl tmel tube heat exchangeta counterflow

heat exchangers, fluids floparallel but in opposite directions to each other, this increases the
effectiveness abov#hat of aparallelflow two stream heat exchger. Cross flow two stream heat
exchangers have the fluid streams flowatgight angles to each other.

Heat exchangers may also be classified as recuperativegenerative.ln recuperative heat
exchangerghe hot and cold fluid streams do not mix and heat transfer takedrplactne hot stream
to a barrier by convectiothrough the wall by conduction and from the wall to the cold fluid stream
by convectionln regenerators, heat is removed from the hot fluid staaartransferred to the cold

fluid stream by a temperature source.



Heatpipe-heatexchangers (HPHE) cédre dassified as liquiecoupled indirecheat transfer type heat
exchangers that use thermosyphonkeat pipesas the maimeattransfer mechanism (Meyer, 2003).

An industrial HPHE is illustrated in FigueHP HE 6 s c an b eto-ligwsdegahstofligurd | i g L
and gagdo-gasheat exchange. The evaporator section of the HPHE must be in the hot or waste fluid
streamand thecondensesection in the cold fluid stream. One can also enhance the rate of heat

transfer by adding fins to ttiteermosyphons.

Figure 5 An industrial HPHE (Taken frorohina-heatpipe.nét

HPHEG6s have numerous advantages over convent.
follows (McQuay (2001)

T Thermosyphons, and thus likeBedrEd@ belts have no mo
1 Noauxiliaryfluid powerrequirementgor lubrication for example

1 Heat transfer rate can be adjusted by inclining the HPHE.

1 HP HEdreredundantin their very design, if ahermosyphorfails, the HPHE is still

operational

=

Cross contaminatn of fluids is prevented

HPHEG6s can be used as ther mal transfor mer s

HPHEGs are also relatively si mpleenshecause of thaerr por
design simplicity. This is proven by the various industagpliat i on s I n swdnei c h |
employedVari ous researchers have also proven the
Yang et al. (2003) usedHPHE to recover heat from the exhaust gas of an automabileg the
recovered heat to warimcoming air to provide thermal odort for thepassengerand recovered up

to 6.5 kW

Zhang & Zhaung (2003pvestigated theuse of HPIBES as air pr eheaijther s an
findings are given by way ofable 1 They used 20 differenstructure types of 2532 mmin diameter
and 1.2' 2 m in lengthin over 300 differenoperating conditions. For ase of using the HPHE as



an air preheater, a heat recovery of close to 12000 kW was obtdinisdillustrates the possible

savings attainable from such a heat exchanger in |lal@etrgpplications

Adding fins to thethermosyphondgurther enhances the heat transfer capabilities of the HPHE.
Furthermore,thermosyphonmaterial also has a large influence on heat transfer capabilities.
Lukitobudi et al. (1995) studied the desigand testing of a HPHE for a medium temperature
application. Water as the working fluid was charged iopper pipes of OD 15.881m and
thermosypon evaporator and adiabatic lengths w&d8, 300 and 156m respectively. The results
showed thatffectiveness alues using copper instead of steel thermosyphons were increased from
6.271 49% to 17.51 63 %.

Table 1 HPHE configuration (adapted from Zhang & Zhaung, 2003)

Pipe size [mm] OD 51, t=4.5, L =6000, 1914 piece
Heat Exchanger stz[m] Height 6.4, Length 2.4,
Inlet width 13.7, Outlet width 10.37
Flue gas Air
Flow rate [Nni/h] 238000 195860
Inl et tem 297.7 54.8
Outl et Teil 171.2 228.7
Pressure Drop [Pa] 580 280
Heat Recovery [kW] 11970

2.4 Enthalpy Wheels and Pla@ Heat Exchangers

Enthalpy wheels are aio-air rotating heat recovery devices coated ueaiccant materialThese

devices recover sensible and latent heat. Sensible heat is the heat that can be felt or measured in term
of a temperature scakehile latent heat refers to the moisture content of the air. The fact that they are
able to recover sensibéand latent heat means that relatively high thermal efficiencies can be attained
(Hovac, 2002). The rotor, which has smooth axial channels, serves asédlge stass: half of which

is in the hot air stream and the other half of which is in the cold air stream. The storage mass is heated
or cooled as it rotates, thus the heat transfer and storage mass temperature vary in the axial direction
as well as the anglof orientation of the rotor. From this fact one can conclude that the heat transfer
can be influenced by the speed odprocesstisexpiained a n

referringto Figure 6below.
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Figure 6 Enthalpy wheel operation

At point 1 the air channel in question is practically at the cold air temperature, very dry and has just
entered into the hot air stream. This is especially true on the cold air inlet side/warm airiaeitlet s
Warm air now flows through the channel and severe cooling of the air takes place. This in turn heats
the storage mass. At this point the heat recovery efficiency is very high and condensation can possibly

occur.

By the time the storage mass reachastpd, it has been heated and moisturised substantially and
thus the heat transfer rate decreases. The air
axial temperature profile is essentially uniform. Condensation can only occur at fasifstae

humidity difference is very large.

As the storage mass reaches point 3, the warm inlet side has virtually reached the warm air stream
temperature and is highly moisturised. The heat transfer rate is now very low. As the storage mass
moves toward point 4, it moves into the cold air stream. Heat and mass transfer is again severe due
to the large temperature and moisture differences between the storage mass and the air stream. The
cold air is thus heated and moisturised. Most of the condensdte stotage mass is taken up by the

cold air stream. There is also a distinct temperature gradient in the axial direction of the storage mass.

At point 5, the storage mass has been cooled substantially and lost even more moisture. Again, as
with point 2, tle temperature profile in the axial direction of the storage mass is relatively uniform.
By the time point 6 is reached, the storage mass has been severely cooled and little heat transfer takes

place. The storage mass then passes again into the warntiaim aad the cycle is repeated.

The distinct advantage of employing an enthalpy wheel as a heat recovery device is that, due to the
total (sensible and latent) heat transfer properties, higher recovery efficiencies can be obtained.
Furthermore, the air gams can be orientated in any position, side by side or top and bottom

(McQuay, 2001). The enthalpy wheel can also accommodate high face velocities, which implies that



the equipment can be relatively compact. Additionally, the storage masses provid@radewe

drop.

However, McQuay (2001) also highlights the various disadvantages of enthalpy wheels, the main
disadvantage being the fact that it has moving parts. Furthermore, Staton (1998) explains that the
specialised materials used in some enthalpy ishee very expensive and tough to manufacture.
One also has to consider the fact that the wl
timeous maintenance. Additionally, cross contamination is very likely to occur, this makes enthalpy
wheels highly unsuitable for applications that require a bacteria free supply air, like hospitals,
pharmacies and food processing plants. The manufacturing of the wheel itself, with its very small air

channels, islso costly.

Plate heat exchangers are heat emghes that use metal plates to transfer heat between two fluids.
The heat exchanger consists of a pack of corrugated metal plates which have portholes for the fluids
to flow through. The corrugations promote fluid turbulence, which enhances heat triinsfelates

are packed between a fixed andvable end plate and have gasketprevent leakage. The channels

are arranged as such that the two fluids flow through alternate channels. An example of a plate heat

exchanger is depicted Figure 7.

