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ABSTRACT

This work was carried out in response to the need for a
simple englneering methsd far the thermal analysis of
direct~contact air-water heat exchangers. A simple
method of performance analysis is developed which is _
directly analogous and consistent with the fundamental
approach used in conventional heat exchanger analysis
and one in which the algebraic form of the overall
equaticn and the grouping of each of the parameters are
apparent.

* The rarga of counditions considered are air and water
temperatures of between 0 and 50 °C and barometric
pregsares ranging from 80 to 120 kPa. The air con-
ditions considered range from completely dry to com-
pletely saturated with water vapour. Both alr cooling
and water cooling processes are considered.

Simple equations are developsd to describe the change
of energy state of the water and air stream as well as
ko describe the heat Flow from an elemental wet area.
The concept of sigma energy diffarences ia used to des-
cribe the driving force for heat tranufer from a wet
gurface (in place of enthalpy potential)} as well as the
change in energy state of the air stream. A specific
heat term for air based on sigma srergy is introduced
making it possible to produge the overall performance
aquation from the algebrailc mapipulations, The per-
formance equation does nok require the identification
of which fluid has the minimum thermal capacity and the
NTU value is definad on a basis of the thermal capacity
of the dry air stream.

In order to verlfy the performance equation a large
axperimental database was genarated usging a suite of
direct-contact heat exchangers. Both alr eooling and
water cooling tests were carried aut for otherwise
_identical situations. In addition the development ana
verification of the performance eguation reguired the
development of a comprehensive computer model for the
aimalation of counterflow direct-contact air-water hesai
exchangers, The program suceessfully mod-ls the real
heat exchangers, and apart from the heat and mass
transfer criteria, takes acgount of the fogging of the
alr stream. Th? performance equation is examined
against 650 experimental and simulated sets of process
conditions and appears to be satisfactorily accurate
and versatile,
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1- INTRODUCTION
1.1 Background

The gold mines in Sonth Africa use a considerable
amount- of refrigeration and air-conditicning equipment
to provide acceptable environmental conditions in work-
ing'places. On some 30 mines, the total installed
refrigeration gapacity exceeds 1 200 MW, with eguipment
 _insta1led both on surface and underground. This
nquipmenﬁ is used to ¢hlll water, which is in turn used
as coolant for wentilation air, and as service water in
the mining operation to distribute cooling directly to
the working areastl:2:3), '

Figure 1.1 shows the growth in the instlled refrigera-
tion capacity on South African mines in recent years,
together with the manner in which this eooling ia dis-
"~ tributed, Of particunlar aslgnificance in this graph is
the recent use of direct~contact air coolers which
presently transfer some 450 MW of cooling to the venti-~
lation air. A variety of designs are currently in
use, ranging from conventional cooling-tower type pack-
ings to the more common spray chamber deaign in which
the chillesd water ls sprayed vertically upwards in
horizontal excavations through which the ventilation
air £flows{4r5)., fThe cooiing capacity of the in-
dividual unilts varias £rom 100 %W to In excess of

10 000 XW in some instances,

Rejection of the heat of condensation from the re-
frigeration machines ls achleved with ailr-water heat
exchangers,  Thasge exchangers are in the form either
of evaporative condensers or, more commonly, shell and
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Pigure 1.1 Growth in instalied refrigeration capacity in
South African gold mines



tube type condensers which afe_employed in conjuonctien
with direct contact wat=r-air cooling towers or spray
chambers., With rega:” ©r che latter, surface in-
stallations use varlous azsigns of conventional packed
cooling towers, while undergreound facilitiey use open
vertical counter-flow spray towers or horizontal spray
chambers,

Packed towers ate also used in mine conling systems as
pre-cooling toweras. When the cooling water is re-
turnad to surface from underground for re-cooling it is
warmer than the asbient wet-bulb temperature and is
pre-~cooled in these ktowers before being refriger—
ated(6), Because of the high cost involved in re-
Erigerating the water 1t is expedient to design and
operate these pie-cooling towers at exkremely close
approach temperatures,

Thues, direct contact water—alr heat exchangers ara used
extenzively in the Scuth African gold mining indoustry
for many different applicationa, and therefore the pro-
cess reguirements vary widely. For example, a con~
denger heat rejection applicatien may requira the
teaperature of the inlet water undevground to be as
high as 50 °C with inlet air kemperatures in excess of
30 °C and saturated, while on surface normal <ooling
tower operating conditions prevail. For air cooling
applications, on the other hand, inlet water tempera-
ture 1s typically 10 °C but can be as low as 0 °C.
Furthermdre, detalled consideration is being.given to
the use of ice slurries in spray chambers(7}., The
temperature af the air to be cooled also varles widely
from typically 30 °C saturated temperatures underground
to dry winter conditiuns on surface.  Another factor
to consider in the underground operation of this egquip-
ment is the effect of fogging or supersataration within
the heat axchanger occurring because the inlet alr is



cloge to saturation.

An important aspect which can affect the operation of
direct-contact heast exchangers is barometric pressure.
South African gold mines are situated at a relatively
high altitude but are the deepest in the world, and
this means that, depending on where the heat exchanger
is situated, the barometric pressure may be as low as
B0 kP4 or as high as 7120 kPa.

This wide range of thermodynamic conditions is impor-
tant since most research and development work has been
limited to warm water cooling towers at sea-level baro-
metric pressure. Hence the empirical database Ffor
direct~contact water-alr heat exchangers is strongly
biased toward these conditlons. Crude correction
methoda!{8) are used to account for aspects such as
changing barometric pressure and high supply water
temperatures, and most of the empirical .nformation
which dces exist is proprietary and of liitle assisk-
ance in the field to the practicing engineer.
Furthermore, little work has been publizhed on the
performance of these heat exchangers when used to cool
air rather than water.

Therefore, the basic approach to analysing the thermal
performance of dlrect-contact air-water heat exchangers
ig that developed for cooling towers. This basic
method is described in a number of standard
texts(9:10,11) | In this approach, the total heat
transfer from a wet siurface, both sensible and latent,
is considered to be proportional te a single driving
force, namely, the difference between the enthalpy of
the air and the enthalpy of saturated air at the water
surface temperature; this relationship is known as
‘the Markel equation{32), pgquating the total heat

flow described in this manner to tae change of enthalpy



of the water stream and intagrating between inlet and
putlet states gives the standard coollng towar
formulations

K,..A f ey dty, 1

f-‘-aw = aﬂ)

The right-hand side of this eguation is dependent on
the process conditions imposed on the heat exchanger
and therefore can be calculated when the inlet and out-
let temperatutes, the flowrates and the flow configur-
ation are known. The left~hand side of the eguation

stermined by the design characteristics of the
auuipment and gives a measure of the capability of the
heat exchanger.

The format of BEquation 1,1 results £rom parallels being
drawn to the relatively complicated mass transfer pro-
cesses encountered in general chemical etigineering.
Hiatorically, this approach'has been used in preference
© to developing a method gpecifically for water-air heat
exchangers. A good example of this point is reflected
in the widespread use of symbols L and G for liguid and
gas rather than symbols related to water and air.
Direct contact water-air heat exchangers are so widely
used in all industries that they warrant individual
consideration rather than belng dealt with simply as a
subget of generalized chemical Fformulations.

The apptroach summarized by Bguation 1.1 has a number of
shorteomings. First, there is no fundamentally scund
" method for relating the left-hand side of the eguation
to the geometry of the heat exchanger and the flow,
temperature and barometric pressura gonditions imposed
upon the unlt., Second, the Merkel eguation, while
possibly acceptable Ffor normal water cooling tower



conditions, is not accurate over a wide range of
peychrometric conditions. Third, the mathematical
relationship for calculating enthalpy from temperature
measurements is not simple, and -exact analyﬁical solu~
tions to the right-hand side of the eguation have not
been possible {numerical and graphical techniques are
used}. Pourth, whereas with water cooling touwers the
cutlet air conditlon is of little concern. with air
cooling applications {air conditioning as opposed to
water cooling) it is important to. determine both heat
and mass transfer lndependently so that the air con-
dition in terms of temperature and humidity can be
determined. As a result of this and other complicat-
'ing igssues, most engirsering methods of analysis are
semi~empirical. With the widespread use of micro-
computers, it is posaible to bulld Fairly rigorous
models{13:14:15) yhich may be used to accurately
predict performance. However, as Webb{16) notes, the
cooling tower induatry presently favours the approxi-
mate thecry over the rigorous theory. This 1ls the case
in spite of the limitations mentioned above and is a
fact which indicates the inherent need for & simple but
accurate analysris tool.

The work described in this thesis was therefore carried
out in responge to the need for a simple engineering
method of thermodynamic analyals for direct contack
air-water heat exchangers. It ls the contention of
this work that a simple method of performance analysis
can be developed for direct-contact heat exchangers,
simlilar to that employed in conventional heat sxchanger
theory, which ig a well-defined, easily learnt and
widely used tgol.

A number of other researchers have tackled the problem
of unifying heat exchanger theory(23,24,25}. 11
methods are subject to the approximation of linearizing



the energy content of air as a function of temperature
and all methods have difficulties in predicting thermal
performance in a noa-iterative manner from a knowledge
of the inlet process conditions. The work of
Webb{15,16,23) apnd co-workers has been of particular
significance. Jaber and Webb(23}! review past

attempts to unify the heat exchanger theory and con-
clude that, notwithstanding the number of attempts that
have been made, virtually all methods contain defini-
tions that are flawed in the sense that they are incon-
sistent with the corresponding basic definitions used
in conventional heat exchanger theory. They state

'... the rash of NTU definitions reported in the liter-
ature have contributed iittle but a myriad of conflict-
ing definitions'. The unlgueness of the solution
described In the present work is the algebraic develop-
ment of a performance eguation in which it is not
necessary to ldentify which £fluid haz the minimum
thermal capacity (Cypinl, the use of the concept of
sigma energy and an NTU value which is basged on the
specific thermal capacity of dry ailr.

Historically, the firat astep in the present sequence of
logic was the original development of the so-called
factor-af-merit method by Whillier{17,18,1%}  chis
approach, although entirely empirical, drew on a number
¢f the fundamental definitions of conventional heat
exchanger theory. The methed im its original form was
used widely in the mining industry and showed a remark-
able versatility. However, a number of shortcomings
have been revealed in its application. The most
important of these is that the form of the performance
equation was empirical, fThere was no algebraic de-
velopment from heat transfer basice which vould lead to
a fundamental understaﬁding of the form of the equation
and the trends that it described. This led to the fact



that performance trends cannot be understood and pre-
dicted from geometrical inforwation ffqm first prin~-
‘@iples and without a prior knowledge of the performance
of a similar unit. FPurthermore, the aceuracy was often
questioned, particularly when the performance of water
cooling and air cooling installations were being
compare~. These limitations are equally appiricable to
.the more 3vandard (Merkel's approach) procedures das-
cribed above.

Subsequent to Whillier's original work, this current
research carried out by the author(5,20,22) 1egq to a
number of modifigations and to the establisnment of an
initial relationship in which tihe empilrical parawmeters
could be more clearly understood and in which direct
analogles could be drawn to conventional heat exchanger
theory. The work described in this thesis preseats the
complete development of a method which is directly
analogous and conaistent with the fundamental approach
used in conventional heat exchanger analysis and one in
which the algebraic form of the overall equation and
‘meaning of each of the parameters can be understood.

As mentioned emrlier, the concept of zigma heat content
is of Importance to the hypothesis presented in this
thesis and thus is worth introducing at this stage. A
cousideration of the adiabatle saturation process leads
to the following energy balance eguaticon for that
process:

E“I(ig"Wc«twb)m" (1 = W oy B Jon {1.2)

Since the adisbatic saturation process invelves no
overall net exchange of energy, it follows that the
energy content of an ailr stream in such a process must



remain constant, The energy term which remains con-—
stant in the adiabatic saturation process is given by
Equation 1.2, This term was given the name sigma
heat by Carrier{31) in 1911, in order not to get it

' confused with total heat. (It was only after about
1240 that the term enthélpy was introduced in place of
total heat{19)), Note that in this basic reference
process the anthalpy of the air changes whereas the
sigma energy remains exactly constant. Thus, 1f the
sigma heat remains constant in any process involving
changes in moisture content then it is certain that
there has been no net heat transfer. It stands to
reason that sigma energy should then be an important
réference'parameter. Furthermore, it has the added
advantage that it is a unigue function of wet-~bulb
temperature, at a given barometric pressure. (In fact
it is the adiabatic saturation process that defines the
thermodynamic wet-bulb tempefature.}

"n the 80 vears éince the concept of sigma energy was
originally discussed by Carrier, it has not found wide
use by air conditioning engineers and its develcpment
has not really progfassed very far. This is surprising
becauge 1t is a powerful concept. The usefulness of

- the sigma energy parameter was recognized by
Whillier(17) and Bluhm{20) and has been fully ex-
ploited in this present work. It is shown later that,
firstly, sigma energy differences are more accurate
than the traditional enthalpy differences in approxi-
mating total heat transfer from a wet surface and,
secondly, the use of sigma energy is more accurate than
enthalpy in thg'typical approximate energy balance
relationships between water and air streams.
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1.2  Statement of objective and scope

Recognizing the limitations of the Merkel method, the
primary obj. “ive of thils work is to develop an
imptroved and siﬁple method for the thermal performance
analysis of direct-contact water-air heat exchanger:
which may be used by the practicing field engineer in
respect of design codes and procedures for thermal per-
formance assessment.

Secondary objectives which are embodied in establishing
the main goal are: '

. to develop a unified haat exchanger theory so that
the general approach uzed for direct-contact heat ex-
changers will be similar to that employed in conven-—
tional heat exchanger theory;

. ko develop a comprehensive computer model Eor simu-
lating heat and mass transfer in counterflow water-—
air heat exchangers;

. to examine the supersaturation or fogging phenomena
and develop a verified algorithm to describe its
effects; :

. to establish the specific value of the index z in
{Pr/8c)}? in the Chilton~Colburn analogy between heat
and mass transfer and determine the appropriate set
of values for the diffusion coefficient of water
vapour in air;

. to esgtablish the difference in the value of the over-
all heav transfer coefficient for water cooling
{evaporation) and air ecooling (condensation) in
otherwise identical situations.' '
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The scope of the work is such that the range of condi-
tions considered are air and water temperatures of
between 0 and 50 °C and barcometric pressures ranging
from 8¢ to 120 kPa. The air conditions considered
range frow completely dry to completely saturated with
water wvapour. Both air cooling and water cooling pro-
cesges are considered. In the following chapters the
moist air condition is defined by the combination of
dry=-bulb temperature, barometric pressure and wet-bulb
temperature or true specific humidity. The overall
range of moiat air conditions under consideratlon are
shown in Figure 1.2. '

1.3 Layout of Thesis

The sequence of legic adopted in tackling this problem,
as well as the layout of the thesis, is best described
diagramatically. Accordingly, a flow chart has been
presented in Pigure 1.3. Although the diagram is self
explanatory it should be noted that;

(i} there is no independent section related to a
literature review. This is because the work has
covered a4 wide range of topics, rrom fundamental
issues to overall heat exchanger eqguaticons and it
has been found appropri&te to discuss the litera~
t+ture separately within the presentatlon of each
topic. '

(1i) the direct comparison between the overall transfar
coefflelents for evaporaticn conditlons and those
for condensation conditions is regarded as a side
issue te the main thrust of the work, namely the
development of a new improvéd method of analysis
of overall heat exchanger performance. However,



this aspedt is considered to be an important issue -
and is discussed in detail in Appendix J.