Figure 7 Exploded view of a plate heat exchanger (obtained from

http://targetequipments.com/plate_heat_exchanger_manufacturens.html
DeWatwal (2009) lists the advantages and disadvantageatefr@at exchangers as follows:

Advantages
1 High thermal dfciency and a close temperature approach
1 Large heat transfer surface area per unit volume
1 Small mass
1

Multi-fluid stream operation (up to ten streams can exchange heat in one heat exchanger)



1 No cross contamination

Disadvantages
1 Limited range btemperature and pressure
1 Difficulty of cleaning passages

1 Difficulty of repair in case of failure or leakage between passages

From the information presented in this section one can observe that HRsIBIEeasier to
manufacture, install and maimathroughout its life cycle and thusr the purpose of this studie

other heat recovery options will not be considered further.

2.5 Air Driers

Drying is a process in which moisture is removed from a product by various modes of heat transfer
such as radiatigrconvection and conduction. Mujumdar (1995) explains that radiation drying is a
mode of drying that uses purely radiative energy, similar to microwave technology. Conduction
drying is when a hot surface is at a distance from the material and the sumgpaimds heated by
conduction (no air movement), which decreases its relative humidity and thus allows moisture from
the material to diffuse into the air. The heating surface never makes contact with the material. In
convection drying the heating mediunsually air comes into direct contact with the material, causing
diffusion of the moisture in the material into the &arious types of driers exist, including spray,
tunnel, freezand tray driers. In this study a tray drier is ugetypical trayair dryer unit is illustrated

in Figure 8 below.

Air inlet Air exhaust

/@4 Dampers /Exhaustfan

- / -
Fan
\

i > I Product trays
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Figure 8 A typical Air drier unit

Many materials must not be dried ttast otherwise cracking and casardening will occur. The
equilibrium moisture contér{the point at which the material has been dried for a long time and the

product has the desired moisture content) is also an important paranrent bacterial activity



The drying rate is depdent on the initial moisture content relative to thguiibrium moisture

content of the material and other material properties such as bulk density. Drying rate can be classified
as constant rate drying or falling rate drying and the mode of drying depends on the moisture content
of the material relative tthe equilibrium content at a specific point in tindother factor that
influences the drying time of a material is its composition. While materials have an infinite amount
of compositions, for the purposes of this study three different compositionsrsideredA porous
materi al I's a materi al consi st i nihesomatedals arena t r
usually characterised by their porosity. Due to the large amount of voids, the flow of moisture through
these materials is relatively eag3ellular materials consist of large amounts of cells, joined by their
membranesa neighbouring cells. The celtgve a very high moisture contemd thus initially will

allow easymoisture flow, however, as the cells on thesae of the material dryut, the moisture

flow is resisted by the irregular shapes of the cells. Granular materials consist of separate solid entities

and the grains are typically irregular shaped. This should cause the highest moisture flow resistance.

In constant rate dryinghé drying surface is supplied in excess with liquid due to capillary action
(Dobson, 2001). A layer of saturated liquid can be observed on the surface of the drying material.
The liquid then vaporises due to the heat transfer between the air and thel matkitithen diffuses

into the air stream. The evaporated liquid is soon replenished by the next layer of liquid. The rate at

which this layer of liquid can be replenished usually controls the drying rate.

Falling rate drying occurs after the constarte rdrying period. This period is characterised by a
reduction of liquid area on the surface of the material and progressively slower drying times. The
drying rate now only depends on the air temperature and the geometric properties of the material and
is not influenced as much by the properties of the air (Shatnad 2001). Drying in this case is
controlled by the ability of the water to diffuse to the surface of the material.



3 THEORY

Section 3 describes the thermal modelling sfragle thermosyphonHPHE and drying theoryand

lists the equations uden the various models.

3.1 SingleThermosyphon M odel

Consider a singlehermosyphonand its inputs and outpi as illustrated in Figure Heat is
transferred (in the case tife evaporator) from theohfluid stream, through the pipe wall and into
the refigerant inside the thermosyphofhe heat transfer occurs in the opposite direction for the

condenser section.
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Figure 9 Thermal resistance moddi @ single thermosyphon

The thermal resiahce diagram shown in Figure iBdicates all the relevant parameters when
evaluating the thermal performance oth@rmosyphonThese parameters include all the thermal
resistances and the temperature differencessa these resistances that cause energy/heat to flow in
the direction of the negative temperature gradient. The heat transfer rates of the condenser and

evaporator sections can be expressed as

0 (3.1)

(3.2)

B
Assumirg no losses in the thermosyphalong itslength and radial directions of the pipe, the

evamrator and condenser heat transfer rates must be equal, thus

(3.3)




Equation 3.3 can be rearranged and the inside temperatueéminated to yield the overalleat

transfer for the heat pipe as

0 . (3.4)
where

Y — (3.5)

Y — (3.6)

BY BY B'Y (3.7)

The evaporator and condenser thermal resistances represented in the above equations is a combinatiol
of the outside, wall and internadsistance of the thermosyphand aregiven below

BY Y Y Y (3.8)

B'Y YooY Y (3.9)
These resistances will be described individually in the following section.

3.1.1 Evaporator internal heat transfer resistance

The liquid which condenses in the condenser forms a falling film down the wall of the heatspipe
discussed in Section 2.21h normal operating conditiond)is film persists into the liquid pool at the
bottom of the evaporator. For this reason, nucleate amagoeative boiling may occur in the
evaporator depending on the heat transfer rate. Of the three possible boiling mechanisms that can
occuri nucleate, convection and film boilifgit is established practice to assume nucleate boiling
occurs in thermosymins.

The liquid pool can be divided into three heat transfer sections: natural convection, nucleate boiling
and combined convection. In the lajtive former modes combine and contribute to heat transtfer. El
Genk and Saber (1997) investigated the ligudl@nd liquid film regions in the evaporator. When
natural convection is assumed, the heat transfer coefficient can be given as

8

Q ™ XY — (3.10)
where theRaleigh number can be written, as

Yo —— (3.11)
the nucleate baig heat transfer coefficient can be given as

Q p T& G Q (3.12)

and he Kutateladze heat transfer coefficient can be written as



N gL pTOiI® —L @8 — (3.13)
where
R E— (3.19
The mixing pool coefficient indicates the contribution by mixing, sliding, and slushing of bubbles as
they rise to the nucleat®iting heat transfer and is given as
8
8 8

r— - (3.19

thus the combined convection coefficient can be expressed as
Q N Q B8 (3.19
To easily identify the different heat transfer regimesGEhk and Saber (1997) also introduced a

dimensionless pool parameterwhich is defined as

8

& rYPoie —— ys (3.17)
with
N A— (3.18

and the bubbly length scale as
0 n "Q” ” (319

For Natural Convectiod p Tt
For Nucleate boilingp ¢® p T
For combined convectiop Tt & ¢® p T

Similarly, the film region can also be divided into three heat transfer sections: laminar convection,
nucleate boiling and combined convection. The wall heat flux expongeistused to classifyhe
regimes

The laminar convection heat transfer coefficient is given by the equation

o T (3.20

Wheren = /3

When the wall heat flux exponent is Wween 0.6 1< 0.7, the nucleate boiling assumption is valid

and is given as



N ppuvuvpmal ® 0i®YS ———— (3.21)

WhereNys is the viscosity number and is given by the eiquat

0 — (3.22
and
0w —a (3.23

Using a smilar formulation to equation 3.1ée combined conveaon coefficient can be obtained as
Q N q 8 (3.29
The liquid film is evaluated by introducing the dimensionless film parameter to differentiate between

the different heat transfer regimes and is defexed

S (3.29

Where for

Laminar convectior p Tt

Nucleate boiling- ¢& p 1
Combined convectiopm - C¢& p Tt

The boiling mechanisms and equatialescribed above provide a relatively easy analytical analysis
of the inside heat transfer coefficient. However, the fluid flow inside the thermosyphons is often a
mixture of two phase flow regimes resulting invary complex flow pattern. For this reason
experimental correlations often have to suffice to provide the inside heat transfer coefficiends.

suggested the following inside heat transfer coeffidimro & Pioro, 1997)

8 8 8 8 8 8

Q 1 8 8 8 (3.29

Shiraishiused thesame equation to correlate kista, but changed the exponent 0.8.28

8 8 8 8 8 8

Q 1 8 8 8 (3.27)

For these equations to be valid, the folilogvconditions were adhered 1 = 1000i 35000 W/nj,
Tsat= 327 60 °C and V = 507 100 %

Semengroposedhe following relation (Pioro &ioro, 1997)



N mWipce 02— w0 — (3.29
where
. 0
w S — 3.2
—a (3.29
o T g (3.30

with their data set comprising of: @ m TP p T T MWIMA V' = 207 50 %, d= 67 24 mmand
Levap: 0.257 0.7 m.

The inside heat transfer coefficient can also be predicted by Nusselt theory according to Whalley
(1987) as

i 8
0 n

(3.31)

With the heat transfaroefficientand internal area known, the thermal resistance can be obtained as

Y — (3.32
with
o} “Q0 (3.33

3.1.2 Condenser internal heat transfer resistance

The vapour formed in the evaporator rises and cools again in the condenser. This condensate can
return to the evaporator either by filmwise or dropwise condensation. The latter is difficult to model
and ths filmwise condensation is always used to model the condensation process in the tube. The
assumptions are that the difference in temperature between the tube wall and the vapour are constant
and that there are negligible shear stresses between the vapdiqual phases. Faghri (1995) gives

the local heat transfer coefficient as

9 8
N — — (3.39

the Nusselt numbeelation locally is thus

8
6 — — — (3.39
the local Nusselt number can also be given as
08 1 we 8 (3.3

where



A — (3.37)

The average heat transfer coefficient for the condenser can be obtained by finding the integral of the

local heat transfer coefficient for the entire length of the condenser

i 8 8
Q —, NQa — (3.38

and the average Nusselt number agaimiokt similarly to equatioB.36

8

60 — — — T ¢ (2 (3.39
where
Y i _ (3.40

Faghri (1995) also gives reilans for the heat transfeoefficientsover different flow regions for the

following conditions

OE N i ocu

N Y —a (3.4))

"O¢ VY ocu

0 m@ip g —— (3.42

Uehara et al. (1983) however propose the following correlations (Faghri, 1995)

O¢ET® Yy R o@bi?®

N Wy, Q 20— (3.43

OEY R R ocqid

N mrtiyy, Q 01 —m— (3.44)

The following equation is attributable to Wang and Ma (1991) and is presented as (Faghri, 1995)
N Q08 — MPp TR OO (3.45)

where



OO N () p BW XP (3.46)

- %o
& P (3.47)

ando @ ® T#p for their experimentsh; is the Nusselt heat transfer coefficient ands

measured from the vertical. Once the heat transfer coefficient is calculated, the thermal resistance is

calculated as follows

Y —_— (3.48
where
0 “Q0 (3.49

3.1.3 Thermal resistance across thignermosyphonswalls
To obtain the ther mal resi st anc ethraughracydirgrical he w

layer may be usedCengel, 200)

0 Qb —— (3.50

and

A T — — (3.5))

3.1.4 Outside heat transfer resistance

Forced and natural convection analysis is utilised to find the heat transfer coefficient for a
thermosyphon Natural convection is used to analyse the singlermosyphon while forced
convection is usedtfind the heat transfer coefficient for a tube burafigoresented in Section 3.2

Churchill proposed the following relations

Of & G QRHHEO  p T

6o mpy XY w ® (3.59
O£ D O woQipom Y p T
66 mpuy XY w® p p® pmY Wy @ (353
where
g 8 8
W p — (3.59

having these relations, the outside heat transfer coefficient can be calculated as

ox

6. (3.59

h

The themal resistance can then be determined in similar fashion to eq@ati®n



3.2 Heat Exchanger Mbdel

A HPHECconsists of a collection of tubes that are orientated in a staggered or aligned sequence relative
to the flow direction and can be finned orfimned. The common tube bank configurations used in
industry consist otin-finned individual tubes plateandtube andndividually finned tubes. These
configurations are analysed to establish an outside thermal resistance and added to the wall and
internal resistances to yield an overall thermal resistance value. The internal and wall resistances are
simply modelled as described in Section 3.1, while the outside thermal resistances area calculated by

the theory discussed in this section.

3.2.1 Unfinned individual tubes
This tube bank configuration consists of tubes that have no fins and can be arramgadyimed or

staggered manner. The arrangeta are indicated in Figure 10

S s
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a) b)

Figure 10 Un-finned tube buodle configurations, a) aligned, b) staggered

To find the Reynolds number the velocities between the tubes need to be calculated. Due to the fact
that the flow area decreases when the fluid i@ with the specific tube row and the air has no
other rode to discharge, the velocity needs to be adjusted to maintain the mass balance. This can be

expressed as
0w W — (3.59
the Reynolds number can then be found using standard fluid flow relations
YQ — (3.57)

the Churchill relations can then be used to find therage Nusselt number between two adjacent

tubes in the same row
CENYQ pm

00 T®

— (359

e pmm YQ T pT



= P (3.59

5 P (3.60

If the tube bank has fewer than 10 rows, the average Nusselt number is given as
00 —0 o0 (3.6)

for tube banks of more than ten rows the average Nusselt number is calculated as

06 %0 O (3.62
the arrangement factor can be expressed as
8 8
%o p —— (3.63
8
%o p -0 (3.64

The dimensionless transverse and longitudinal pitches used in theQaot®r

TP oy PO 1 (3.69

TP g fPL<1 (3.6
and the pitches are

VI (3.67)

Once the Nusselt number is obtained the heat transfer coefficient cafcblated as in equation
3.55 The thermal resistance is calculatedising equation 3.68elow, andactoring in the fact that

the total thermal resistance takes into account all the tnliks tube row

Y i - - (3.68
h h
where
0 B “Q0 5 0 (3.69

3.2.2 Plateand-Tube configuration
This configuration consists of circular tubes connected by continuous plates at set spaces from each

other along théength of the tubes. Figurd illustrates this.
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Figure 11 Platefinned tube bundle configuration