It should also be noted that the Tables pertaining to a
Chapter are generally to be found at the end of the

Chapter.

it should be noted that the literature based on this
general subject is extremely larde, and it is not
appropriate or pertinent to discuss each published
item. However, some reading material, beyond the
References discussed are listed in the Bibliocgraphy.
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Pigure 1.2 Range of moist air conditions being
considered . :
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2 FUNDAMENTAT, MECHANISMS OF HEAT AND MASS TRANSFER
BETWEEN WATER AND AIR AT AN ELEMENTAL SURFACE
AREA : :

2.1 Introduction

This chapter examines the mechanism of heat and mass
tranafer between water and air. Nost of these details
are well knowh and are only dealt with briefly. Other
aspects, such as the mass transfer formulations (both
with respect to the transfer coefficients and driving
foroe eguations), the value of the difSusion coeffic-
lent, and the supersaturation of the air stream are
covered in more destail. Some of the uncertainties
that are inveolved at a fundamental level are highlight-
ed and examined in subsequent chapters.

2.2 ' Conyective heat transfer at a wet surface

The convective heat transfer to or from any surface,
with or without molsture migration, is calculated by:

& = b  tya = tw ) (2.1)
Note that the sign convention is that when heat
flows from the water surface it ' ‘onsidered as posi-
tive,

The main pre-rejuisite of this calculatioh is a know-
ledge of the coaveciive heat transfer coefficient,
{Bquation 2.1 d2fines this term.} Thia coeificient
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depends, first, on the shape and size of the asurface
and on the velocity and direction of alr passing over
the surface and, second, on the thermodynamic transport
properties of the air stream. Beat transfer
literature{10+4%) ig replete with information for
estimating heat transfer coefficients for a wide vari-
ety of situakions. Most of the informatior on tha £ilm
coefflcient is of an empirical nature, and for the
forced convection situation applicable to this study,
the film coefficient 1s uswvally correlated in terms of
the ¥igselt, Reynolds and Prandtl numbers through an
equation of the following form:

Nu = a Reb pr? (2.2}

Specific correlation equations and specific values of
the film coefficient are consldered later in examining
experluental data for different heat transfer packing

- eonfigurations. The valuas of the tranaport proper-
ties involwved Iin Bguatlen 2.2 are determined from the
equations listed in Appondix A and are evaluated at the
average of the water surface and bulk air stream
températures.

The underlylng premise is that the numerical value of
the basic heat transfer coefficient is not influenced
by any slmaltaneous moisture migration, such as when
simultaneous evaporation or condensation takes place,
provided that the mass tranafer is not so great as to
completely override the ordinary convective
effeckts(46,67), This basic premise is examined

later where it is found that the effect of mass trans-—
fer on the transfer coeffici.ats is inescapable,
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2.3 Radiant heat transter

Radiant enerqy is transmitted, absorbed and retransmit-
ted by naighbouring wet surfaces. Within a direct-
contact heat exchanger, where an approximately uniform
distribution of air and water is likely to occur, it
can be expected that neighbouring wet surfaces are at
similar temperatuyres, and that the net radiant transfer
between the wet surfacea would be low. In any event,
of main concern is the heat transfer from the water
stream to the air stream. The radiant component of this
hsat transfer ocours because the radiation between wet
surfaces is transmitted through a nén-luminous medium
(air-water vapour mixture) which absorbs a small amount
of the radiant energy.

An attempt has beéeen made to quantify this component in
Appendix B by comparing it in magnitude to the con-
vective heat transfer. ‘Three different configuratilons
of direct-contact heat exchanger, which cover the range
of possibilities, are considered. It ias concluded
that the value of the ratio of the radiative to convec-
tive heat transfer will always be less than 3 per cent
and normally of the order of 0,5 per caent. The
radiant heat transfer is small when compared to the
sensible heat transfer, which itself is normally small
when compared to the total heat transfer,

The radiant heat transfer between the air and water is
invariably neglected in the analysis of cooling towers
and other direct contact heat exchangers(58}., gow-
ever, arguments gimilar to that presented in Appendix
B, are seldom used to justify this. This mode of heat
transfer has alsso been neglected in the present study.



18

2.4 Convective mass transfer at a wet surface

The latent heat exchange assoclated with the evapora-
tion or condensation of watsr vapour at a wet surface
is a major contributor to the total heat transfer. A
study of the literature uncovered a surprising number
of different approaches to the problem of quantifying
mass transfer. Hence this subject is discussed in -
somie detall here and a comparison made of the different
published methods. The method eventually used in this
study ls that developed by Spalding(67:68) and advo-
cated by a number of relatlvely modern

'texts(59 (AR IS

Convective mass transfer is conceptually treated in the
sama way as convective heat transfer. The basls is
that, recognizing the complex nature of the transport
processes cloge to the surface, an overall driving
force for the transfer is defipned between the bulk
Eluid and the surface condition and a tranafer coeffic-
jent is used to descrihe the 'resistance' effect of the
boundary layer in terms of a single parameter (the
tranefer coefficient in fact has the significance of a
conductance) .

The definitions involved in convective heat transfer
are well established and a single universal apuroach is
generally used. The same canncc be sald for mass
transfer. FPor lnstance, there are many different defi-
nitions of the key parameters involved, a good example
-being the varying deflnitlons of the mass transfer -
coefficient.

Mass transfer processes are involved in many different
industries and sciences. In solving the problems re-
lated to each disecipline, each industrial group has
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developed its own concepta and formulations indepen-
dently. A good example of this is the large variety of
units in use. Spalding(67) states that 'the subtlet-
les of the sclence are such that conversion from one
language to the other cannot be effected simply by
multiplying by constants'.

ALl the di.turent methods may be catagorized in two
groups and in essence there are two gengral approaches
to studying mass transfer phencmena. The older and
mure traditional approach makes use of a model of a
astagnant film {or'Steian £1ow(49)) ana Fick's Law of
one-dimensional diffusion. The other approach,
described by Spalding{67), makes use of a model in
which the air stream cyeates a 'scrubbing actien' on
the wet surface (Reynolds flow). Spalding in fact
deliberately avoids introducing the mathwmatins of
~diffusion. Acvording to Spalding neither model can be
said to £it reality more clesely than the other and the
cholce between them can beg made on grounds of conveni~
ence. Both sequences of loglc are presented below and
a comparison is made . Spalding's approach has been
used as the preferred procedure in this study.

2.4.1 Spalding's approach

Spalding's approach iz based on the simplified model
shown in Figure 2.1 which depicte a emall control
volume situated at the interface between tha water and
ailr stream. This model of the tranaport process was
€irst conceived by Reynolds{78) in 1874 as an aid to
the understanding of convective heat transfer;
Nusselt{55) then extended this logic to the coavect-
ive mass transfer problem. Carrier(74) made use of a
aimilar m@del specifically for tha vaporization and



20

condensation of water, which he called the contact-
mixture analogy. '

The passing alr stream has a scrubbing action and a
certain flow rate of the bulk fluid enters the control
volume, This scrubbing flow {(or Reynolds Elow), Myg,
has the units of mass flow per unit surface area. The
water vapour that is being transferred, ﬁ%, enters the
conterol volume from the bulk water side of the inter-
face. Both streams, Myg + m}, then leave the control
volume, The properties and condition of this leaving
alr-water vapour mixture are those prevailing at the

. interface, which is assumed to be saturakted at the sur-
face temperature. {Note the sign convention is such
that evaporation is posmitive.) The mass of water
vapour m:-3t be tonserved acrose the control voluae,
thus:

By Woo 4 = Ay + ) Woe (2.3)

The term, Wy, is the mass of water vapour per mass of
air-water vapour mixture and is kpown as the true apec-
ific humidit - or fractional mass voncentration. Re-
arranging Bquation 2,3 glves:

B o= Wy W~ W )/ 1 - W ) o {2.4)

The scrubbing flow or Reynolds flow is In Pact a fic-
tion. A fluid-dynamic investigation would not ke able
to identify this stream in a real boundary layer and,
as will be seen later, real flows exhibit deviations
from this behaviour. However, haviag used a model in
which the physical significance of the Reynolds flow is
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apparent, it is also possible to consider the term,
fyg, as a mass transfer coefficient. The right-hand
side term in BEguatlon 2.4 is then considered as the
driving force and the eguation can be expressed in the
following form: '

f, = diy B ' (2.5%

The numerical values of the fractional mass concentra-
“tion terms are usually small (e.g. Wy = 0,02 for 25 "
saturated air at 100 kPa) and the denominator of the

right-hand side terms of Equation 2.4 is close to
unity. This leads to the following approximation,
which is more recognizable as consisting of a transfer
coefficient and a driving force.

B = Wy F = W ) (2.6)

This relationship is often treated as exact{11), but
this is only valid in the limit as Wyyg tends to zero,

The pre-requialte of evaluating Equation 2.4 is a know-
ledge of the mass transfer coefficlent, ﬁ}f. Unfortu-~
hately very few data exist on measurements made in
specific mass transfer exiperiments. Bacause of this
shortage, recourge is generally taken to the well known
similarity with convective heat transfer, and the

- abundance of empirical carrelations for convective heat
transfer gituations are used. Studies of the transfer
processes taking place within the boundary layer have
shtown that the profiles of the vapour concentration
{mass), temperature (heat) and velocity (momentum) are
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similar. On the basis of this similarity, relation-
ships between the heat transfer coefficient and the
masa transfer coeffleient have been developed. These
relationships are known variously as the Modified
Reynolds Amalogy(10.75}, the Lewis Relationship(75]
and the Chilton-Colburn Analogy{77). 1In short, the
mass transfer coefficient may be related to the heat
transfer coaefficient through the followlng equation:

Hiy Op / B = (Pr/8c)? ' (2.7)

The relatienship is essentially empirical but does have
a reasonahly sound theoratical basis for some simple
geometries(57'79). The value of Eguation 2,7 is
usually close to unity. Spalding presents a simple
argument based an the'steady flow energy equation
applied across the controel volume discussed earlier and
shows that, in an idealized sitnation in the absence of
a number of effects such as changes in kinetic and
potential energy, Bquation 2.7 is equal to unity.

Note that in the present study thils approximation is
not made. Spalding points cut that the lndex, 2, in
Eguation 2.7 may vary between 0,50 and 0,75 depending
on the specific flow sitvation and on the value of both
the Prandtl number and the Schmidt number. He also
stresses that there i3 no single value of the index
which is always correct for all geometries and flow
situations. It is one of the objectives of the present
work to examine the wvalue of this index and see .if it
changes for different heat exchanger geometries, or if
it is affected by the direction of mass transfer or by
different degrees of evaporation and condensation.
This is discussed in detaill later.
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In the absence of any further information the recommen-
dation is normally made that the value of 0,67 should
be used.  This was in fact the recommendation first
made by chilton{77) in 1934. A value of z = 0,67 has
been used in this present chapter to compare the
different methods of estimating mass transfer rates.

The Pranditl and Schmidt numbers involve only the phys—
ical properties of the air and are evaluated at the
average of water surface and free alr stream tempera-~
tures. It should be recalled that the heat transfer
coefficient was similarly defined and, furthermore,
that the same "film’' condition must be applicable to
the term cg, in Equation 2.7. Eguations for caleulat-
ing the transport properties and other thermodynamic
parameters of moist air are given in Appendix A.

Btrictly, Equation 2.7 is only applicable at relatively
low mass transfer rates where the msrs migration has a
negligible effect on the ghape of the velocity,
temperature or concentration profiles in the boundary
layer. What actually constitutes a 'low' mass f£low-
rate is discussed later. Recall that one of the & .g
of the present study is to examine the effect of the
direction of this mass flow (evaporation or
condensatien).

There is empirical and theoretical evidence({80,81)

that the film tranasfer coefficient, fyf, is dependent,
not only on the thermodynamic and'transpnrt properties
through Eguation 2,7, but also on the value of the
driving force, B {in Eguation 2.5}. Spalding points
ocut that this effect may he approximately accounted for
by assuming that firf varies proportlonally to the
following multiplying factor:

My« [1n (L+B) ]} /B o _ (2.8)
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Spalding presents a theoretical derivatlion of this
logarithmic correlaticn term from a simple analysis of
a series of control volumes between the ligquid and bulk
air phase, The model is basically a series effect of
what is shown in Figure 2.7. It should be noted at
this stage, that the logarithmic correction term
daveloped later in discussing the stagnant f£ilm
approach is directly equivalent to the term given in
Bguation 2.8.

Scome understanding of the meaning of 'low' mass trans-
fer rates can now be dlscerned. A change in B from a
value of zero to 0,1 would result in the value of the
transfer coefficient varying by 5 per cent. Thus if
variations of up to 5 per cent are acceptable, within

the conatraints of a particular caleculation, the values '

of the driving force of less than B = 0,1 would consti-
tute a 'low' maas transfer situation. In this study
the maximum value of the driving force iz B = 0,1 {for
50 "C water surface, 0 °C air and B0 kPa barometric
preasure). In the present work variations in the
transfer coefficient (due to changes In the driving
force) of 5 per cent are considered unacceptable and
the logarithmic correction term is utilized. Whether
this is in fact acceptable is discussed later when it
becomes clear that the effect of mass transfer on the
transfer coefficient is inescapable.

#When the value of the driving forece, B, is greater than
zero, in the case of evaporation, the transfer coef-
ficient decreases with an increase in the driving
force. The opposlte occurs in the case of condensa-
tian. Essentially, this 1s the only difference be-
tween the treatment of the mechanisms of svaporation
and cvondensation. This lssus is discussed in detail in
Chapter 5 and Appendix J.
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Based on Equation 2.8, Equation 2.5 can be re-written
as:

2,

mo= M [ In (1 + B) ) (2.9}

Equation 2.9 summarizes Spalding's approach as far as
it affects this study; it is ithe equation used in the
main body of this work. The value of the transfer
coefficient, ﬁ}f; is calculated through Equation Z.7,
Thus, finally: '

k Pr & 1-W
Moo= (2 ) (__) 1 (___"  (2.10)
Cay Sc 1~ Weu

Rewriting this equation in a form similar to-EQuation.
2.5 producess

# = n, B (2.11)

where,

-4 - .
B o= () () i (LW, (2.12)
- 8¢ 1 - Was .

2.4.2 sStagnant film approach

The stagnant film approuch is more iraditional than
Spalding's approach. 1In it, the mechanics of molecular
diffusion are used to describe the behaviour of con-
vective mass tranafer. Fick's Law of diffusion is
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considered ag a starting point, and in its simplest
form iz expressed as: '

# = D (=) do/dy | © (2.13)

The denaity gradient, @s/dy, is normal to the surface
and the negative sign indicates a mass transfer in the
direction of decreasing concentration, This formula-
tion gives rise to a magdsa transfer coefficient and
driving force being defined as:

B = kg (P = Py ) _ (2.14)

Note that in this form the structure of the defining
equations for convective heat transfer and mass trans-—
fer are identical. Compare the following twe heat
tranafer eguations (Equations 2,15 and 2,16) to their
analggons mass transfer counterparts {Eguations 2,13
and 2.14). {These four eguations &o noi really repre-
sent laws of nature but are rather definitions of the
difFusion coefflelent, mass transfer coefficient,
thermal conductivity and the heat transfer coefficient.)

& = k ({-) dat/dy {2.15)

G = ok ( By - te ) (2.16)

However, there is an important difference between heat
and mass transfer and ag a result a logarithmic cotreg=-
tion factor is required when drawing analogies ketween
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mass transfer and heat transfar, This difference and
the development of the correction factar are now
desgeribed,

Consider moist air ambove a water surface: there is a
caontinuous gas phase above the surface and the total
pressure (sum of the partial pressures of the alr and
water vapour) can be considered to be continuous. The
Gibbs-Dalton law appi’ - and any concentration gradient
and diffusicn of water vapz ' lafers a concentration
gradient and diffusion of & « the opposite diresct-
ion. Herein lies the difference between the treatment
. of heat transfer and that of mass transfer as there ia
no equivalence to this in convective heat transfer,
Thus, when evaporation takes place the air component
would diffuse toward the water surface. The surface
is impermeable to alr and hence a bulk velocity away
from the surface must exist so that the net transporta-
tion of air is zero. The bulk flow exactly offsets
cthe diffusion and hence the air may be congidered to be
‘stagnant'. The bulk flow not only tranaports alr but
also water vapour away from the surface.