The arrangement of the tubes can be staggered or aligned, but general practice is to have a staggere:
tube layout. Meyer (2003) presents a method described by Kroger (1998) to ahalysmtrol

volume, and this method is utilised. The control volume used in theseayillustrated in Figure

12
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Figure 12 Plateandtube control volume, a) plan view b) eavay view
The frontal fow area is given as
o YO (3.70
theflow area is then decreasedhen the fluid moves past the tubes, this minimum free flow area is
given as
0 'Y Q 0 o (3.70)

an area ratiean then be defined as

5
) 5 (3.72

the area of the plate/fin in contact with the air stream is the longitudinal and transverse pitches, minus

the total area of the tubes in the control volume area for the apddower plate, thus

5 vy 2 3.73

hence, the total area of the control volume exposed to the air stream is

o) o) 0 o “Q (3.74



the maswelocity through the minimum free flow area is

LS I (3.79

and the hydraulic diameter can be calculated as

Q 0V, (3.76

from this the Reynolds numbean be calculated as

vy © Q. (3.77

Pioro (1997) suggests the method used by Colburn to calculate the heat transfer coefficient by

obtaining the Colburnfactor.

8 8

Q "Yoi?d (3.78

For tube banks with 4 or more rowsuntaphan et. al (2002roposed the adjustment expressed

below

~

0 ™IiYQe — S (3.79

and Webl(1992) proposed the following for tube banks of less than 4 rows

. . g 8
0 ™Mow@ ¢ tYyQd — (3.80

once the Colburnactor is found, thdeat transfer coefficient cdre obtained using equation 3,78

the thermal resistance is then given as

Y i _ (3.89)

h h J
3.2.3 Plain individually finned tubes

This configuration consists of individual circular tubes which have circular finned tubes along their

length at setidtances. The configuratios illustrated in Figure 13

.S .
®
Vgl 1) 1Td
O
a) b)

Figure 13 Individually finned tule a) configuration and b) control volume



The method of analysis is the same as in Section 3.2.2, however, the Cdédmiong differ and are
given by Webb (1992) for more than 4 tube rows as
L7 st i: i 8
Q ™ oYQ?® lig 8 g (3.82
and for less than 6 rows

~ ~

Q Qp — (3.83
wheresis the spacing between two fins aad thefin height given by

i 0 0 MEW QO Qijg¢ (3.89
The heat transfer coefficient and the thermal resistance idat@d similar to Section 3.2.2

3.4 Drying Theory

Drying is a very energy intensive proseMujumdar (2001) states that drying consumes up & 10
of the total energy required in the food industry. Compounding this is the fact that drier selection is
often driven by desired product quality and not by energy considerations. Thus it is imihattant

energy minimization mechanism be incorporated into the drying system.

Drying can be stated as any process which involves moisture removal from a product by a heat and
mass transfer process. Heat transfer causes liquid on the surface of thé, prbithcs exposed to

the airstream, to evaporate and forces the vapour pressure of the moisture to be higher than the
surrounding air. Mass transfer is driven by the concentration differences between the inside and
surface of the product and likewise the difference between the surface and the surrounding air.
These mechanisms will be discussed in the following sections for the material and the air drying
process. Unless otherwise stated, all information is obtained Brolpson (2001 and Mafokeng

(2011).

3.4.1Heat transfer mechanism
Consider dlat sample as depicted ifrigure 14 of a material that is to be dried. Heat is transferred
by conduction, convection and radiation (Cengel, 2006). Radiation is assumed to be incorporated in

the convective hedransfer mechanism and is not considered exclusively in this document.

Conduction occurs when energy is transferred from particles at a higher state of energy to particles
with a lower state of energy within a body. In drying it plays an importanbemause it allows heat
transfer within the material being dried.
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Figure 14 Mass sample
Conduction can be determined from Fourierodos |
0 TQ‘c‘)y— Qo— (3.8
Convection occurs when energy is transferred between a solid/fluid surface and an adjacent gas/fluid
in motion. The convection heat transfer rate
0 @Y Y (3.86)

The change in temperature in the medium can be given by the conservation of energy equation

BO BO (3.87)

'~<<| K

if the effects of kinetic and potential energy are ignored, equat&#becomes

y : :

5 0 0 (3.89
defining

Yoan'yY (3.89

equation3.88can be writtenafter taking the limit, as
& o _ (3.90
and substuting equation3.85into equatior8.90yields the following
a G- Qo— (3.99)
thus the average temperature within the sample can be determined by
—_ —— (3.92
3.4.2 Mass transfer mechanism
Mass transfer takes place when a component moves from one position to another within a medium or

out of the medium. Component concentration difference drives mass transfer, analogous to

temperature diffence for heat transfer. Consider a flat plate as display€idume 15



CA 1

\]Al JAZ

qCA =Cal Ca

2 Ca:

ox

Figure 15 ConcentratiorMass sample

The flat plate contains two components (A and B). The concentration of A in B abmgshe x

axis The conservation of mass for the plate can be written as
(3.93

— Ba Ba
Fi c ki Bw - which states that the molar flux of a component due to diffusion is directly

proportional to the concentratigmadient and inversely proportiaito the distance of diffusiorcan
be used to determine the mass flow rate of component A from position 1 to 2. This is expressed as

0 o 0 — (3.99
and
(3.95

a O 0—
is the rate of diffusion of component A abdg the diffusivity of component A in

wherev o
component B. Also, the mass of componerh Aomponent B can be written a
(3.96

a Yoi
therefore,
vy —_ Y , y
5 (@) 03’/_ Z0 2 (3.97
rearranging yields
y : y y , VRS
v Oy 5 5 ©Og3yY5 (3.99
And takingthe limity i el ds Fi ckdés second aw
(3.99

— 0 —

which characterises liquid diffusion in a product being dried.



3.43 Air drying process

The onset of drying@ccurs when the vapour pressure of the moisture osutface of the drying

product ishigher than the vapour pressure of the air. Thus the moisture has to move from the inside
of the sample to the surface from where it can evaporate. Moisture coriteatrdeni nes t he
of a product. This can be determined by measuring the mass of a sample and calculating the bone dry
massof the solids The masture content can be definedtwo ways. The first defines the moisture
content on a dry basis as

) — QO 0 ®ojMQi ¢ aQQi (3.100
or on a wet basis as

@ —— QQU GOJ@MQ O WO Qi ¢ aQQi (3.101
The equations above can be solved simultasigoto obtain the relationship between the two
moisture content definitions as

o

Eie — (3.102

The rate of chargof the moisture content indicateg drying rateAs mentioned in Section 2,5wo
distinct drying periods exist which are discussed below.

Constantrate drying

Constantrate drying occurs due to evaporation of the moisture from the surface of the product. The

surface is supplied with an excessive amounigoid by capillary action.

Moisture ContentX (kg-waterkg-solidg

Time, t (s)

Figure 16 Moisture content of sample



The rate of drying is determined by how much moisture can evaporate from the surfac&iduseng
16, the moisture content of the sams a function of timéyetween points B and €&n be given as
N O WO (3.103

where the constantsandb can be expresses

~

® o 0 WE @ —— (3.109

Falling -rate drying

The falling rate drying period is controlled by the ability of the water to diffuse to the surface of the
material. This is depend® onthe material geometrgomposition and the moisture conteritichis

not uniform throughout the materiallhe local moisture content of the material is often not of
practical importance and is difficult to measure, thus the average moisture canfsrif interest.

The normalised moisture content can then be given, as a function of time, by the general solution to

a second order differential equation

— —— Q0 T 00 ©0'Q E (3.109

For small values dbt/L2, in the region C to D of the drying curve, the first term of equait05is

significant, and the normalised moisture content can be approximated by the equation
— — 0Q T w0 Q (3.109

where

) and @ O Q (3.10%)

A more involved solution ipiires evaluating the moisture content of the sample over its dimensions.

Consider the moisture content of a sample over its length as depi€igaiia 17.
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Figure 17 Moisture content of sample relative to position
The average moisture content is defined by the area under the curve,
01 Q) wWQw-, ®Qw (3.108
whereX is the solution of the Ficks second law and is given by

8 ~ . P
d O c¢d & B Q Ai-6-2— (3.109

8

Substituting and integrating yields the average moistureaatidhus equeon 3.106can be written

as
— —— ¢B Tc’)léz::i ™ aQ (3.110

Table 2indicates the values of the average moisture ratio as a functiopof calculated from

equation3.106. For three dimensional diffusion, the average moisture ratiGspaf , O p0

Op0 and thé product will be the solution for a finite material, much like transient heat transfer is

treated.



Table 2 Dimensonless moisture ratio as per equatdoh06(Dobson, 2001)

T < 4 L T < 4 L T < 4 L
4 P r——=2 | T |P (2| T |P ———
F [y T
0.00 1 0.1 0.6432 11 0.0537
0.01 0.8871 0.2 0.4959 1.2 0.0411
0.02 0.8404 0.3 0.3868 1.3 0.0328
0.03 0.8045 0.4 0.3021 1.4 0.0256
0.04 0.7743 0.5 0.2360 15 0.02
0.05 0.7477 0.6 0.1844 1.6 0.0156
0.06 0.7236 0.7 0.1441 1.7 0.0122
0.07 0.7014 0.8 0.1126 1.8 0.0095
0.08 0.6808 0.9 0.0879 1.9 0.0074
0.09 0.6615 1 0.0687 2 0.005

In most cases the rate of change of the average moisture content is d@snextangular samples
the drying ratean be obtained by sptifying and differentiating equeon 3. 106 and solving for the
drying rate yields

— O — — — 0O (3.113)

if the diffusion coefficient, D, of a material in another material is known, the dryingaiatéhen be

determined usingquation3.111

3.4.4 Constantrate drying period time prediction

In the constant rate drying period, the surface of the drying material in contact with the air flow
remains completely wetted, essentially acting as if the solid was not present. Thus the rate of
evaporation is the same &® evaporation from a free liquid surface under the same conditions.
Drying occurs by mass transfer from the surface to the environment. Thus, the rate of heat transfer to
the free liquid surface plays an important part in this drying period. At stesdijtions, the mass
transfer from the surface to the environment, which is the rate of energy change from liquid to vapour,
equals the rate of heat transfer into the material to be dried. A drying rate curve is slaguren

18.
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Figure 18 Typical drying rate curve

It is assumed that the initial difference between the moisture content at the very beginhiagd X
the moisture content at the start of the constatet drying period (¥) is negligible.Neglecting
effects of radiation and assuming the drying trays are metal matrices which store a negligible amount
of heat energy, the drying equation can be written as

0 @'Y Y (3.112
wher e t heso sdicdtes the fiegliguidfsurface, which is at the wet bulb temperature of the
air. The heat energy required to vaporise the water from the liquid sigface

0 a Q (3.113
where, in this casé is the mass flowrate of water from the liquid surface. These two equations
can be equated and the following equation obtained

0 DY Y a4 Q (3.1149

and rearranging gives

a —_— (3.119
Al ternatively, the mass fl owrate from the sur
— 00— 06 6 MQd & Q0 a2y ¥ (3.116

rearranging quation 3.115would yield the mass flowrate due to pressure differences. The heat
transfer coefficient can be predicted using the following correlations



For air flows parallel to the surface and velocities betweeard57.6 m/s
N pB® (3.119
and forair flows perpendicular to the surface and velocities between 0.9 and 4.6 m/s
N (R W (3.118
Mass transfer
As the air flows over the wet surfacetbé product, water is transferred to the air due to a moisture

concentration difference. Analogous to heat transfer, the mass transferred from the surface to the air

can be given as
— o gn (3119

The mass transfer coefficient can be determined in a similar way to the heat transfer coefficient. The

Sherwood number, which is equivalent to the Nusselt number, is calculated by the relation

o —— (3.120

The hmidt number, which is the equalent of the Prandtl numbéosr heat transfercan be defined

as

Y& — (3.12))
The Reynolds number of the air is also required. It is expiesse
YQ — (3.122
Whered is a characteristic length calculated from the material geometry. The veloitthe air is

calculated using the conservation of mass. Correlations between the dimensionless nustliers exi
different drying applications and can be used in these respective situations.

The drying time prediction for the constant rate drying period can be written as

a - (3.123
Combning equatiors 3.123 and 3.11the drying time can be given as
0o EE— (3.129

3.4.5 Falling-rate drying period time prediction
The falling rate drying period occurs from the criticaoisture content (%) to the equilibrium
moisture content (. The product temperature increases in magnitude above the wet bulb

temperature and the moisture removal is controlled by the internal structure of the product. Thus,



geometry also plays almin this drying period. For an infinite plate geometry, for example a flat

cake or rusks, the moisture content can be predicted by

(o}

—Qon (3.125

Solving equation 3.12%he drying time for an infinite plate during the falling rate period can be

written as

0o —I 11— — (3.126

00 —I I— —— (3127
whereb is the solution to the firsbrder Bessel function vith equals 2.4028. For a sphere,
0o —I 11— —— (3.129

Usingequatiors 3.126128and the constamaite drying timegiven inequatior3.124 the total drying

time can be determined as

O 0o 0o (3.129



4 ALGORITHM

A simple iterativenumerical solution is used to solve the heat transfer equations focasobl
volume shown irFigure 19 The energy balance equation is solved at eashof pipes and the
obtained values used as thput values for the nexbw. Figure 19llustrates that the air streams are

adjacent, but the same reasoning appliea famaratedHPHE. The procedure is as follows:

Tco(l) Tco(Nr) E :Tci(Nr)
< <« <
a | :
Tei(1) Tei(N,) !  Teo(Nr)
— > —
s
Row 1 Row i Xdo Row Nr

Figure 19 Numerical algorithm control volume

The heat exchanger wasginally specified for the installation atlocal biscuit manufacturing plant,
NibbliBits (Pty) Ltd The geometriproperties of the sepaiedHPHE were limited by théactory

design specificatia) and hence had tf@lowing specificationshown in Table 3



Table 3 Heat exchanger specifications

Working Fluid R134a
Tube material Copper
Plate material Aluminium
Inlet hot temperature 72 °C
Inlet cold temperature 15 °C
Evaporatoand condensetir mass | 0.7 kals
flow rate