The net mass flow of air ig zero and hence:

oy = D dp/dy : B ' (2.17)

where V is the bulk velocity away from the surface,

The total mass transfer of water vapour is then:

W = gV + D (=) dp/dy o - (2.18]
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Using Equation 2.17 this may be written as:

¥,

B = D (p/sg) dpp/ay + D (=) dp/dy (2.19)

Integrating across the boundary layef {thicknesa y) and
"making u. 2 of the perfect gas laws produces:

o,

m = ADZ/Y)} ( Pas ™ Py } : (2.20)

where % is a dimensionless logarithmic mean density
factor for the 'stagnant' air and ia given ad:

Z = (_P ) An( s /oy ) (2.21)
Rﬂ Tgw ( -as,ﬂ} = Paws )

Note that this is the corresponding eguivalent of the
logarithmic correction term presented earlier in dis-
cussing Spalding's approach,

A comparison of Equations'z.zo and 2,14 infers that:
By = DZ/Y (2.22)

_Referring now to heat transfer inturmation and
spacifically making use of the Chilton-Colburn
analogy!77), the masa transfer coefficient can be
related to the heat transfer coefficiert by:

(2.23)

by poy Oa / B = Z (PE/C)
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Substituting into Bguation 2.14 zives:

= tz( B ) (_E.'.E)a/_a]m(m-pml (2.24)

Cov Pay Sc al

Note that all the transport properties are determined
at the film condition.

Equation 2.24 summarizes the ‘stagnant' film approach.
Bquationa of this type are found in a number of texts
and are'the more 'ridorous' versions of what normally
followa. By using fhe perfect gas laws, the density
terms in Egquation 2.24 ¢an be transformed to partial
pressute terms. Also the term, 2, is approximately
equal te unity and thus Bguation 2.24 is often simpli-~
fled to:

f = o622 (Mo y ( PE )M (P =Py (2,25
Cav Sc B |

The conatant 0,622 is the ratio of the molecular mass
of water vapour to that of air.

2.4.3 Compariscn of the different épproaches
 Mass transfer

The different methods, as summarized by Bguations 2.10,°
2.24 and 2,25, are raferred to here as Method I
{Spalding approach), Method Il (stagnant film approach)
and Method III (simplified stagnant £ilm approach),
respactively, Comparisons of these methods Lor the
full range of temperature conditions are shown in
Pigurs 2,2. The values are presented as ratios using
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the values from Method I as the base, namely mpIT/me 1
~and mpIII/mpI.  Generally, the answers given by these
three equations agree {0 within 10 per cent; however,
the differences can be a3 much as 16 per cent. (Note
at this stage that & value ¢of the index z = 0,67 i=
used but the acceptabillty of this is examined later.}
Only'the case where the barometric pressure is 100 kPa
has been presented since the gituwation is mach the same
for tha other barometric pressures, '

Total heat transfer

The differences in the total heat transfer when evalu-
ated by the three different methods is of more impor-
tance to this stoudy than the mass transfer alone. The
total heat transfer is the sum of the convective and
latent heat transfer {see later} and is glven by:

Ha

% = M (L - teg + A B (2,26}

The terms qyI, g¢II, ¢¢ILl correspond to Methods I, II
and III for ecalculating the wnass transfer. Comrarisons
are shown plotted in Filgure 2.3. The values ari plot~
ted as ratios using the value from Method I as & base.
again, the values given by the three different mathods
generally agree to within 10 per cent and, as stated
previmusly, only the case where the barometric préssuré
im 100 kPa is presented.

2.4.4 BSummary of method used in present study

Based on Spalding's approach the mass transfer rate of
water vapour is ecalculated through: '

B, = f [in(1+B) ) (2.27)
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B &= ( W ~Wa ) /(1 =-8,,) (2.28)

The term, fyf, can be considered as a mass transfer o-
efficient with the units kg/s m2. 'The term, Wy, is
the mass of water vapour per mass of moist air; it is
known as the fractional mags concentration of water
~ vapour or the true specifie humidity. "The subscript,
ws, refera to the zone directly adiacent to the surface
of the water; it is assumed that this moist air is
saturated with water vapour and has the same tempera-
ture as the water surface. Bguations for calculating
‘the mass concentration of water vapour ars given in
Appendix A. WNote that the asign conventlon 1s such that
evaporation is considered as pogitive.

Baged on the well known similarity hetween convective
heat and mass transfer phenomena, the mass transfer co-
efflicient i3 related to the heat transfer coefficient
through:

Mg Coy / #e = {(Pr/Sc)Z (2.29)

The index, %, has values between 0,50 and ¢,75. The
applicability, for cooling tower packing, of the norm-
ally assumed z = 0,67 is examined later. Combining the
above equatlona:

# = &y B : (2.30)

where B' is the modified driving force for maas trans-
fer defined as: '

i -4 .
B = (. 2 ) (F a1,  (2.31)
Cay Sc L~ W
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2.5 Bffect of resistance to heat Fflow in the bulk
water phase : :

The total heat flow from the water surface to the bulk
alr stream may now be guantified. . It is evaluated by
adding the effecte of the sensible heat flow and latent
heat flow due to mass tranafer. But no consideration
has yet been given to the flow of heat from within the
layer of water or drops of water to the water surface.

The thermal resistance of the ligquid phase 1s difficult-
to determine either theoretically or empirically. For-
turately the reslstance to heat flow within the water
mags is small, This is because of the dynamic nature
of *he thin film of water flowing over %the irregular
surface of packing media as well as the size and
dynamic nature(83) of the water droplets involved.
webb{16) quotes a typical value of a water £ilm heat
tranafer ¢ ' itcient {defined between bulk water
temperature an¢ surface teﬂperatnre} of 2 300 W/m2 K
for cooling towers. This value is determined from egua-
tions given by Ganic{82), By comparing this term to
typical valuas of the overall mass transfer coeffici-
ent, Webb concludes that the overall transfer coeffici-
ant would not be affected by more than a few per cent
by igaoring the water phaae thermal reaistance.

In mest work of this nature it is normal to lanore this
raesistance and assume that the water surface tempera-
ture is in fact that of the bulk water mass(23),

This is the approach which has been adopted in the
present study, but it must be noted that the analysis
is such that this resistance is implicitly included
within the overall transfer coefficient.
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2.6 Total heat transfer

Agssociated with the mass transfer of water vapour is

. the change in enthalpy of the vapour as it changes
phase and temperature. The latent heat chanye by it-
self is negligibly different from the total change in
enthalpy provided the latent heat content 1s evaluated
@t the water surface temperature{45}. Phe heat flow
due to mass transfer is given by:

d = m (2.32)

The total heat flow is the sum of tha coavective and
latent heat transfer rate;, giving:

& = ho ( tw = twn + A B ) (2.33)

Since the resistance to heat flow offered by the water
stream iz to be ignored, the total heat transfer from
the water to the air is given by Hguation 2.33 with the
water surface temperature, tyg, replaced by the water
stream temperature, ty,. This equation is repeated
below: - ' o

& o= kg { oty - tdb."' A B {2.34}

The term in brackets can be considered as the driving
force for the total heat transfer. It is a function
of barometris pressure, air temperature, moisture con-
tent and water surface temperature. Some typical
values of the driving force term {(having the units of
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temperature °C) are shown in Pigure 2.4. A water
‘temperature of 25 °C and a barometric pressure of
100 kPa have been chosen mérely for illustrative
purpases. ' o '

Wote that the value of the driving force is almost in-—
dependent of dry-bulb temperature for a constant wet-
bulb tarmperature. This important observation is
applicablz to the full range of conditions beiny con-
gidered. It indicates that the driving force may be
evaluated in terms of a function that is dependent on
wet-bulb temperature and barometric pressure only.
This is examined in more detail later.

2.7 Bupersaturation and Fogging of the mir stream

The effark of fogglng is important in the operation of
heat exchangers sitvated underground in mines since the
inlet air is invariably close to gaturation.

Supersaturation ocours when a water vapour-air mixture
ex ' sts at a temperature below its saturation value,

At the same time the air ls supersaturated the vapour
may be considered subecocled. Under these conditions
small drops (0,1 to 40 um) are normally formed by con-
densation of the vapour‘su]. Under certain circum-
stances a degree of supersaturation 1s possible without
fog formation, but in most industrial processes there
are sufficient nuclei present to assume that once the
temperature is below the saturation temperature fog
will oceur(60,61) . (Turbulence also minimizes the
degree of saturation required for fogging(62}y,

Fog droplets are extremely small and once formed would
pass through the heat exchanger packing in the air _
stream. {Thiz ls in keeping with cbservations made on
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condensers, where once fog 1s formed 1t passes out of
the unit to the demisters(63),) '1In the specially
constructed test heat exchangers described later,
special demister pads were used to capture this carry-
over of fog droplets. '

The fogged air stream ia a homogeneous mixture of gaktu-
rated moist air and small liguid water drops, with the
twoe components in thermal equilibrium, Chisholm(6G)
discusses the effects on fog formation and the exist-
ence of Eog on the heat and mass tranafer driving
forcea and the associated transfer coefficients. He
concludes that the effects are negligible and that the’
treatment of the heat and maas tranafer processes re-
maings unchangad. Hence, the sarlier formulations
should apply even in the presence of fog., The validity
of these zimplifications ls examined later in comparing
modelled data against experimental information.

When saturated air comes into direct contact with a
water surface at a different temperature the process
change of the air is such that supersaturatica oceours.
This is the case whether the water is being heated or
dooled. '

Process changeg of ap alr stream doe to direct contact
wilth a wet surface are dictated by the temperature of
the water surface and the condition of the air. The
process change of the air stream is often described by
the ratlo of enthalpy to moisture change, With satu-
rated air the value of the ratio is such that the pro-
cess will always tend to dreate supersaturated condi-
tiong, Phis can be appfegiated by examining the
progeas changes on a physchrometric chart. The value
of the enthalpy-moisture ratlo cleosely approximates
that found by drawing a straight line on a physchro~ .
metric chart hetween the air condition and saturated
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air at the water temperature. This is not surprising
since the Reynolds flow model reduces to a'hypothetical
mixing of a small part of saturated air at the water
temperaturg with the main stream air. Saturated air
may be represented by point A on Figure 2.5 and the
water surface condition by points B or C depending on
whether the water is hotter or colder than the air.
Line AB can be considered to be the direction of the
process change in the air stream for the hot water
condition and line AC that for the cold water coendi-
tion. Note that both 1lines fall above the saturation
line, The region above the saturation curve repre-
‘sents fogged conditions of moist air. ‘hus, when
saturated air comes into direct contact with a water
surface at a different temperature, the process change
of the aiy ig such that supersaturation ot fogylhg
occurs; this is the case whether the water is being
heated or cooled. '

The epffect of fogging on the overall performance of a
heat exchanger is small. However, as smeen later, 1t is
gurprising just how high a propottion of the total mass
transfer can result as fog. In modelling heat ex-
changer performance it is necessary to take account of
the fog in order to maiptain the balance of mass flow
of water and water vapour. i

2.8 Note on the diffusion coefficient of water
vaponr in air

A literature sgearch has surprisingly shown that several
reputable heat and mass transfer texts present differ-
ent values of the diffusion coefficlent for water va-
pour in air (see Figure 2.6}. As a result, this
aspéct has been examiped in some detaill here, first
from the point of view of existing literature and later
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in comparing modelled data against experimental
information. ' '

Based on the kinetlc theory of gases Maxwell{31} jp
1868 proposed that the diffusion coefficient is in-
dependent of the mixture composition of the diffusing
gases, Experimentation has shown a maximum composition
dependence of a. few per cent, but this dependence is
negligible for the conditions being considered
herel35), Alsp on the bhasis of the kinetic theory

of gases, Maxwell proposed that the giffusion co-
efficient is related to temperature anﬁ pressure by:

D = K, T2/ p (2.35)

where K, is a constant depending on the molecular
structure of the diffusing gases,

Numerous derivations and modifications to this nriginal
egquation have been proposed, all the medifications
are essentially related to the value of the constant,
Ko and of the index, 3/2. Gilliland{30) in 1934 con-
sldered the experimental database “hat was avallable at
the time and, for water vapour and air, suggested:

D = 4,22 x 10T TLEY/ p (2.36)

This is the relatlonship recommended by kKern{27).

A consideration of farther data some yeara later by
Fuller et all32) 1led to what is termed an optimized
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Gilliland equation{28),
D = 1,19 x 107 TuSY p (2.37)

Phis iz the relationship recommended by Reid and
She:woodf33) and by Perry & Chilton(26},

Mason and Monchick(34/33) presentsd further experi-
mental dat: in 1965. - Based on this they made emplri-
cal adjvr .ments to the theoretical constants involved
in the equation of state Ffor real gases., They then
recalculated the diffusion coefficient values and tabu-
lated this information for air temperatures up to

300 °C at a presEure of ong atmosphere. Thege values
are recommended by the U2 ¥ational Burean of
Standards{35) and by ASERAg(10}, Accepting the
inverse relationship with pressure, the following
equation has been fitted {by the author) to this data:

D = 1,676 x 107 Theesd/ p (2.38)

This 1z the eguation used in the pfesent study.
sutherland(37) in 1898 proposed a slightly different

form of the original theoretical eguation which he
modified to produce: '

D = K T8/ (p(KT+K)) (2.39)

With this form of equatien in mind, Spalding(38)
analysed the data that was avallable at the time {1946)
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and chowed that for water vapour~air mixtures, the data
is gorrelated well by:

D = 1,64 x10% Tus/ (p ( 1,8 T + 441 }) (2.40)

This eguation iz recommended by both Sherweod and
Pigford{36) and by assraE{ 10}, (Note that the
ASHRAE handbook makes two separate recommendations;
they are not, however, gignificantly different.}

It is interesting to note that Eckert and Drake{30),

in their widely used text book, present the following
equation for water vapour diffusing in air, which gives
2onusiderably higher valves than the other correla- .
:ions. Unfortunately, the original source of this
equation is not clear. '

D = 0,99 x 107 TuI p (2.41)

Figure 2.6 shows a plot of this variety of eguations
(Bquations 2.36, 2.37, 2.38, 2.40 and 2.41). There
are suprisingly large discrepancies, Howaver, the
more recent work and the correlations quoted in the
more specialized texts (lines 2,3 and 4 in Figure 2.6}
agrea fairly well.

BEgquation 2.38 (line 3 in Figure 2.6) has been used in
this study, since this correlation appears to he the
best possihility. However, apart from the disagreement
of the varions correlation equations, there ils also a
large scatter in the data originally used in each case
{see, for imstance, Sherwood and Pigforal36ly,
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Although it is lmpossible to guantify accurétely, it is
intuitively expected that the diffusion woafficient
‘predicted using Equation 2.38 iz probably within the
bounds of + 5 per cent, shown as the shaded arsa in
Figare 2.6.

2.9 ‘Note on the Prandtl, Schmidt and Lewis numbers
The Prandtl and Schmidt numbers are used to cerrelata

experimental data for heat and mass transfer. They
are defined as:

Pr = po,/k (2.42)
and
B¢ = u/ py D (2.43)

It should be poted that in this application the rele~-
vant specifiic heat term is the true thermal capacity of
the air-water vap@ur mixture per unit mass of this mix-
ture, and the density term applicable is the true dens-
ity of aiv-water wvapour mixture (see Appendix A).

As discussed earlier, this study is concerned with the
value of these properties at the saturated 'film!’
condition{25),  values of Pr and 8¢ have been calcu-
lated (using the equations presented in Appendix A} for .
different temperatures and pressures and are given ig
‘Table 2,1.

The ratio, {Pr/Se)?%, is used to relate heat transfer
coefficients to their sass transfer counterparts.
Values of this term for z = 0,67 are also given in
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Tabie 2.7. {The value of this tzrm is sometimes
‘called the Lewis number; there are, however, differing
opinions in the literature as %o the exact definition
of the lLewis number.)

For the range of conditions being considered, Pr has a
. mean value of 0,725 with a range from 0,718 +o 0,746,
Sc has a mean value of 9,611 with a range from 0,602 to
0,630, and the ratio (Pr/se)0:67 has a mean value of
1,120 with a range fromw 1,113 tue 1,129. Although
there ils relatively small variation in these values,
rather than using constant average values, the full
‘eguations (as listed in Appendix A) have been used to
calculate these parameters in the main body of the
work. '



fable 2.1 Value of Prandtl (Pr) and Schmidt (Sc) numbers and the ratio (Pr/Sc)2/3
for saturated air at varying temperatures and pressures
TEMPERATURE (°C)
o 10 20 30 40 50
[ | =|Prandtl No. Pr 0,722 0,720 .05721 0,724 0,732 0,746
] !ﬁ" ©|Sehmidt Ho Sc¢ 0,602 0,604 0,608 0,613 0,620 0,630
2 (P-/Sc)2/3 1,129 1,124 1,120 1,117 1,117 1,119
' .. o|Prandtl Bo. Pr 0,721 0,719 0,719 0,721 0,727 0,737
-olschmidt We . _Sc 0,602 0,604 0,007 0,611 0,617 0,626
; - {Pr/5c) i/3 1,128 1,123 1,120 1,117 1,116 1,115
: o|Prandtl Ko. Pr | 0,721 6,719 g,718 0,719 6,723 0,732
S lschmidt Wo. _Sc p,e02 | 0,604 0,604 0,610 4,615 0,623
(Br/sc)2/3 1,128 | 1,123 1,120 1,118 1,114 1,113

1
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3 A COMPREHENSIVE THEORETICAL MODEL FOR SIMULATING
ABAT AND MASS TRANSFER IN A COUNTERFLOW DIRECT-
CONTACT WATER~AIR HEAT EXCHANGER

3.1 Introduaction

In recent ﬁimes, tghere have been a number of computer
wodels (14,104} gaveloped for direct-contact air water
hea- exchangsra, However none of the existing models
make use of the conip..ete set of equations given in
Chapter 2 or explicitly account for supersaturation.

The aim of this chapter is to develop a computer mbdel
that can undertake a fr .1y compreheansive analysis of
heat and maag transfer in a counterflow dirsct-contact
heat éxehanger. The algorithms used represent the best
possible procedurea and none of the simplifying assump~
tions that are so often usad In cooling tower theory
are employed. The model represents a comprehensive and
acgurate analytical tool and, as such, shonld be con-
sidered as an Iindependent produet of this research
which may f£ind applicatien in other research in the
future.

In the present work this simulator plays an important
role in achieving a number of the objectives. First,
the model is used to exapmine the fundamental heat and
mass transfer relationships by comparing simulated in-
formation basged con these relationships with real dakta.
As a resul’ lt ig pogsible to comment on the value of
the index in the heat and mass transfer analegy as
well a8 on the applicabllity of the procedure used to
describe the fogging phenomeza. BSecond, the simulator
is used to investigate the value of the various groups
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of parameters that are identified in the devalopment of
the overall performance eguation. As a result, it is
possible to evalwate the changes of these parameters
within the heat exchanger and not simply at the end
states. Third, the simulator is used to generate
performance data against which the proposed overall
performance equation gan be checked.

3.2 BPRasic compiter model

The underlying assumptions in the model are that the
alr and water flows are evenly distributed {which in-
fera that the entire surface area of £ill is equally
wetied and experierces the same air velocity} and also
that for a sipgle operating condition (flowrates, inlet
temperatures and pressure) a single value of the con-
vective film coefficient is applicable across the
entire heat exchanger.

The model determines the overall heat and mass transfer
in a direct-contact heat exchanger from a knowledge of
the product of the convective fllm coefficient and the
eurface area of contact, the lnlet air condition, the
inlet water temperature, the dry alr mass flowrate and
the inlet water flowrate. This is achieved by dividing
the heat exchanger inte small sections and then solving
the applicable differential equations numerically and
sequentially from inlet to outlet conditicns. The in-
let and outlet stations and the control section are
shown in Figure 3.1.

It was shown in Chapter 2 that supersaturaticn and the
formation of fog noours under some clrcumstances and it

iz assumed that:

+ fog appearp ingtantaneously with supersaturation;
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. heat and mass transfer formnlations and transfer
coefficients remain unchanged by fogging;

. air, water vapour-and'fog exiat as a uniform
mixture at a uniforr temperature; and

. fog droplets pass through the heat'exchanger packing
in the air stream but are captured in the demister
pads.

The equatiocnos gc?éfning the heat and mass transfer
within the contyol volume {see Chapter ) are:

a‘;}nncctw—tﬁh+laaf}'m ' (3.1)

Al‘rﬂ = hc B’ AA . (3'2)

With reference to Figure 3.2, for the sitnation when
supersaturatioh does not occur, a mass halance across
the control volume produces:

“twﬂ = W “ml (313)

Wy = Witoanh)owm, - (3.4)

An energy halance across the control volume will reduce
to an enthalpy balance {see Chapter 4) producing:

Ay = { oAy = Ay ) {3.5)

.

A% = My By By - M Oy tyg . (3.6)
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For the aituation whare supersaturation occurs, the
mass and enthalpy balances become:

My = MWy = amg (3.7)
Wo = W+ ( aw ~ am; )/ my (3.8)
mi, = mk - b o (3.9)

Ady = oy ( dg = ly ) 4+ oy { M, £y - My ty ) {2.20)

M = My O tw = Mo S to . (3.11)

Reecall, that once fogging has occurred, the air-water
vapour component is treated as saturated. The water
droplets in the form of fog dn not remix with the m.in
water stream in the heat sxchanger but move from
gection to section resulting in an accumulation as the
fogged air moves through the heat exchanger. However,
at the alr outlet side the fog iz skripped from the
main alr stream in the demisters and then remixes with
the main incoming water stream.

For any particular set of conditlons these equations
can be solved numerlgally and progressively for each
section of the heat exchanger. The heat exchander s
divided inte sections of equal surface area (or
height). The calculation iz iterative asince the inlet
boundary condlitions for the air and water are known at
opposite ends of the heat exchanger. The calculation
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-atarts dt the air inlet side. To initiate the calcula-
tion, the outlet water temperature and cutlet wataer
mass Flowrate are estimated. a1l the relevant condi-
tions at the alr inlet/water outlet boundakry of the
first section are thus specified. The temperatures are

-azsumed to be applicable throughout that section and
Equations 3.1 and 3.2 are used to determine the heat
and mass transfer within the section. The mags and en-
thalpy balange equations are then used to caloulate the
air conditions entering and the water temperature and
flow leaving the following section. The calculation
progresses through the heat exchanger arriving at the
water inlet/sir outlet end. The calculated inlet water
temperature and inlet water flowrate are then compared
to the specified input values and the estimated outlet
water temperature and flowrate updated. A simplified
flow diagram of this logic is shown in Figure 3.3 for
the set of circumstances where the model is being used
to determine the MR value, the heat and mass tranafer
at each atrip, the amount of fogging that takes place
and the water and air conditions w.=.in the heat ex-
changers from a knowledge of the inlet and outlet
conditions. '

It was Found that sufficient accuracy could be achleved
by dividing the heat exchanger into 200 sections. 'The
calculation process coiverges after six lterations
(typically) with a tolerance of 0,005 °C on the inlet
water temperature and 0,05 g/8 on the inlet water mass
flowrate.

The barometric pressure ig assumed to vary linearly be-
tween inlet and outlet conditiona. Although variations
in the alr preasure, of the magnitude involved in this
study, are of secondary lmportance, accounc was taken
of the air presaure differential acreogs the heabt ex-~
changer. 7This is to ensure that the simulated end
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states of the fluids are directly comparable to the
measured data described in Chapter 4.

A full listing of the program is given in Apperdix C.

3.3 Typical examples of simulated data

Two typlcal examples of the simulator output are given
below, In the first example supersaturatlon or Fogg-
ing does net occur but in the second example it does.

In the first example a supply water flowrate of 5,80
kg/s at a temperature of 8,46 °C is used to cool an alr
flowrate of 4,88 Rq/a from an initial air condition of
. 28,04 *c wet-bulb and 33,04 °C dry-bulb temperature.
The air praessuye at inlet is 83,66 kPa and the pressure
drop acroas the heat exchanger 1s 160 Pa. The overall
transfer coefficient of the heat exchanger is 7,841
kW/K. (This operatihg condition vorresponds to Test
No., 42 deseribed in Chapter 4.) The simulator may be
used to calcoulate the outlet air condition, the ontlet
water flowrate and temperature, and any intermediate
value of all the parameters related to the heat and
mass transfer., Some results are shown plotted in
Figunre 3,4. 1In this particular example it can he =zeen
that the heat and mass transfer per section of heat
exchanger increases almest linearly between the water
-inlet and outlet. 't is also interesting to note that
the latent heat contribution to the total heat flow
varies between 60 and 70 percent. ‘Thege are net
general coficlusions but simply apply to this example.

For the second example a sdpply_Water flowrate of 5,73
kg/s at a temperature of 39,03 *C is cocled by an air
Elowrate of 5,38 kyg/s with an initial condition of
11,11 °C wet-bulb and 16,071 °C dry-bulk temperature.
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The air pressures are the same as in the first ex-
ample, The overall transfer coefficlent of the heat
exchanger is 8,721 kW/K. (This operating condition
corresponds to Test No. 58 described in cChapter 4.)
Again the simulator can be used te calculate all the
relevant parameters both at the end stakes and within
the heat exchanger. Some tesults are shown in PFigure
3.5. Take note of the commencement of fog Eormation
once the air becomes saturated.

3.4 Summary

This chapter has described a computer model, based on
Bpalding's approach to heat and mass transfer at a wet
surface, fur simulating the performance of direct con-
tact counte "flow heat exchangers, From a knowledge of
the value of the parameter, %A , all internal and end
state conditiens may be predicted given the inlet flow,
inlet temperatutre and alr pressure conditiocns. The
model is verified in Chapter 5 where it iz concluded
that it produces an extremely accurate simulation of
the test heat exchangers.

The gimulator thus allowa the studY of the heat and
mass transfer from the end state point of view as well
as on a 'microscopic! =cale in which the fundamental
heat and mass transfer processes can be examined. For
example, the value of the diffusi n coefficient and the
value of the index in (Pr/Sc)Z from Equation 2.7 will
be examined using this model in conjunction with ex-
perimental data {(see Chaptey 5}, Another example i:
the use of the comprehensive computer model to investi-
gate changes in tha overall performance parametsrs
within the heat exchanger {see Chapter 7) and thus
select appropriate values of these parameters for use
in the performance eguation.
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.The medel accounts for the poEsibility that supersatu-
ration or fogging of the air stream will_accﬁr. _Bhis
model is unigue in thils aspect and, as will be'_een
later, highly successful in modelling this and all the
other phenomena involved., Although this comptiter simu-
lator can be considered as an independent product of
this research that will be useful to other researchers,
1t must also be considered as a means to an end. The
simulator is used throughout this thesis as a teol to
achieve the main objectives.

The generation of a large experimental database is now
described (see Chapter 4). Uslng this expérimental
data, the verification of the computer simulator is
then congidered (see Chapter 5).
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4, EXPERIMENTATION ON A COUNTERFLOW DIRECT-
CONTACT WATER ATR HEAT EXCHANGER

4.1 Objective of tests

The objective of these tests was to measure mass and
heat transfer rates for varying alr and water
temperature conditions and differenmt heat exchange
packing gecmetries. An expefimental heat exchahger
tower was coustructed and tested for different flow and
geometric conditions with widely varying alr and water
temperatures. The range of deslgns and process con-
‘ditions covered all the typical applications.

fhe aims of the tests were twe-fold. PFirst, a sound
set of overall performance data was needed in the
development and checking of the new overall heat ex-
changer performance eguations, Second, it was necess-
ary to provide data which would enable a comparison of
the performance of the various configurations with
either evaporation or condensation and allow a funda-
mental examination of the combined heat and mass trans-
far phenomena with both evaparation and condensation,

Special emphasia was placed on experimental accuracy
when designing the apparatus and conducting the tests.
Detailed attention was glven to guantifying the experi-
mental errsr to ensure that the overall conclusions
drawn are both statistically real and signifiecant, To
the best of the author's knowledge, these data (as a
dct) are unique. '
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4.2 Description of test heat exchangers

The tests were carried out in the Heat Bxchanger Test
Centre of COMRO (Chamber of Mines Research Organi- °
zatipn}. The'facility matreg use of a heat pump (250
kW) whinh provides a source of bevh hot and cold _
water. An air circuit provides a flow of air which is
conditioned to a pre-selected temperature and humidity
by uéing the hot or cold water £rom the heat pump. A
water circounit simultaneously provides cold or hot water
to the heat exchanger under examination. Thus it is
possible to conduct heat and mass transfer tests using
hot air and cold water or cold zir and hot water, In
conjunction with the water storage facility it is
possible to conduct tests with heat tranafer rates of
up to T 000 kW. -The barometric pressure at the test
site was abouk 83,5 kPa. Further details of this
sophisticated facility are given in Appendix G.

The test rig, which is essentially a counterflo.  .awer,
is ghown in Pigures 4.1 and 4.2, The tower ig fa i-
cared in steel. In order to minimize heak transfer
through the walls of the tower, the walls were com-
pletely covered by a 50 mm thiek layer of polystyrene
~insulation. Por descriptive purposes, the test rig
can be divided into thred sections: the water distri-
bution szection, the packing section and the water
sump/alr inlet section.

The watey ﬂistribution'section contains a manifold with
four nozzles spraying downwards. Each nozzle produces
a sguare water distribution pattern which divides the
crogs~section of the tower into four equal sguares.
{The nozszles are Spraying Systems Co. type 1}H2308Q,
producing a 70° gpray angle, =ee Appendix E,} For a
flowrate of 1 1L/3 through each nozzle the required
water pressure ls 35 kPa.



64

Air sutlet
] t‘t 'Ii 1 Wet & dry bulb
Mist efimlnator : thermotetars
ped .
Alr samplai
P Alr sampling
VaouLm pump
" A ——j
T ] ' _—:o_
— ) == Water supply
Spray
nozzle

-"?V\ hermorater

Spray pattern

Packing fliled section (2_ oft)

Alr sampling
vacuum pump

*
Wet & dry bulb
thermometers

Alr gampler

Thermomater \Water outlet 0 500 1 000 mim
. " . i i '
’ Saale

Figure 4.1 Schematic of test cooling tower



&5

Figure 4.2 Photograprs of tegst cooling tower
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A mist eliminator pad is installad above the spray
nozzles. The mist eliminator consists of interlaced
plastic filaments in the form of a mat (Kimre Inc. type
16/96; ses Appendix F ). Pour layers of matting are
used to c¢reate a pad about 100 mm thick which rasults
in an extremely effective mist eliminator.

The packed sectlon of the heat exchanger is made up of
two modules, s8¢ that packing depths of both 0,6 m and
1,2 m can be examined. The packing medium consists of
layers of corrugated PVC sheets jeoined together by

" adhesive resulting in & fluted +ype of £111l. This type
of heat tranafer packing (supplied by Munters Buroform;
see Appendix &} ia probably the most commonly used
cooling tower packing mediaom (both in South Africa and
abroad). As shown in Figure 4.3, two different grades
or flute aizes, 12 mm and 1% mm, were tésted. The sur-
face areas of the packings are 243 m?/m? and 148 m?/m3
for the 12 mm and 19 mm flute sizes respectively. The
recommended minimum water loading for this packing ia

" about 2.0 1/s par m? while the maximum water loading is
8,3 1/8 per m2. For the test tower this corresponded
to water flowrates varying between 2 and 12 1/s. The
guoted operating range of alr velocities iz between

1,5 m/s and 4,5 m/s; for the test tower this corres-
ponded to air volume flowrates of 2,2 m3/s to 6,5 m3/s.

The water sump/air inlet section is dssiyned so that
the inlet air flowrate is radically de-accelerated as
it leaves tha supply ducting at the base of the tower.
This is in order to cres-e an aven distribution of air
£iow through the tower, which was subsequently con-
firmed by measuvrement. '

Bach tegt required the measurement of the air flowrate
aud ailr condition at the flow measuring station, the
air condition into and out of the tower, the water
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£lowrate to the tqwer,_the gupply water temperature,
the water temperature leaving the packing section and
the water temperature leaving the sump of the tower.
The barometric pressure and the air pressure drop
deross the unit were also measurad, althouah variations
in these values are of secondary importance.