Tube bank configuration Plateandtube
Evaporatoand condensdength 0.35 m
Number of tube rows 6
Numberof tubes per row 11
Longitudinal and transverse pitch | 0.0381 m
Fin pitch 10 Fins/in
Fin thickness 0.0002 m
Outside diameter of tubes 0.01588] m
Inside diameter of tubes 0.01490] m

A schematic of the heakchanger is shown in Figure.20

I;*

_ condensor

Figure 20 SeparatetHPHRHE schematic

A flow diagram of the comuter program operation is shown in Figure 21
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Figure 21 Computer algorithm flow diagram
Table 4 illustrates the program outport the specified inputs

Table 4 Program predictions

Inlet, | Row | Row | Row | Row | Row | Outlet,
Outlet | 1-2 2-3 34 4-5 5-6

Inlet
Hot Temperature| 71.98 | 69.55| 67.12| 64.69| 62.26| 59.83| 57.46
[°C]
Cold Temperaturg 28.73 | 26.56| 24.12| 21.84 | 19.56| 17.28| 15
[°C]
Total Pressure
296.33
Drop [Pa]

Total heat load
120013
[W]




5 EXPERIMENTAL WORK

This section describes the various experiments undertaken. The manufacturing, equipment and
instrumentation used, calibration techniquegerimental depsand experimental procedurase

all documented.
5.1 Manufacture of Heat Exchanger

The heat exchangeweremanufactured ypColCab (Pty) Ltd and Mr G. Davids (ColCab) assisted in
the design. The heat exchanger had the same specifications as Jiaae & Section 4. The detai

heat exhanger design is shown irppendixD.
5.2 Experiments

5.2.1 Equipment and instrumentation used
The following equipment was used for the drying tests:

1 Load cells
The ESTF2 single point compressiolvad cells were obtaed from Technopark Control and
Automation. The load cells had a capacity of kf) a sensitivity of 2+/0.05 mV/V and a
hysteresis of +0.02 %FS

91 Data acquisition system
The data was processed using tBpider 8600 Hz acquisition systemand the Catman
Professional Suite from HBM.

1 Tempeasture calibrator
All thermocouples were calibrated using the Fluke 9142 Field Metrology Well. The serial number
is B29291.

1 Temperature sensors
Type AJO0O temper at wbtan the eemEe@turs at vagousgs in theeddyingt o
tests. The sensors were originally supplied by Urpgtemd their part number is USAA1S4UX

1 Hygrometers/anemometers
RS 3270640hot wire anemometers were used to measure the air flow velodclig urier. The
anemometers have a measneat range of 0.2 20 m/s,07 50 °C,a resolution of 0.1 m/s and
an accuracy of +/1 % of the full scaleThe part number is &82567.

1 Fans
The fans were supplied WS and are 22240V,5060 Hz single phase-8eries external rotor
shaded pole typdheir serial numbers are A15055.

1 Temperature control box



TheHotrunner UNIC60601 control boxwas supplied by Unitemp and the individual controllers
areGefran 600controllers with an accuracy of O?2.FS at an ambient temperature of’25

1 Heating elements
The heating elemés arelncoloy Heating elementsnd were also supplied by Unitemp. Their
serial number is UHR.00-0808G500

The heat exchanger pressure driside andoutside heat transfer coefficisnwwere experimentally

determined and the followingguipment was used for this.

1 Wind tunnelfan
The air is drawn through the wind tunnel bypankin Manufacturing Co(Pty) Ltd.Fan. The
serial number is C1194.

1 Variable Speed Drive
A Yaskawa Varispeed Bariable speed drive was used to vary the air vigldlcroughthe wind
tunnel.Its serial number is E7C4022.

1 Hot water supply tank
The 1800 supply tank was heated by tHall Thermotankoiler. The serial number is 1000022.

T Manometer
The pressure transducers were calibrated using the Van Essen BEbmihometer. The range
of the micrometer is 50hm water and it has a 220AC power supply. Its serial number is
12563.

91 Data logger
TheAgilent 34970ADAS was used to scandllata. The part number is 380114.

1 Radiator
A Toyota Smithsadiator was used to aethe incoming air. Its serial number is 164DD450
2133320401.

1 Pressure transducers
The pressure transducers were used to measure the pressure loss across the heat exchanger ar
the nozzle located in the wind tunnel. The serial numberd 8AA6S JS4HX

5.2.2 Calibration techniques
The load cells were calibrated by placing known masses onto them in increasing and decreasing order.

Three separate calibrations weosmducted on separate dayfiese are dispyed in Figure 2
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Figure 22 Load cell calibration

All measured data was then adjusted by the calibration equation

4

a TI0 0 @ L T8I Mo (5.1)

The thermocouples used in the experimerdese calibrated by inserting them into the metrology well
and measuring their temperature udimgAgilent Data LoggerThe temperaturesere then chaged
by anincremental value and from this a calibration curve for each thermocouple was .cAgated

example is shown below.
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Figure 23 Thermocouple calibration

Each thermocouple measurement was adjusted accordirigetequation obtained from the
calibration similar to the load cell calibration

5.2.3 Experimental setups

Drying tests



The drying tests were conducted in arh.long, 1m high custonbuilt drier that has a drying chamber

size of 0.5m x 0.43m x 0.25m. The drying chamber has three trays at separate heights. Only a single
tray was used for the measurement of the material mass. The trays mounting was redesigned so that
it would rest on a platform attached to thek@Qoad cellsAccess to the trays is @ihed by a small

door in the front of the drier. The drier setup is shown in Figdre

The TCU measures temperatures at the positions illustrated By rierkers in Figure 24This is
then used to control the heating input to the cold airstream angtlasngintain the drying chamber
temperature. The VSC allows air to flow at different velocities. The mass of the product was measured

via the load cells by the Spider DAS at a sampling rate of 1 Hz and the data saved to the data logger.

Drying product Drying chamber

|
/ -—
Z
/

TCU

Load cells
~

Spider8 DAS

. [

Heaters

AN

PC/data

VSC
logger

Figure 24 Drying test setup

Outside heat transfer coefficients

To determine the outside heat trarstoefficiens, a heat exchanger of similar geometry to the
separatedHPHE was flled with water from the 2400 cold watersupply tankThe cold water inlet
temperature was kept constant by passing it through a chiller in the supply line which cooled the
water to 5°C. To supply asuitableheat input, lte radiator was supplied with hot water from the 1800

L supply tank.The hot water supply was limited to 8@, which limited the correlations to the
temperature rangef 10 °C 1 80 °C. Figure25 illustrates the water supply line to the experiment

setup.
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Figure 25 Cooling and heating water tankssems

The temperat@ measurementsintsfor the determiation of the outsidé-values arellustrated in
Figure63. The figure also illustrates étwooden duct that the heat exchanger is installeddntlze
wind tunnel it is attached tdhe measuremésare as follows:

Twi Hot water inlet temperature to the radiator

Two Hot water outlet temperature from radiator

Thpwi Cold water inlet to thermosyphdtE

Thpwo Cold water outlet from thermosyphiE

Ti  Airinlet temperature to radiator

Thei Air inlet temperature to heat exchanger

Theo Air outlet temperature from heat exchanger

Pheo Air pressure after heat exchanger

Phei  Air pressure before heat exchanger

Pa1  Air pressure before nozzle

Pa2 Air pressure after nozzle

To minimise inlet losses artd ensure the air flow in the duct is of a uniform profile, the inlet is a
shaped bellmouthlhe air flow is determined by measuring the pressure drop across the elliptical
nozzles between the perforated platethe wind tunnelThe corresponding masewW rate is given

by

& 6 %D cn 3y © (5.2



For very low Reynolds numbers the nozzle discharge coefficient is at least 0.97, which is close to
unity and for simplification can be assumed®unity. The gas expansion factor and the approach
velocity factor can be given as follows:

% p o33N TN ©OIo (5.3
O p ™ OO ¢O6jd NTH T (5.49)
where for airo ¥& = 1.4 the diameter of the nozzle = 0.88 the upstream pressure is known and

the area of the tunnéd, =143 m x 1.28m = 1.83m?. The outside heat transfer coefficient setup
is shown Fgures25 and65.

Inside heat transfer coefficients and thermal performance

The separatetlPHE was installed into the modifieeboden tunel duct and wd tunnel system as
shown in Figure 27 and 64 As depicted in the figuse the evaporator was placedlde the
condenser section atige sections wereonnected byhe vapour riser and liquid down comer tubes.

To obtain the heat input to the evaporatbe, condensegoreheats the inlet air and the radiator heats

the air to the desired evaporator inlet terapgre. Thus the setup represents two different fluid
streamsThe cold water supply was not used for this set of experimé&hesthermosyphon loops

were filled to 50% of the evaporator lengtifo measure the inside temperatures of the individual
rows, hermocouples were attached to the walls of the riser and the down comer tubes. The thermal
resistance of the copper walls amegligible thus the insideemperaturecan be estimated by

measuring the wall temperature.
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Figure 26 Experimental setup for determining the outside heat transfer coefficient
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Figure 27 Experimental setup for determining the inside heat transfer coefficient

For theseparatedHPHE to operat effedively and to prevent refrigerant leakage, each thermosyphon

loop needs to be vacuum tight. The thermosyphon loops were charged by using a single stage vacuum

pump and a scale. The charging procedure is as follows:

)l

)l

The thermosyphons loops respective volamere calculated and from this an exact amount

of refrigerant was calculated kilograms

The air in the thermosyphon loappumped out and the loop is checked for being vacuum
tight.

The loop is checked that it holds a vacuum for at least 5 mins.

The pressurized bottle holding the refrigerant is hedgdhserting it in a ht water bato

cause a higher pressure in the bottle than in the loop and allow the refrigerant to flow into the
loop through the Schreader valve

The mass of the pressurized botleneasured by the scale as the refrigerant fiotesthe

loop

When the appropriate amount of refrigerant has flowed into the loop, the bottle is closed off.
The | oop is then fiburpedo to allow trace a

The bottle and vacuum pump alisconnected and the process is repeated for the next loop

The charging setup is illustrategdFigure28.
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Figure 28 Thermosyphon loopharging setup

5.2.4 Experimental procedures

Thetypical experimental procedures weas folows:

Drying tests

i) Set the drying element temperature to the desired drying temperature and allow drier-tqgpwarm

i) Load the drying tray and set the load cell measured values to zero

iii) Set the VSC to the lowest flowrate position to turn on the fans

iv) Measure tB mass of th&ay as the produdbsesmoisture

V) Measure the amassflow rate and temperature to ensure drying conditions stay constant

vi) Oncethe material isdried, removethe material,adust the air flow rate and allow digpg
conditions to stabilise

vii) Reload dryng tray and repeat steps iv) to vii)

The drying temperature can thendmbuged and the experiment repeated.

Outside heat transfer coefficiensnd pressure loss

i) Setthe hot water inlet temperature and cold water inlet temperature to the daisiesd
i) Set the VSD of the fan at 24z

iii) Measure the hot and cold water inlet and outlet temperatures

iv) Measure the atmospheric and heat exchanger outlet temperatures

V) Measure the psaure loss across the heat exchanger and the twmtel nozzle



vi) Adjust the VSDto a higher frequency and repeat steé)<a vi)

A test run at the specific hot water temperature is then complete. A nevateotempraturecan be

selectedand allowed to stabilise at the new selectglde. The procedure can then be repeated.

Inside heat transfer coefficients and thermal performance

T
T
T
T

T

Set the hot water inlet temperature to the desired value

Set the VSD of the fan to 24z

Measure the air temperatures at the inlet and outlet of the condenser, radiator and evaporator
Measure the tempedtaes of the refrigerant of all the rows at the top and bottom of the condenser

and evaporator

Adjust the VSD to a higher frequency and repeat steps iii) to v)

The procedure can then be repeated at a different hot water&uonpesimilar to the outsidesdt

transfercoefficients



6 RESULTS

This section documents the results of all the experimental work done. Where needed, the results are
compared to theoretical results for validation purposes. The rebtdisied are split into

1 Thermal performance of separatedHPHRHE i pressure lossputside heat transfer
characteristicand multilinear regression

1 Thermal performance of a separatdHRHE i energy balancesnside heat transfer
characteristicand multilinear regression
Inside temperature distributiof the separated PHRHE
Comparison of the heaxchangermerformance with numerical prograpredictionsand

theoretical correlations

For ease of reading the mdiithear equations areimped together before or aftdre applicable

figures.

6.1 Thermal Performance of the Separated HPHRHE

A large number of data points was generated by each experiment. These data points were reduced to
a data set of 90 point§.o illustrate that the heat exchanger is working properly and that the
thermocouples are indeed msaeng the correct temperatures, the energy balance between the

evaporator and condenser sections must lie within a small percentaeh other

This subsection describes thpredictedresults dtained from applying mutlinear regression
techniques orthe generated data sets. While it is theoretically possible to use a large amount of
variables to accurately predict tliesired property, for practical applications this can be time
consuming ad complex. Thus, onlg maximum of twovariables with the lagest influence were

chosen to model the desired properti&mmple cajulations are given in Appendices A4 and A5.