In the test facility the air flowrate 1s measured by
determining the pressure drop across a set of flow
nozzles designed to ABHRAE Standards(83), The pres-
sure drop across the nozzles was measured using a
micromanometer. The exact air density at the measuring
neozzles was determined through wet-bulb and dry-bulb
temparature measurementé and hence the mass flowrate of
dry air could be determined. The unqpontrolled air

. leakage in the downstream system was negligible.

The inlet air condition to the heat exchanger was
determined by sampling the air flow through nozzles
distributed across the ducting, by means of a small
vacuum pumg, and measuring the wet-bulb and dry-bulb
temperatures. 'The outlet'air condition was measured
lmmediately above the mist eliminators. The air was
sampled, through an arrangement of nozzles and a vacuum
pump, and the wet-bulb and Ary-bulb temperatures of
the sampled air were then measured. In both cases the
sampled air was drawn through a measuring section, made
of 100 mm diameter tubing, which housed the thermome-
ters. The air velocity over the damp wick of the wet-
bulb thermometer was maintained at about 5 wm/s. The
small leakage of air_frdm the_main duct that this
created was accounted for in subsequent analysis.

The water flowrate to the heai exchanger was measured
using an orifice plate designed to British Standard
1042(64), The pressure differential across the
orifice plate was measured using a mercury manometer.
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all températures were measured using cdrefully cali-
brated high précision mercury~in—glass thermometers.
The temperature of the water being suppil«d vo the heat
exchanger was measured in a thermometer pocket mounted
in the distribution manifold. &imilarly, the temper—
ature of the water leaving the heat exchanger was
measured in the outlet drain pipe. Thiz pipe was
always full and the temperature indicated a representa-
tive mixeﬁ mean of the water in the sump. '

The barometric pressure was measured uaing a standard
Torricelli mercury barometer and the air pressure drop
across the unit wae determined using an inclined water
manometer. '

4.3 Bxpected uncertainty in the primary
measurements

Both the water and airflow rate measuring devices were
designed according to atandard codes which provide in-
Formation for determining the uncertainties in these
measurements. Through these routines it was estimated
that the 'uncertainty' in the measurement of either
flowrate was between one and two per cent. The water
flow measurements were calibrated agalnst readings
using a tank and timer method and the ‘uncertainty' of
the orifice plate measurement was determined to be well
within two percent. However, Efor the current analysis
a value of two percent has been used for both the air
and the water flowrates,

The term 'uncertainty' defines the ranye of values
within which the true value will have a 95 percent
probability of cocurring(84). If a normal distribu-
tion is assumed to represent the distribuation of each
of the random errors {see later), then the uncertalinty
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value is equivalent to two standard deviations.

The high quality mercury-in-glass thermometers used for
all measurements have a resolution of 0,05 *C and, when
calibrated against zch other, all the thermometears
read to within 0,05 °C over the full temperature

range. The tests involved the measurement of steady
state conditions; however, during any one test the
temperatures might vary slightly. Based on this
evidence the absalut® maximum error in each of the
temperature measurements has been estimated at 0,1 “C.
Although this is a rough estimation the value of 0,1 °C
is considered to have the same =tatistical weaning as
the 'uncertainty’' term discussed above (95 percent
confidence limits, two standard deviations).

The amblent (er outlet) air pressure was measutred using
a standard Torricelli mercury barometer, the expected
accuracy of which is estimate? at 100 Pa. The pressure
differential across the unit was measured to an esti-
mated accuradey of 25 Pa with an inclined manometer.

4.4 Test procedures

Bach test involved a seqguence of manual readings taken
by the author and an associate. For each test the
following steps were carried out:

. the required flow and temperature conditions were
set;

. a period of 30 minutes was then used to allow steady
state conditions to be established;

. all the measurements wera recorded repeatedly for a
period of about 30 minutes, during which eight sets
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of measurements were taken;

. the eight values of each parameter were then checked
for consiatency and a single representative value
~established, and

+ the energy balance between the air and water streams
was then checked for acceptablility (see Bection 4.6).

Two grade sizes of £ill packing (12 am and 19 mm flute
slze} were used and two depths of packing (600 mm and
1200 mnm) were examined, Tests were alse conducted with
no packing. This was achieved by remo'ring the packing
modules and lowering the nozzle and mist eliminator
section onto the water sump/air ialet section. Five
different heat exchangers were thus examined. For each
of these, a set of tests using cold water and hot air
and another using hot water and cold alr were carried
out, giving a total of 10 series of data.

For each serieg of tests the water flowrate was varied
£rom 3 to 12 1/8 in four steps naving values of 3, 6, 9
and 12 1/s. (Hote that th2se are nominal values; the
actual values varied slightly.) Alse, the flawrate of
the moiat air was varied from 2 to 7 kg/s, again in
four steps with nominal values of 2; 3,7; 5,3; and 7
kg/d¢. Thus, each series of tests comprised 16 sets of
measuremnents.

4.5 Meazsuraed resualts

The measured data are grouped into the 10 series of
tests as shown in Table 4.1. All the measured results
for each of the 160 tests are given in Tahle 4.2. The
air density and mass flowrates guoted refer to the dry
air component.
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On average, the supply temperatures for the cold water/
hot alr tests ware 10 °C water and 28/34 °C wet-bulb/
dry-bulb air tomperatura; for the hot water/cold air
tests they were ' °C aund 11/18 °C wet-bulk/dry-bulb
respectively., :

Throughout the tests the barometric pressure varied
only slightly from 83,5 kPa.

4.6 Energy balance criteria and correction of
measured Jdata

It is necessary to flrst consider some general thermo-
dynamle criteria prior to correcting the measured data
to create a heat balance.

4.6.1 . General thermedynamic considerations and
correction of inlet water temperature for the
Joule Thompson effect.

The heat flow through the walls of the heat exchanger
was minlmiged by insulating the structure. It is esti-
maced that for the worst set of conditions this heat
flow would not be more than 0,5 kW. This is negligible
and the overall system can be considered ag adiabatic.
The energy change of the air stream should then equal
that of the water stream and any discrepancy would bs
due to errors of measurement.

The major energy changes are due to heat and mass
tranafer. However, the secondary energy'effects such
as kinetic energy, potentlal 2nergy and pressure _
changes are considerad below and a small correction to
the inlet water temperature is introduged.

.The gteady flow ehergy equation is given below {note
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that in order to account for the change in flowrate due
to mass transfer, the mass flow term is included within
the differential):

dd —dW = d [ (i +V%+4gZ) ) (4.1)

In the thermodynamic sense.a negligible amgunt of work
is done by either stream. The kinetic energy change of
the air stream between inlet and outlet is due to
diffetrent duct sizes and air density. For the range of
tedts this energy change had a maximum value of

0,02 kd/kg. The height of the ' at exchanger varied,
but was on average of about 2 m; thus, the change in
potential energy was also about 0,02 kJ/kg. These are
both extremely small values and are regarded as neglig-
ible (incidentally, they tend to cancel each other
cut), Thus, the change in tetal energy content of the
air stream i® determined by the change irn enthalpy
alone, In calculating the enthalpy change, cognizance
has been taken of the change in air pressure across the
tower.

For the water stream it c¢an agéin be ‘argued that the
change in kinetle energy between the inlet and dis-—
charge pipe is negligible as is the change in potantial
“energy {which again is about 0,02 kKI/kg). Thus the
change in the total energy content of the water stream
is also determined by the change in enthalpy ornly.
However, between the inlet and outlet reasuring sta-
tions the water flows through the diat-ibution nozzles
where its pressure is suddenly reduced. The primary
concern in this study is the heat and mass transfer in
the heat exchanger; and it is convenient to divorce
the thermodynamic effect of the nozzles from these
effacts and 2llow the results to be independent of
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nozzle characteristics. (It is also convenient,
standard and sufficiently accurate in studies of this
nature for tﬁe water enthalpy to be considered as a
function of temperzture only.)

The nozzle water preasure is uzed to create a high
velocity within the nozzle. This kinetic energy is
subgequently dissipated in one way or another; for
example, tuarbulence within the drops or kinetic energy
being dissipated on contact with the pﬁcking. The
thermodynamic details are complex, but between end
states the overall process can he considerad as essen-
tially one of constant enthalpy. The Joule-Thompson
coefficient!B85) relates pressure and temperature
changes through:

& [ at/3p ) ' {4-2}

‘Phe co2fficient remains conatant at a value of
~9,24 x 1076 g/pa(86} for the range of temperaturea
under consideration.

The preasure-flow characteriatic eof the nozzles is
given by: ' '

(4.3)

Ap = 2,2 m,?

Thus the following temperature correction to the water
is reguired:

AT = 5,3 x 10% mi? . (4.4)
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This correction term is very émﬁll: for the full'range of
tests it varied between 0,005 and 0,076 K. However these
effects have been accounted for and the measured inlet
water temperaturés have buen corrected accordingly {the
inclusion of the correction at the watesr inlet is not
ertirely correct but for ease of analyais this [s where it
is assumed to manifest itself)}, The values guoted in
Table 4.2 jncorperate this correction.

4.6.2 Energy balance for test data

As shown above, the duty of the tower is .ctermined by the
change in enthalpy of either stream, and the copling duty
of the one stream should equal the heating duty of the
other. The specific eguations used for these calculations
are:

dey = my( i ~ g ) {4.5)

dd, = Wy Oy ty = My O (4.6)

The duties for each stream have also been given in Table.
4.2. 2s can be seen, the magnitude of the duty varied
widely over the range of tests: from a minimum of 50 kW
to & maximum of about BOO XW. The ratio of the air to
water duty is given in the last column.

The error in the energy balance has heen dafined as the

- difference between the air and water duties divided by the
mean value. These energy balance erruv.s range'between a

minimom of -10 percent and a maximum of +8 perceant. A

perfect set of measurements would have a value of zero and
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these errors can only be due to inaccurasies of
measgzkement.,

A frequency distribution of the heat balance errer is
given in Figure 4.4, The cold water/hot air tests and
* the hot water/cold air tests are shown independently.
Clearly, there is no statistical difference In the
error for the different temperature copditions (i.e.
for tests with avaporation or condensation).

Correlations between the error and the airflow rate,
the error and water flowrate, and the error aad any
mathematical combination of the two flowrates revealed
no statistical Foundation. However, there is a
definite bias in the error to negative values. Even
with this knowledge, a critical review of the test
procedures and apparatus yielded ne indication of the

- possibility of systematic errors. The possibility of
the bias being caused by tharmal storage effects in e
system was examined and_revealed no laglical explana-
tion. In fact, all possible avenues of explaining this
bias were explored and no explanation was forthcoming.

The mean value of the absoclute error is 4,1 percent
{standard deviation 2,4 percentage points). The mean
value of the actual errtor is -3,6 percent (standard de-
-w¢iation 3,1 percentage points). In the absence of any
othar evidence it has been concluded that the error in
the heat balances are due to errors »f measurements in
each'parameter and are to be treated as random.

4.6.3 BExpacted error in enevgy balance

. The nrrer in the heat balance is caleyr  ted as a fune-
tion of the primary measurements as: )

Exreinny = f (MaMytyortans EwseEdnortwbwe P AR) (4.7)
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Figure 4.4 Frequency distribution of measured error -
in heat balance :
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The uncertainty in each of these measurements is given
‘garlier. The propagation of the uncertainties ln the
calculation of this function and the estimation of the
uncertainty in the heat balance may be caleulated Erom
standard yrncedures{34} through:

Errorny = [ ( :_‘n’g em, ) ¥ ;%"; ent, ) (4.8)
dhb z
+ { a Y oaaa JMT
T ot

The expected uncertainty in the heat balance was calcu-
lated for numerous sets of conditions and was found to
vary depending on the prevailing conditions. A limited
number of these calculations are shown in Appendix H.
The calculations indicated that the value waries be-
tween 3 and & percent kut is most likely to, be about 4
percent. '

Hence the values of the error in the hewt balance, as
aeasured, were ln accordance with what was predicted.

4.6.4 Correction of data to create snergy balance

In teats of tﬁis nature the measured data should be
cnrrected so that an energy balance is created. This
wanipulaticn of the data is acceptable practice pro-
vided the correction policy is rigidly and consistently
applied throughout the database. The measurements most
susceptible to error are adjusted the most. From an
oyerall statlstical point of view, the accuracy of the
data should be improved by this process.

It was indicated eariier that the errors would be
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treated as random and that the errors in the flowrates
have magimum values of about 2 percent and in the
temperature measurements about 0,1 °C. The prdcedure
adopted for correcting the meastured data is as follows:

. for each test, each of :he Flow aad temperature
measurements are corrected to some extent;

- all corrections are such that each contribution im-
proves the heat balance;

. each flow measurement is corrected by 2 x G par cent
and each temperature by 0,1 x G °C (the term G ia a
multiplying factor which would he applicable for one
set of conditions; the value of G i3 determined
iteratively on the basla of the heat balance);

. the dry-bulb/wet-bulb temperature gap remains unmodi-
fled;

. the measured values of the ambient air pressure and
pressure dlfferential are not modified.

The exact routine used te do these manipulations is
listed in Appendix I. Because of the similarity he-
tween the measured and expected errora in the heat bal-
-ance the value of the term, G, is seldom greater than
unity. )

The corrected results for each of the 160 sets are
given in Table 4.3. This table is similar to Table 4.2
with differences due to the small adjustments required
to make the air and water duty identical and the intro-
duction of the column giving the mass transfer rate
(based on changes in air moisture content}. These
corrected values are used in all further analysis.
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4.7 Egtimated uncertainty in final results

The two primary results for each test are the heat
transfer and mass transfer rates.

4.7.1 Dncertainty in determination of heat tranafer
rate

As seen ahove, the uncertainty in the heat balance
prior to correctlon of the data, both predicted and
measured, is about 4 percent. The correction process
improves this uncertainty. However the quantification
of the improvement is impossible. Intuitively, it is
felt that the uncertainty in the values of the total
heat £low given in Table 4.3 is considerably better
than 4 percent and is probably closer te half this
value. ’

4.7.2 Uncertainty in determination of mass transfer
rate

The molstore transfer rate is determined by the change
in humidity and the mass flowrate of the air. It was
not feasible to measzure the change in water f£lowrate
between inlet and outlet of the unit and no water masa
balance calculation was possible,

In estimating the uncertainty in the determination of
the mass transfer rate, recourse had to be taken to the
expected uncertainties in .he primary measurements.

The procedure followed was similar to the one used to
determine the expected error in the heat balance
(Section 4.6.3 and Appendix B).
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Again, the expacted uncertalnty wus calculated for num~
erous sets of conditions and was found to vary depend-
ing on the prevalling conditicns. The value is typi-
cally 3 to 4 percent'but may however be gréater for
large air flowrates and small heat transfer rates. The
uncertainty in terms of mass transfer rate will always
be less than 2,5 g/s and typically 1,5 g/¢. These
values may be consldered as conservative since no cog=-
nizance is taken of the beneficial effect of correcting
the data te create an erergy balance. '



Table 4.1 Grouping of test data

SERIES|TEST NO. TOWER GEOMETRY TEMPERATURE COADITIONS
1 1 - 16| Sprav only - o sack [Cold water / Hot air
2 17 ~ 32} Bpray only - HNo pack |Hot water [/ Cold air
3 33 - 4812 pm pack| 600 mm deep{Cold water / Bot air
4 49 — 64112 mm pack| 600 mm deep|dot water [/ Cold air
5 65 — 8012 mm pack|1200 mm deep|Cold water / Jot air
[ BT — 96[12 mm pack|1200 mm deep|Hot water / Ccld air
7 87 - 112119 mm pack| 600 mm deep|Cold water ;/ Hoc air
8 [113 — 128{1% mm pack| 600 mm deep|Hot water / Cold air
9 129 - 144|719 mm pack| %200 mm deep|Cold water / Hot air

10 |145 - 160{19 mn pack|1200 mm deeplsiot water / Cold air

[ 4
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5 VERIFICATION OF THE COMPRESENSIVE THEORETICAL
MODEL AND EXAMINATION OF THE FUNDAMENTAL
MECHANISMS OF HEAT AND MASS TRANSFER USING
THE EXPERIMENTAL DATA :

5.1 Introduction

Chapter 4 presents emplirical data from a searies of
tests on Eive direct-contact heat exchangers. For each
heat exchanger both cold water/hot air and hot water/
cold'air_tests were carried out. Chapter 3 presenta a
computer'model which can simulate heat exchznger per-
formance on the baais of a knowledge of the #hd value
and inlet flow and taﬁperature conditions. This _
chapter investigates the computer simulation of the
performance of the test heat exchangers sc aa to match
the empirical data and thus check on verification of
the comprehensive theoretical model.