6.11 Outside heat transfer coefficients and pressure loss

Figure 29 illustrates the energy balance obtainehile testing a heat exchang#rat was
geometrically the same as the units used for the sepafi&idét setupThe conservation of energy
is deemed satisfactory and thus the obtained results can be used with confidence.
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Figure 29 Energy balancef thegeometically similar heat exchanger

For these experiments the heat fluxes typically ranged from 7006 W86000 W/m, the air mass

flow rates ranged from 0.36 kgisl.2 kg/s and the maximum heat tséar rate reached a value of
34802 W with an average tempetare difference 027.2°C across the entire heat exchanyéhen
calculating the outside heat transfer coefficients for each row, it was assumed that the temperature
profile of both the water and the aicross the heat exchangary linealy. Sample clgulations are

shown in AppendiA4

Figure 30a) through f) illustrates the predicted outside heat transfer coefficients compared to the
experimentally obtained outside heat transfer coefficients for each individuaFigwre 30a) and

b) show that thelbof the predicted values fall within% of the experimental valuesrfthe first two

rows. Figure 3@) and d) show that for rows three and fout®®f the predicted values fall within

8 % and 1% respectively. The final twoows, as indicated by Figal 30e) andf), are slightly less
reliable.For the fifth row 8% of the values lie within 1% of the experimental values, while for the

sixth row, 80% of the values lie within 1% of the experimental values.
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Figure 30 Outsideheat transfer coefficients for each row of gemmetrically similar heat
exchanger filled with cold water

To do a regression analysis, all the possible variables were considdregfiaed as needed. These

are listed below:
N QYQ i RARYRYS 8 (6.1)

Only dimensionless number should be used in the correlations. The Reynolds number documents the
air mass flowrate and geometric properties of the heat exchangkr thbki Prandtl number
encompasses the air temperature and thus these two variables were used inlineanuégression.

It was also noted that even the addition of several more variables provided a very small improvement



in accuracy. Thus only thesed variableswere considered he outside heat transfer coefficients for

eachrow were determined gs follows:

YépdQ mimpp¥Q 2 01 B R2 = 0.9947 (6.2
YéudQ mrinmgey¥® ® 01 ®  R=0.9884 (6.3
YéodQ mintye ® 01 ® R=09773 (6.9
YéadQ minyew® 2 01 8 R=0.9491 (6.5
YéwdQ mripgr@ & 01 8 R=0.9947 (6.6)
YéEpdQ Mo & 01 8 R2=0.3882 (6.7)

Figure 30shows that 9% of the predicted pressure loss values fall withta 8f their experimental

counterparts.
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Figure 31 Pressure loss aass the HPHE

Similar tothe outside heat transfer coefficigrthe pressure loss is algwen in terms of the air
sideReynolds and Prandtl numbers. The obtained correlation is given below:

YO i pg pmTpTTYQ 8 01 ® R=0972 (6.9)

6.12 Inside heat transfer codicients: R600a

Figure 32illustrates that for theeparatedHPHE configurationusing R600a athe refrigerant the
evaporator heat transfer values are up téolldigher than tb condenser heat transfer values. This is
deemed acceptable because in a practical application, no WHRU can recover all the haatinput
the values are within reason. For this set of experiments, the heat fluxes ranged from 1886 W/m
13825 W/nt and tle maximum heat transfer rate obtainfE8B68W at an averge temperature
difference of 38C.
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Figure 32 Energy balance of the separatdBHE operating with R600a

One of the objectives of th&gudy was also to investigatvhich ommercially obtainable refrigerant
works optimally in theemperature rangsonsiderednd how their performance is influenced by the
differences in temperature between the condenser and evaporator. $agtion 3 a) tod) illustrate

that R600 works effctively with a relatively small temperature difference required between the

evaporator and condensactions
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Figure 33 The thermal resistanc# the separateliPHE charged with R600a at different mass

flow rates



Figure34 illustrates the predicted irte heat transfer coefficients compared to the experimental heat
transfer coefficients fothe first three rows. Figured3) and b) show that the 95 of the predicted
values fall within 18% of the experirartal values. Forow 2, the 95% of the predicted values fall
within 20 % and 16% for the evaporator and condenser respectiviely.e t hi rd r ows 6
slightly less accurate, with 9% of the values falling within 3% for the evaporator and 95 of the

values faing within 25% for the conderes.

The comparisonbetween the predicted inside heat transfer coefficient and the experimentally
obtained heat transfer efficient are shown in Figure53a) through f). For row 4, 9% of the
predicted values fall within@®% and 22% of the experimental values for the evaporator and
condensesections respectively. The evaporator section in row 5 hés 86its values inside 2%

of the reference line, while tl@ndensesection has its values all within %0 of the refeence line.

For the evaporator section in row 6, 93of the predicted values fall within 22 within of the
experimentally obtained values, while for tb@endensesection 20% of the predicted values fall

within 20% of the experimental valueBhe equabns obtained from the regssion analysis are given

as follows
Evaporator
Yé pdp T @@ PO 0 D R?=0.1662 (6.9
'YE @ar x @0 o 8 0@ R?=0.2641 (6.10
Yé @dg T @uxro & 0§ R?=0.3983 (6.11)
Yé adg o @pw 6 8 0B R?=0.5575 (6.12
Yé dp & wo® U ®B  R2=0.5318 (6.13
YéE pdp & v WS 0 ©8 R?=0.7651 (6.19
Condenser
Yé B pVFE  » ° R=09824 (6.19
” 8
Y& @dp8 ¢ oY " R’=0.9538 (6.16
Yé wdp m@WYS® - ° R=09194 6.17
Yé Gdp mRer Y&+ RR=09172 6.18
” 8
Yé dp @& 1O " R?=0.9999 (6.19

Yé pdp T o iy P _ R’=0.%25 (6.20
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It is observed that thiesidecondenseheat transfer coefficients display muciorescatter than the

evaporator inside heat trapsfcoefficient, which are mdgtscatteredaround a constant value



6.13 Inside heat transfer coefficientsR134a

Figure 3 displays the eneggbalance for the separatetPHE with R134a ashe refrigerant. The
evaporator and condenser heat transfervaliges lie within 10 of each other. This was deemed
satisfactory for results to be obtained. The heat fluxes for the experiments ranged frafmi?G4
9694W/m? and the maximum heat tramesfrate was obtained as 11783t a temperature difference
of 40 °C.
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Figure 36 Energy balance of the separatdBHE operating with R134a

The effectiveness as a function of the average evaporator and condenser temperaemeediffer
illustrated in Figure 3a) through d). It can be seeratiR134aalsoworks well forlow temperature

differences, as was the case with R600a.
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Figure B shows the predicted inside dtetransfer coefficients compared tiwe experimentally
obtained inside he&tansfer coefficients. Figure8&) and b) indicate th&0% of the predicted inside
heat transfer coefficients fall within 3 and 10% for the evaporator and tltendensesections
respectivelyFor both rows 2 and 3, 8 o the predicted values fall wiith 16 % for the evaporator
sections while fobothof thecondensesectionghe all of the predicted values lie within 420of the

experimental vales. These are shown in Figud&c) through f).

Figure 39 shows the comparison between the prediatsite heat transfer coefficients and the
experimentallyobtained inside heat transfer coefficients. For row 4463 the predicted values fall
within 16 % of the reference line value for the evaporator while all of the predicted values fall within
16 % for thecondenserFor row 5, 99% of the predicted valgefall within 14% and 16% of the
experimentally obtainedalues as depicted in Figus® c) and d). For row 6, the predicted values fall
within 8 % of the experimental values for the evaporator anth @2 the predicted values fall within

13 % of theexperimentallyobtained valuesT'he corréations that were obtained are listed as follow

Evaporator

Yé pdpo w6 8 0 B R?= 0.5486 (6.29)
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Figure 38 Inside heat transfer coefficients for the separbtBPHE operang with R134a and
charged to 506 of the evaporator length for Row31




































































































