In addition, this alsc enables important conclusions to
be drawn regarding the areas of uncertalnty in the
fundamental heat and mass transfer formulations dis-—
cussed in Chapter 2. Basically, four issues are
examined. First, what is the best value of the index 2z
in {Pr/Sc¢)Z in the analogy equation between heat and
mass trangfer? Second, what 1ls the most suitable
correlation equation for the diffusion coefficient?
{Recall that there is conflicting information glven in
a number of reputable texts on valnes of the diffusion
coefficient.) These two issues are not independent
since the value of the diffusion coefficlent is im-
plicitly contained in the ratio (Pr/Sc). 'third, how
successful is the numerical approach to fogging in
modelling the real situwation? The final question, is,
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what iz the difference in the value of the transfer co-
efficlent for water cooling {evaporation) and water
heating {condensation) in otherwise idenkizal situa-

. tions? This question is examined 1n detall in Appendix
J by comparing the evaporation and condensation situa-
tions {for identical geowetry and flow conditions}.

5.2 Selecting best value of z in the heat and
mass transfer analogy for (Pr/Scj)?

In Chapter 2 some of the fundamental aspects of heat
and mass transfer were considered. The well known
analogy, based on the similarity between convective
heat and mass transfer, was drawn. "Thils is now dis-
cussed in more detail.

The existence of the analogy was first shown by
Nusseit(33) in 1916 {through the postulation of a
Reynolds flow) and by Lewis!76) in 1922 who independ-
ently arrived at a similar conclusicon. Since ther a
conslderable amount of experimental work and numerous
theoretica}l boundary layer studies have been carried
out. This work has generally supported the coatention
that similar relatinnships may be used for the correla-
tion of heat transfer and maas transfer data and has -
resulted in refinements which have made the analogy
practically usable., For example, one of the bhesat
established experimental arrangements, similar in some
ways to our pregent geometry, is turbulent flow in
pipes and a considerable amount of related information
is available. Deisslerf53) surveyed the relevant

dats on heat and mass transfer and demonstrated that

. for the same Reynolde number, the heat transfer data
and the mass transfer data fell on similar curves given
by
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St, = &, /pVC = a Reb pp=z ' (5.1}

a Ret Set ' ' (5.2)

Sty = fiy /oV

[The subscripts h and m to the Btanton number refer o
heat transfer and mass transfer data cortelations re-
spectivaly.]

The two transfer coefficlents ars then related through:

B Cup / By = (PL/SC)T ' (5.3)

The well acceptved correlations for heat transfer data
indicate that the value of z in Eguatfon 5.1 should be
0,67. Howevar, Deisaler's{53} comparison of all the
experimental data on turbulent pipe f£low indicated that
there are systematlc deviations From Bquations 5.1 and
5.2 that are related to ithe value of the Pr and Sc
numbers. Spalding{67) paeints out that this observa-
tion merely signifies that the data cannot be repre-
sapntad totally in the'simple form of Eguation 5.1 and
5.2 with 2 = 0,67. 1In fact the indications are that &
should be nearer to-0,5 when Pr is near unity ard to
0,75 when Pr is large. To complicate matters even
further, these data also indicate a dependency of the
exponent z on Rayﬁolds number .,

Situations involving laminar boundary layar flow over a
surface are also similar in some ways to our present
geometry {comparad to turbulent pipe £low they reépre-
sent the other limit of podsible flow regime). These
flow sitnations are often amenable to detailed mathema-
tical analysis, and theoretical boundary layer
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studies(54) ghow that, for a uniform mein stream
velogity, the value of z = 0,67 describes the trends
well fur Pr and $c numbers greater than 0,5, but at
smaller values the appropriate exponent changes to

z = ,50. (Unlike the turbulent pipe flow this is not’
influenced by changes in Reynolds number.) For the
present study typlcal values of Pr aad Sc. are 0,73 and
0,61 respectively. Clearly no =2ingle value of z is
always correct{67), cnilton and colburn{77}, mare
than fifty years ago, on the basis of relatively few
data, recommended the exponent of z = 0,67. As a
general recommendation this appears to have stood the
test of time.

Based on the set of dat: generated as'part of this
prepent work, opportunity now exists to examine this
issve from a fresh point of wiew. Advantage can be
taken of the current set of data for both heat tranufer
and wass transfer measurement=, for situations which
are exactly relevant to the specific applications of
cooling towers and direct-contact air coglers.

The experimental data is now examined and the applic~
able value of = caloulated for each test., If z 1s con-
sidered to be a variable in Eguation 5.3, then onge the
convective heat transfer coefficient is known, the

- value of the mass transfer coefficient becomes depend-
ent oh z, increasing with an increased value of =z.
Since both the heat transfer and the mass transfer were
measured fou each test it is possible to determine a
unfque value of z for each test.

This was done by using the computer model to simulate
the experimental operating conditions for each test by
adjusting the overall value of /#:A until the modelled
total heat transfer was the same as the measured re-
sult, and then adjusting the wvalus of z until the
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"modelled total mass transfsr was the same as the meas-
ured result, This was done lteratively until both the
measured heat transfer and the measured mass transfer
were matched by the simulator. Hence unigue values of
hA and = were determined for each test. The matching
was done to within a tolerance of 0,5 per cent for both
the Heat and mass transfer,

The set of calculated values of z were then examined
statistically. Some of the caleculated values of z were
unacceptable from a statistical point of view and the
20 values furthest from the mean had to be discarded as
meaningless. The ramaining 140 valuea (about %0 per
cent) were examined further and the statistical analy-
gis of these data indlcated a mean value of z of 0,65
with a standard deviation of 0,37. (This indlcates
that the appropriate value of z is not significantly
different from 0,67.)

A similar statlistleal analysis wag done to compare the
cold water / hot air tasts with the hot water / cold
alr tests. Por the former, the mean value of z is 0,63
with a large standard deviation of 0,5 and for the
latter the mean value of 2z is 0,67 (standard deviation,
0,05},

The mean value of z does not change significantly be-
tween f- two sets of conditions and it appears that
its value is not affected by the directlon of wmass
transfer {i.e. evaporation or condensation). It is
interesting to note that the standard deviation in the
value of z iz higher for the cold water/hot air test:
than for the hot water/cold air tests. One possible
explanation lies in the fact that, for the cold water/
hot air tests, the ratio of latent to total heat trana-
fer was considerably lower (56 per cent compared to 86
per cent). The modelled mass transfer iate would be



98

more sensitive to the value of z For the situation

~ where the latent heat forms a smaller part of the total
(recall that the model lz' initially forced to produce
the measured total heat flow rate).

The values of z were examined for each set of tests
corresponding to a dlfferent geometry. Recall that
there were a total of five heat exchangers sxamined:
one spray system and four packing arrangements.' The
mean value of  did not vary significaptly for the
different geometries. The values of z for different
. water and air Elowrates were alsc compared and no
statistical evidence of any trends or significantly.
different valuez of 2z were apparent.

Another way to ex. ~hig issue is to £ix the value
of z at 0,67 and use the computer prograw to simulate
performance and predict the amount of mass transfer. A
comparison of the measured and predicted mass transfer
rates can be made and, 1f the correct valve of z is be-
ing used, the simulated mass transfer and the actual
mase transfer would be identical, The ratio of
‘measured to simulated mass transfer was calculated. Of
the 160 values, 140 were within three per cent of
-unity. The mean of the 140 values of the ratlo is

' 1,0005 and the standard deviation 0,7 per cent. Again,
a similar analysis waa done for each of the different
geometries, the different temperature conditions and
the different flow conditions. No significant stat-
istical deviation from a ratio of unity was cbsevved
for any of these groups of data. Clearly, a value of
% = 0,67 allows the masé transfer to bhe accurately
modelled. However, the statistical significance of
this asort of analysis should be considered. It may be
argqued that, since the gimulator is being forced to

" give the measured total heat transfer hy determining
the relevant vaiue of kA, the modelled wass transfer
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rate would be insensitive to changes in . In fact,
~the calculation of z in this manner would be trivial if
“the overall heat transfer was totally due to latent
heat flow. In the present case tha latent heat contri-
bution varies from 56 per cent to a maximum of A& pef
cent and hence the conclusions are considered real and _
gignificant. ' '

From this section it can ba concluded that for the
range of situation= under examination, the value of

z = 0,67 is indeed suit-ole. Its value is not affected
by the direction of mass transfer (i.e. evaporation or
condensation). Neither is it affected by the change in
packing configuration. There was alsc no evidence that
changes in Reynolds number, water f£low [or air veloc-
ity) affected its value.

5.3 validity of cerrelation equation for the
diffusion coefficient

Having confirmed the value of 2 = 0,87, a brief comment
can now be made on + - selection of the correlation
equation for the dif. .dion coefficient.

Recall that the dimensionless ratio, Pr/Sc, is dire-~tly
proportional to the diffusion coefficient, D, and tuat
Pr/Se is typically egual to a value of about 1,2 {azee
Chapter 2}. Thus, as a first order estimate, a 15 per
cent increase in the selected value of the diffusion
coefficient would be equivaleat to changing the value
of z in the previcus analysis €o 1,25. A 15 per cent
decrease in the diffusion coefficient would be eguiva-
lent to having a value of z = 0,01.

Thus, direct parallels can be drawn to the previocus
sagkion., Clearly, this reflects very well on the
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choice of correlation equation For D. Although it is
impossible to make a definite statement on the values
of D, the exackness of the simulation Eor z = 0,67
indicates an accurate choice of correlation for the
diffusion coefficient. Certainly a combination of a
value of 2 = 0,57_an5 the chosen diffusion coefficient
equation allow tha sxperimental data to be accurately
simulated.

5.4 S8imulation of experimental data and determin-
ation of overall heat transfer coefficilents

Having established the above, the measured data can now
pe analysed further uaing the simulator., The computer
program was used to simulate the experimental operating
conditions by adjustlng the input parameter, A , until
the simulated overall total heat transfer was the sanme
as the measured result, This matching was done to
within a tolerance of 0,01 per cent. Thus at this
stage the model was forced to yleld the measured total
heat transfer but was left to lts own devices in con-
trolling the split between the latent and senslble
componenta. The simulator predicted the maas transfer
rate, outlet alr condition, outlet water temperature,
and outlet water f£lowrate. The amount of Logging waa
also quantified when the model predicted this to occur.

Table 5.1 gives specific examples to highlight the re-

sults for two teats, Wos. 42 and 58 (the san. examples

uged earlier when di. silny the output from the simu-

lator}). [t zhould sted that for Tesat 42, where the
ratio of latent he. to teta. neat transfer was 65 per

cent, the difference between the measured and predicted

nmass transfer was about 1 per cent. For Teat 58, the
difference between the measured and predicted mass
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transfer was negligible. In this aecond case the simu-
lator predicted a foy flow of about 7 per cent of the
total mass btransfer. HNote also that in this case the
ratio of. latent to total heat flow wa3 83 per cent.

Table 5.2 presents all the experimental data and
modelled information. This table is similar to Table
"4.3 but now includes lnformation on the modelled mass
tranafer rate, the ratio of latent +o total heat Flow,
the amount of fogging predicted to have taken place
within the heat exchanger, znd the values of hch .

5.5 Validity of Snperaaturatinn or fogging
algorithm

The algaorithm used tc model the supersaturation phen-
omena relies on a number of simplifications. These
wera discuszsed earlier in Chapters 2 and 3 and it was
shown that the following appeared to be reasonable
assumptions:

» fog appears instantansously with supersaturation;

» heat and mass transfer Formulations and the transfer
coefficlents remain unchanged by fogging;.

. air, water vapour and fog exiat as a homogeneous
mixture at a uniform temperature;

» fog droplets pass through the heat exchanger packing
as part of the air stream but are eliminated in the
gpecially selected demister pads.

By comparing the modelled data with the measured data a
commant can now be. made on the validity of these sim-
plifications. Thete are a total of 79 testa (out of
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the 160) for which the slmulator predicts that fogging
occurred. These tests were mestly the ones in which
hot water was belng cooled by coid air {evaporation).
However, the model was in no way constralned to this
and fogging was also predicted for a few of the tests
in which condensation took place.

The ameunt of fogging predicted to have taken place ls
listed in Table 5.2. It should be noted that a
significant amount of the total mass transfer may
eventuate as fog. Where substantial supersaturation
did occur, the fogged flow was typically about 5 per
cent, but in some instances it was as high as 9 per
cent of the total mass transfer.

In order to judge the accuracy of the alqorithﬁ for
fogging, a comparison can again he made between the
measured masgs transfer and that predicted by the aimnl-
ator. Attentisn i= focused now only on the tests in
which fogging took place. The ratiec of measured to
simulated mass transfer rates for the 79 tests has a
nean of 1,0003 and standard deviation of 0,19 par .
cent. Henoe, the mass transfer rate In these testa is
extremaly well predicted and this refleckts favourably
on the algorithm used for EFogging.

It is perhaps sarprising just how high a propertion of
the total mass transfar can reauvlt as fog; this must

be considered as one of the specific findings of this

study. '

Claarly, the algorithm works well but it would be in-
teresting teo try tc measure this Ffogged flow diractly.
In the series of tests described in the present work
the mist eliminators were designed to strip the air
ﬁomplete;y of the fog droplets and this was achieved
very effectively. Thus it was not poasible to measure
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the amoufit of fog directly. A further series of ex-
periments to examing the fogging phenomena were initi-
~ ated under the author's direction at a large surface.
mine air cooler{57) ag well as at the heat transfer
test facility at the University of Stellenbosch. How-
ever, no specific conclusions have yet beenh drawn.

5.6 Direct comparison between the overall trans-—
fer coefficient for the evaporation tests and
that For the condensation tests

A3 described above, values of the overall heat transfer
coefficient, A , were determined for each test and
these are given in Table 5.2, The experimental test
programme was structured so that, for the same flow and
geometry conditions, eguivalent tests were done for
"cold water/hot air conditions and hot water/cold air
conditions., This allows the effects of these changes
in temperature conditions and direction of rmass trans-
fer to be examined directly and in isclation to the
flow and geometry variables,

This aspect of the investigation is considered a very
important product of this research. However it must be
regarded ds a glde ilssune to the main thrust of the

. work, namely the development of an improved method of
analyeis of overall heat exchanger performance. In
order not to dilute the main arguments related to the
primary geal, the detailed discussion of this issue has
been incerporated as Appendix J. This does not detract
from lts general importance; JAppendix J includes some
novel cbservations, ralses some important fundamental
isgues and identifies needs for further research. %The
‘readey is strongly advised to give this appendix &ue
consideration, :
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5.7 Summary

The main conclusions from this empirical examination of
the heat and mass transfer formulations are:

. the best value of the index =z in {Pr/Sc)Z ip the
analogy eguation between heat and mass kransfer is
z = 0,67. Thig valune, in copjuncbion with the rhosen
relationship for the diffusion coefficient, allows
the éxperimentﬁl data ko be accurately modelled;

» the algorithm used to describe the effects of fogging
within the computer simulator produces extremely
accurate results;

. the proportion of the total maass transfer'that cap
~asult as fog can be as high as 9 pur oraty

. based on confirmation of the above, the computer pro-
gram was used to gimulate the experimental results
and hence calculate values of the overall heat trans-
fer coefficient, WA, These values are listed in
Table 5.2; :

. the computer model was found to accurately predict
the measured heat and mass transfer; :

. based on the comprehensive computer model and the
unique set of data a direct comparison hetween the
overall transfer coefficient for the evaporation
testg and that for the condensation tests can be
made. This is an lmportant side {ssue of this re-
search and is discussed in Appendix J.

It can be concluded that the devel-oment of the compre-
tensive theoretical model 13 successful. This simu-
lator can be considered as an independent product of
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this research that will be useful to other research-
ers. However as an engineering tool for the practicing
field engineer it ls unwieldly and over~sophisticated.
Attention is now turned to using the simulator to
develop a simplifled method of performance analysis
{see Chapter 7). Before this is dene it is necessary
to examine existing simplified methods and to highlight
their limitations (see Chapter 6},



Table %.1

Measnred an& Simulated Besqalts for Test Nos. 42 and 58

Tast No. 42

Test No. 58

No fog _ Fogging

Measured Predicted Measured Predicted
Air flow rate {kg/s) 4,88 4,88 5,38 5,38
Inlet air temp (wb/db °C) 28,04/33,04] 28,04/33,04 {11,.11/16,01| 11,11/16,01
Inlet water flow rate {kg/s) 5,80 5,80 5,73 5,73
Inlet water temp (°C) 8,46 8,46 39,03 39,03
Overall heat transfer * (kW) 255,19 255,19 411,51 411,50
GOverall mass transfer (g/s) 67,06 87,70 131,87 131,87
Outlet sirxr temp (wh/db °C) 15,95/16,49115,963/16,777129,59/2%9,59}25,588,/29,588
Outlet water temp (°C}) 18,76 18,756 22,358 22,387
Fog flow leaving packing (g/s) 0,00 0,00 Unknown 8,64
Ratio Latent heat/Total heat transfer| 65% B3%

* Note the simulation for prediction was comtrolled to match the measured value.

1]}
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6 A CRITICAL EXAMINATION OF THE ACCURACY AND
LIMITATIONS OF THE MERKEL METHQD

6.1 Introductidﬁ

This chapter presents a Retalled examination of the
Merkel approach, which is otherwise termed the

'standard method' of cooling taower performanhce analy-
sis. This methed is used to analyse the experimental
data and is shown to give a poor correlation, A funda--
mental assessment of the approach then highlights some
of the inherent limitations of the method.

Two complementary issues are involved in designing heat
exchangers apnd rating their thermal performance. The
first is the description of thermal performance in
terms of the imposed process conditions esnd an overall
value of the design characteristic. {This first part
is the main subject of this thesis,) Note, however,
that this does not include a daescription of the degign
of the unit itself. The second part i3 a descripticn
of the design features related to the basic geometry
and flow considerations which fix the nature and amount .
of contact surface provided and the thermodyhamic prop-
ertles of the fluid streams., These two parts are norm=-
ally dealt with as two ssparate issues, It nust be
understood that in examining the accuracy of the Merkel
method each of these parts has its own simplifications;
it ig thus difficult to asseas independently the
effects of each part on the overall ilnaccuracy.
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6.2 ¥erkel method of cooling tower analysis

The Merkel or 'standard method' of cooling tower analy-
615 13 presented in many texts, the most common being
the ASHRAE Handbooks(10:89), nritish standard

4485(%) and the Cooling Tower Institute {CTI)
procedures(5%},

The baslc Ns¢rhel approach to analysing the thermal per-
formance of dir . htact air-water heat exchangers
was developed for + +ter cooling towers. In 1925
derkel (12} ﬂeveloped a simplified eguatlon describing
the total heat transfer £rom a wet surface. By making
a number of approximations which, as will be aeen,
sacrifice accuracy, he showed that the sensible and
latent heat transfer may be consldered ag a single
overall process in which the driving force is upproxi-
mated to the difference hetween the enthalpy of the
satyrated air at the wet-bulb temperature, and the
enthalpy of the film of saturated air surrounding the
water surface.

&; = Kp { Lgw = Loy ) _(5'11

This enhthalpy driving force is the widely accepted
basis for direct-contact water-air heat exchanger
theory and most methods of predicting thermal perform-
ance are based on this approach. Merkel's sequenge of
logic and the development of the simplified equation is
well covered in the literature(10.11,26,47), 1t is
sumrarized below and discussed in more detail in.
Section 6.4. '

Equating the total heat flow, described in terms of the
enthalpy driving force, to the change of state of the
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water stream (ignoring changes in watev flow due to
evaporation or condensation) and to the change of state
of the air stream gives:

Kp { Ly = dews ) 44 = i, oy dty .
: = m, di, . (6.2}

This applies to any small ele- +t of surface area with-
in a heat exchanger. The est. .llished practice is to
assume that the overall coefficient, Ky, hds an average
and constant value across the entire heat_axchanger.
Integrating between iulet and outlet states, then,
gives:

Kpd/my = f Gy dty / { 1ay = iama) _ (6.3)
and
K/t = [ At/ ( ta = duen ) (6.4)

In normal practice, Equaition 6.3 is invariably used.
Wote that the eathalpy of the entering air and the
enthalpy of the air within the heat exchanger is con-—
sidered to be equivalent to the enthalpy of saturated
air at the wet-bulb temperature.

The practice is to integrate Equatien 6.3 in combina-~
tion with an energy barance equation; the standard
procedure is embodied in the two equations below:

i, di, = m, &, dt, (6.5)

Kml/l'l'l'w = fcwdt/(iuw- acis ) ) . (6.6}
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The right-hand side of Equation 6.6 is dependent on the
process conditlons imposed on the heat exchanger and
therefore can be calculated when the inlet and outlet
water temperatures, the inlet wet-bulb temperature, the
ratio of the water-to-ailr mass flowrates and the baro-
metric pressure are known, The mathematic re”. ¢« aship
for calculating the integral ig such that ex: t ~  Iy-
tical solutions have not been pesaible; thus, . - i~
cal and graphical technigues have been used, Curves
for certain selected desiyn parameters have been made
available by the Cooling Tower Institute (CTI) in a
handbook that contains some 20 000 curves(39) and by
Relly(98). some typical examples are given inm PFigure
6.1. Obvicusly there are an infinite number of process
conditiona that could form a cooling specification.

These curves are only valid for water cooling duties at
sea~level barometric pressure. Changes in barometric
pregsure and whether air or water is being coolad have
a major effect on these curves. This is clearly shown
in Figure 6.2 and demonstrates the first major weakness
in this approach.

As mentioned earlier, the second part of predicting
performance and designing heat exchangers is the des-
cription of the design features. The group of terms,
Bgh/ui;, on the left-hand side of Eguation 6.6 is known
as the ‘characteristic' of = particular heat exchanger
and is determined by the design features which £ix the
nature and the amount o” n»ntact surface provided, the
relative velocity of the air stream to the water aur-
face and the thermodynamic conditions of the air and
water streams. It is extremely difficult to quantify
this group of parameters by caleulation from hasic
principles and its magnitude can only really be deter-
mined by experimentation, through Equation 6.6,
Nottage and Boelter{31) attempted to caleculate the
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effects of some design parametaers for counterflow spfay
fillad unitg, but &id not advocate any general theory.

Bearing in mind that the value of the charactaristic
varies with water Elow, air'flow, inlet temperatﬁre

" conditions and barometric pressure, field englneers and
manufacturers are faced with a major problem when pre-
dicting and representing performance for an entire
range of conditions and egquipment.

The approach is entirely empitical and représentation
usually takes the form of a series of plots correlating
the characteristic ¥yA/my against the water-air flow
ratio. The established procedure is to corralate
empirical data in the following formsf24,32,93,102)
although it must be noted that apart from dimensional
analysis{53) there 1a no fundamental leyic behind
these correlations:

KoA/m, = a (m/mp)" (6.7}
R/, = &m0 T | (s®)

The common but simplistic practice is to lgnora the
effect of temperature conditions, barometric pressure
and even air velocity, and to use a =ingle curve for
each piece of eguipment{24:83), A typical set of
characteristiec curves is given In Figure & 3. Fhis
approach, in conjunction with the use of tus Merkel
equation ledads to well known errors, particalarly at
high water temperatures above 40 °c{48,63),

B design selection obviously involves the cholece of the
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reguired value of the characteristic to satisfy the
desired process. gonditlions as given, for example, in~
Figure §.1. ' '

The practical limitations of this method, particularly
with regard to field application, are perhaps ohviocus.
Purthermore, this appfoach iz inaccurate and the
pregent set of data are examined below in this manner -
as a demoastration,

6.3 Correlation of experimental data

The valuoes of Kgph/my have been calculated numerically
and are listed in Table 6.1 along with the other rele-
vant test information.

5.3.1 Results in terms of Eph/my = aim,/m; )0

The most commonly used correlation is given by:

Kud/my, = a (m,/m,)" : _ {6.9)

" The exparimental resultz are shown in Figures 6.4.a to
6.8.a. Curve fitting routines have been used to deter-
mine the best values of a and n as well as the correla-
tion coefficients, and these are given in Table 6.2.

. These values are generally in keeplng with what was
expected{d2),

For the spray configuration with no packing (fest Nos.
1~32) thece is cleariy no correlation evident. In
fact, the value of the exponeat n tends to zero. How-
ever, for the sake of complation the infeormation has
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een plotted in Figure 6,4.a with a value of n = 1,

For the packed configurations some correlation exista,
but it is poor. The absolute error in predicting
Eph/my through this correlation is on average 12 per
‘¢ent, with maximum values greater than 50 per cent.
Recall that the uncertainty'in the measured results was
about 4 per cent in terms of total heat flow. So,
clearly, this- correlation is inacoiurake, It must again
be recalled that this approach ls purely empirical and |
has no fundamental basis.

why, then, has this approach been 57 widely adopted?
The main reason is that there is not a large operating
range over which industrial water cooling towers ars
normally used. However, for the present study the full
range of operating possaibilitigs in mining applicatians
dre being examined; hence the scatter.

It is interesting to mote that from a statigtical point
no real difference can be ldentifled for the hot water
and cold water cases,

Although there is very little comparative data publigh-
ed, Kametani et al{103) teated a small counterflow
packed tower for inlet water cvonditions of 40 *C ang
inlet air temperatures of 20 °C wet—bulb, 24 °C dry-
bulb. This information they caompared to the ogperation
of the same tower with inlet water temperatures between
6 and 15 °C and inlet air temperatures of 24 °C wet-
bulb and 29 °cC dry-bulb. The correlation waa done
accerding to Bguation 6.9. Tfhe index n was found to be
the same (0,55} for both sets of conditions, however
the value of the term, a, wa2 found to he 10 per cent
nigher for the hot water application.
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6.3.2 Results in terms of KpA/my = a mg? . my®

To acoount £or the effect of air velocities, the normal
correlation {Section 6.3.1) is sometimes modified +o
the form: o

Kpp/m, = a Mt mym {6.10)

A statistical analysis has been conducted on the data
to determine the best values of a, n, and m, as well =s
the correlation coefficients. These are summarized in
Table 6.2. ALl the results are shown plotted in
Figures 6.4.b to 6.8.b.

As was to be expectad, the correlation for individual
sets of tests has improved slightly. The absclute
error in predicting RuA/ /v, through these equations is,
on average, 10 per cent, but with maximum valwea still
greater than 50 per cent.

It is interesting to note that from a statistical point
of view different correlationz exist for the hot water

. and cold water cases. Howaver, thils reflects very bad-
ly on the widespread practice of using a sihgle correl-
ation for a wide range of thermodynamic conditions.

6.4 Asgumptions and limitations of the Merkel
aquation

As mentioned earlier, Merkel's sequence of logic and
the development of the simplifled equation is well
covered in the literature. However, the equations used
in the présent.WOrk are, as a set, probably unigue
(thia is mainly due to the use of Spalding’'s approach
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' to mass transfer); hence the complete seguence of
logic is examined below. Each of ithe assumptions in-
volved are considered in term.

Merkel's approximation for total heat flow from a wet
surface is given as(89),

& = K ( Loy = Bawme ) = ( ) { Ly = daws ) (6.32)

cavaw

Describling this total heat transfar in terms of the
basic heat and mass transfer formulations, in a re-
lationghip which may he considered as exact {or which
at least presents the best posasibility), gilves:

& = ho { ty = tay + A BT ) (6.12)

Substituting for the mass transfer terms, this eguation
hecomes:

& = fy [ tw = te ¥ (M/Cpe) (Pr/S0)%* In (1 4+ B} ] (6,13)

where

B = (Wy=-Wa)/ (2-Wy) (6.14)

It 19 From the basic Equation 6.13 that Merkel's
approximation can be developed through a series of
seven ssquential approximations. The first approxima-—
tion to be considered is that since B is small compared
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to unity {(typically 0,06 with a maximum value of 0,11),
then: ' :

in (1 + B) = B _ : (6.15)

The typical and maximum errors in this approximation
are 3 and 5,5 per cent respectively.

The second approximation is that since ¥,y ls swmall
compared to unity {typically_ﬁ,oz with a maximam value
of 0,10), then: '

B = Wy - W (6.16)

The typical and maximum errors in this approximation
are 2 and 11 per cent respectively.

The third approximation is that the density of the alr~-
water vapour mixture is not significantly different
from the density of the pure alt component alone,

- Typically the di.ference 1s 2 per cent, but it can be
as much as 11 per cent, Based on tois asaumption two
Eurther simplications are possible. Pilrst, the true
gpecific humidity terms (W) may ve replaced by appar-
ent specific humidity terms {W). Sec¢ond, the thermal
capacity of moist air per mass of moist air, oy, may
be replaced by the thermal capacity term of moist air
per mass of dry alr, <aya.

The £ourth approximation is that the ratic
. {Pr/5c)2/3, which is sometimes knuwn as the Lewis
Number, is unity. In reality the value iz typically
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1,12 {see Section 2.9} and does not vary significantly
over the range of conditions being considered,

The fifth approzimation is that the wvalue of the latent
heat of vaporization (at the water surface condition),
Ay, remains conatant at 2501 kd/kg irrespective of
temperature changes. This value actually decreases by
5 per cent as the water surface temperature varies from
0 to 50 °C.

Equation 6.13 may now be written as:
. 5; = f;u E tw - tdh + (X/Cam}- ( W\N‘ - Wa ) ] (6'17)
which may be rearranggd'to produce:

& s (Mo ) [ (Omuty AWy ) = { Ogar tap ¥ W) ] {6.18)
Coval ’

The term, Cayag: i8 the specific heat of moist air at
the average of the water surface and air temperatures
(film condition).

The sixth approximation is that both the specific heat
of moist air at the bulk air condition and that of
moist air at the water surface condition may be asaumed
to be equal to the specific heat at the film condi-
tien. Thua, it is asszumed that:

Came ™ Camaw = Comt (= St ) (6.19)

Over the range of conditlons being considered, caya
varies from 1005 to 1214 J/kgK. Bearing in mind that
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an average condition is being considered, the maximum
error in either of the spenific heat terms at the water
surface conditioca or the bulk air condition is 9 per
cent, while a typical value is 2 per cent.

Bquation 6.18 may now be written as:

B m (o) [ { Cume bt AWy ) = { Cane b+ A Wa) 1(6,20)

Crvam

The specific heat of moist air is given by Equatlon
A.10 which is repeated below:

Cen = 1005 + 1840 W _ _ (6.21)

Subatituting this and the value of {2501 kJ/kg} into
Equation 6.20 produces:

& = ¢ fa ) {1005 &, + W, ( 2501 + 1,84 t, )x08 {6.22)
Came - 1005 ty, - Wa { 250 + 1,84 tg, )x10® )

The enthalpy of meist air is given by Equation A.12
which is repeated below:

i, = 1005 ty + W { 250L + 1,84 g )x103 (6.23)

g

. Thus, Equation 6.22 sinplifies to:

Ei‘tﬂt:_k_°_)[.iw-iw3 . {6.24)
Coyaee .
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The seventh and final approximation is that the enthal-
Py of saturated air at the wet-bulb temperature .
adeguately describes the actual enthalpy content of the
air as it flows through the heat exchanger. Typically
the enthalpy difference in Eguation 6.24 is likely to
vary by lass than 1 per ceat hecause of this assump—
tion. However, for dry air conditions with close
approach temperatures this error could he large on the
air entry side of heat exchangers.

Egquation 6.24 then simplifies to:

G = ( 2 )0 Swe - dem ] (6.25)

Covpm

This is in fact the Merkel equation, which is normally
written in terms of an overall transfer coefficient as:

G = T (e L) (6.28)

Merkel's simplific-tion involves a total of seven
gequential approximationg, sach of which may have an
error of about up to + 10 per cent. GHome of these
errors are partially self-compensating. To estimate
the overall inaccuracy of Merkel's basic simplifica-
tion, a numerical approach has been used, and conclu~ .
sions are drawn on a statiatical asis. An assessment
of the error in Equation 6.25% involves a comparison
with the more accurate version, namely Equation 6.13
which, when rearranged in the same form as Egquation
6.25, 1ls written as:

\

G = () ( Cume ( ty =t + 2B ] (6.27)
Cavam ’
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Thus, a statistical accuracy assessment slmply involves
the cnmparison between tre driving force terms (the
'right-haﬁﬁ side term) in Hqﬁahlons 6.25 and 6.27. fThe
statistical plane over which the error has been
examined covers the full range of alr and water con-
ditions under conslderation and was covered in steps of
10 kPa in barometric pressure and of § °C for each of
the water and air temperatures. except the wet-bulb
temperature,:which was cocvered in 1 °C steps because of
the stroag dependence of heat f£low on this parameter.
This amounted to a total of more than 10 000 sets of
conditions.

The results are ﬁresented in the form of a correlation
between the value of the enthalpy difference driviag
force and the real value of the driving forve as calcu-
lated from the baslc heat and mass transfer formula-
tiona. This plot is shown in Figurs 6.9; each polnt
on this figure corresponds to one set of conditions.

This figure gives an overall indication of the accuracy
of Merkel's equation and the extent of the abSolute
errors involved. In order to give more information
about the distribution of the inaccuracles, the distri-
bution of the error as & percentage of the true valne
has also been presented in Figure 6.9. Two aspects
should be noted. ®irst, there is a bias toward
negative errors {this means that the heat tra.asfer
predicted using an :athalpy difference would generally
be higher than the true value}. Second, the errors are
not smzll anl Merkel's eguation departs significantly
from the exact formﬁlation; for example, if errors of
+ 3 per cent are to be acceptable then only 50 per cent
of all the conditions conhsidered would gqualify. The
range of values covered the region where the drivirng
force is zero and some of the larger er.ors may he
attributed to the divislon by small numbers. However,
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all these large differences most not be considered in-
significant. 'hey in fact correspond to close approach
conditions in a dry climate.

The numerous sets of conditions evaluated came from a
simple'and even distribution over the uwll range of
conditions beirg considered; there was no weighting
for conditions and processes that are mote likely to
occeur than others. However, the conelusion that the
Merkel egquation is generally lacking in accuracy re-
maina valid. -

The manner in which Merkel's egquation is used in
practice deserves further examination and, with regard
to the present argument, three peints should be noted.

First, the value of the overall transfer coefficient Ky
is given as M /czyam + & fact that ie seldom used in
practice and a detail that is generally lost. (it is
assumed tvhat the transfer coefficient has an average
and constant value throughout the entire heat
exchanger.) ' ' '

Second} erkel's eguation departs significantly Ffrom
the exact formulation and, in practice, the empirical
information iz extrapolated tn various conditlons.
usually without taking account of the specific condi-
tiong prevailing when the 'characteristis' was origin-
ally established, The 'characteristic! value used
through the Merkel equatison is obtained from a correla-
tion of experimental data and, in reusing this informa-
tion, there would only he perfect agreement for process
conditions identical to the original measuremsnts.
Extrapolation or intarpolation'to any other conditions
would involve errers.
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third, associated with the Merkel eguation and its sub-
sequent use, is the Ffact that the energy balance equa-
tions ignore the effects of evaporation or condensation
flowrates. The errer involved in this assumption is
typically 3 per cent, but can be considerably higher:
{see Section 7.3}.

The rea’ significance in the intccuracy of Merkel's
equation lies inr how the overall heat transfer in a
heat exchangetr may be predicted (recall that the above
is only applicable o an elemental surfage area), This
aspect is apparent from the analysis considered earlier
where the performance of a full heat exchanger is
examined., Clearly, any overall method of analysis
based on th. inaccuracies shown above will be inherent-
1y inaccurate.

A number of other detailed studies(13:70,94,85) ained
at quantifying the acouracy of the Merkel equation have
“sen undertaken. Erens(90) concludes that all these
studies are in genesral agreement with each other and
that the srror is typlcally between 10 and 15 per cent.

6.5 Bummary

This chapter hag examined the 'standard' gooling tower
methods of analysis based on the Merkel equation, which
are shown to give a poor correlation af the experi-
mental data. The detalls of .the development of the
Merkel eguation highiight the limitations of the
approach and its lack of versatility in belng able to
deal «it* both water cooiing and alr cooling applica-
tions over & wide range of thermodynamic conditions.

The following chapter addresses the development of a
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new and improved approximation to the total heat trans-
fer relatlonship at a wet surface, This improved. '
approximation is then used in the development of a new
method for the overall performance analysis of direct-
contact heat exchangers.
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Table 6.2 Statisties of correlation of ...t data with stancard method of characterization
Eph/my = a (mg/mg)t Rpd/mg = a mgPmy®
HOT/COLD
TEST NOS FLUTE PEPTH mm WATER a n R2 a n m R2
1- 32 SPRAY. ONLY BOTH 0,00 0,104 0,356 | 0,510 0,80
1- 15 BPRAY OHNLY Cono G, 30 0,107 d,361 0,546 0,8%
11- 32 . SPRAY ONLY HOT 0,00 0,095 0,346 0,521 0,90
33- 64 12 500 BOTH 1,403 —0,680 0,85 ©,891 ). —0,555 0,841 0,93
[ 33~ 48 12 8420 COLD 1,416 -0,605 0,80 0,731 =0,441 0,814 0,95
49- 64 12 600 70T 1,390 -0,777 0,89 0,972 -0,682 0,903 0,94
65~ 96 12 1 200 BOTH 2,292 -0,731 0,93 1,895 -0,679 0,799 0,94
65— B0 12 1 200 - COLD 2,226 -0,677 2,92 1,639 -0,58% | 0,783 0,55
81- 95 12 1 200 BOT 2,354 -0,794 0,97 2,184 -0,774 } 0,821 2,97
97~ 128 19 610 BOTEH 1,201 ~0,670 0,92 0,911 —0,.554 0,765 0,95
[ 97— 112 19 600 - COLD 1,220 -0,623 0,94 0,984 -0,563 0,698 6,97
113~ 1.8 1% - 00 HOT 1,183 -0,725 0,91 0,809 -0,626 6,861 g,96
129 160 19 1 200 BOTH 2,01 -0,744 0:94 1,493 —,663 0,849 0,97
129- 144 LE:; 1 -200 COLD 1,962 -0,680 0,91 1,338 -0,573 0,818 0,97
145- 160 . L 1 200 BOT 2,032 ~0,809 0,98 1,638 0,756 1 0,889 0,59

134
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7. A SIMPLIFIED THEORETICAL MODEL (PERFORHANCE
EQUATION) FOR SIMULATING HEAT AND MASS TRANSFER
IN A COUNTERPLOW DIRECT-CONTACT WATER-AIR HEAT
EXCHANGER ' '

7.1 Introduction

Having discussed the shortcomings of the established
method of analyals, attention is now turned to the
specific development of a new, accurate but simple per-
formance equatien. Up to this stage the thesis has
concentrated on produding the toocls needed to develop
such a simplified theoretical performance equation.
The verified comprehensive theoretical model, the
carefully assegsed bank of axpeqimantal data and the
selacted procedureg for determinlng heat and mass
transfer at an elemental wet surface, are now all uosed
in the development of the new performance equation.

In order to achieve this there ara two further require-
ments: f£first, a simplified equation to describe the
total heat flow from a wet surface and, segond, siwpli-~
fied equations to describe the change of energy state
of the zir and water strezms. :

These are developed in Sexkions 7.2 and 7.3; Section
7.4 then deals with the algebraic development of the
performance egquation; and Section 7.5 defi= s
procedures Eor the selection of parameters . ithin the
performance eguation.
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7.2 Devalopmeht of an improved simplified equation
to describe total heat transfer from a wet
suarface

7.2.1 Effect of dry-bulb temperature changes on
overall heat flow driving force

It was mentioned earlier that the valua of the driving
force for total heat transfer is almost independent of
dry-bulbh tempersture for a constant wet-buld “empera-
tore. Historically, in analysing the performance of
direct=contact water-air heat exchangsrs, the effect of
the dry-bulb temperature is usually ignored and the air
ig conaidered to be saturated at Ilis wet-bnlb tempara-
ture. This is required by virtue of Merkel's simpli-~
fied equation, sinee it is impossible to identify the
individual magnitudes of the sensible and latent heat
transfer and, hence, to track the exact conditilon of
the alr through the heat exchanger.

The following analysils quantifies the error in caleula-
ting the total heat transfer from a wet surface while
ignoring dry-bulb temperature variations. This has
been done on a statistical basis by comparing the value
of the driving force, when calculated for saturated
¢onditions at the wet-bulb temperature, to the actual
value over the range of conditiona being considered. .
The statistical analyéis was similar to that carried
out to examine the error in the Merkel eguation.
Agaih,'the range of conditions being considered was
covered in steps of 10 kPa in barometric pressure and
of 5 °C for eaéh of the temperatures except the wet-
bulb temparature, which waa covered in 1 °C skeps
because of the strong dependence of heat flow on this
parameter. This amounts to a total of more than 10 000
sets of conditions.
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The re=snlts are presented in the form of a correlation
.graph between the value of the driéing force, under
saturated conditions, agalnst its real value. This
plot is shown in Figure 7.1 and gives some indication
of the absolute errors involved. In order to examihe
the distribution of the errors, the error as a parcent-
age of the true value has been considered and a diastri-
‘bution of these values is also presented in Figure

7.1. Errors of up to + 10 per cent enclose about 30
per cent of the points while 46 per cent of the points
have errors of less than + 1 per cent. Aagain It mest
be argued that, since the range of values cover the
region where the driving force is zero, most of the
large percentage errors are doe to division by a number
clese to zero. This is supported by the faet that the
value of the absolute error increases as the driving

~ force approaches zero. ' '

It is concluded that the dry-bulb temperature is not a
strong variable in describlng the kotal heat flow from
a wet surface. This indicates that the driving force
may well be described in terms of - parameter that is
not a strong fuanction of dry~bulb temperature., Such a
parameter is the slgma heat content and thia is
examined further helow. Heote, however, that any para-
meter that is used tq describe the driving force and
that ignores dry-bulb variations at constant wet-bulb
tempetature could never hava an accuracy better than
that reflected in Figure 7.1.

7.2.2 Sigma heat driving force

Pravions sections have shown that the use of the Merkel
eguation {or enthalpy driving force eguation) can re-
sult in significant errors and that the driving force
ig not a strong function of dry-bulb temperature varia-
tiona for the same wet-bulb temperature.
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Sigma heat content is a parameter closely related to
the enthalpy of meist air and differences in sigma heat
between two alr conditions will not be EFar different
£rom enthalpy differences, Furthermore, the sigma heat
is a unique funoki-n of wet-bulb temperature only tat a
Jiven barometric pressure}.

Because of the importanée of slgma energy to this
present work, the basic logic behind the adiabatic
saturation progess and the asigma energy concept is dis-
cussed below. The concept of sigma heat content arises
out of a consideration of the adiabatic saturation pro-
céss, The adiabatic saturation precess is shown
sehematically in Pigure 7.2: on the basis of a unit
flowrate of air and using the vontrol volume surrouhd-
ing the air stream, the steady £low energy squation
produces:

fp = dg + th i - W iy (7.1}

i = iy + my & (7.2)
Applying a mass balance gives:
lgg = Wo 4y = La-W i (7.3)

and hence

% o= (g~ WOt tm = (1= WGyt don  (7:4)
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The energy term that remains exactly constant in the
adiabatic saturation process is given in Eguation 7.4.
This term was called sigma heat by Carrierf31) in

1911, in order not to confuse lt with total heat or
enthdlpy. The sigma heat ontent is the énthalpy of
moist air minus the enthalpy of the water vapour con-
tent calculated as if the water vapour existed as
liguid water at the wet-bulb temperature. Aalthough the
overall process is adiabatle, the enthalpy of the air
remains only approximately constant. Thus, if the
sigma heat {and not enthalpy} remains constant in the
processes under consideration {involving changes of
moisture content) then it is certai: that there has
been no heat transfer. By virtue of this fack, it
stands to reason that sigma energy will be an important
reference parameter, a fact which becomes clear later.

It should be noted that the sigma heat is a nnigua
function of wet-bulb temperature at a given barometric
pressure, (In fact the sdiabatic satnration process
defines the thermodynamic wet-bulb temperature.} The
understanding afforded by the relationship between
sigma energy and the wet-bulb temperature is extremely
useful sinca it provides wvalua:.. 'nsight in explaining
the overall performance trends “his relationship is
“shown graphically in FPigure 7.3.

Whillier (18) initially showed that a sigwa heat
_difference may also be usad to describe approximately
the driving foree For tt . total heat tranafer from a
wet surface. This logic is taken to 1ta conclusion
here and, as will be seen later, the slyma heat para-
meter is of considerable value to the hypotheses
presented in this thesis.

What is alsoc most important, is that sgigma heat may be
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coaditions under consideration



152

convenjently and accurately used to describe the over-
all energy balance between the water and alr streams;
-this is discussed in Section 7.3.

7.2.3 New improved total heat transfer approximation

The exact equivalent of the Merkel equation when using
sigma energy in place of enthalpy is glven as:

e R '
@ = (__°_ YL 8y = 5 ] . (7.5)

cavam

The accuracy of this equation has been studied in the
same way Merkel's equation was examined earlier, and
details are given ilpn Appendix K. It is shown that
Equation 7.5 ia slightly more accurate than the Merkel
equation (scatter is much less). Thus, the simple
replacement of the enthalpy difference in the Merkel
equation by a sigma heat dilfference effects a marginal
improvement in the accuracy of the approximation.

The accuracy of the approximation to the total heat
flow equation using the sigma heat concept may be fur-
ther increased. A close examination of the development:
of the Merkel equation from the Spalding's mags trans-—
Eer approach (see Chapter 6} indicates that the
specific heat term uged in Equation 7.5 wonuld be better
desaribed in terms of the specific heat of the moist
alr calculated at the film condition. This observa-
tion, combined with the fact that the new sligma heat
driving force appears to have some merit, led to the
examination of the following approximation to the total
heat transfer from a wet surface being examined:

| ) o
& = ()% -] | (7.6)

Cavats
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The film temperature referred to by £* is not strictly
speaking the mean of the alr and water surface tempera=-
tures, but in keeping with making the right-hand side
dependent only on wet-bulb temperatures, the tempera?
ture that has been used is the mean of the air wet-bulb
temperature and the water temperature.

Recall that the 'exact' formulation for the total heat
transfer is given by:

G = Ay (t, - ty + A B ) (7.7)

writing this in a form similar to Equatiom 7.6 gives:

. By

G = {._ ) [ Cayape ( Ty = gy + 3 BY) ] (7.8)
Cavai

To assess the accuracy of the new approximation
{Equation 7.6), the right-hand bracketed terms of
Equations 7.6 and 7.8 have been compared. B2gain, this
hag been done statistically over the full range of air
and watzr conditions under examination, using more than
10 000 sets of conditions. The results are presented
in the form of a correlatlon plot between the two terms
in Pigure 7.4. This figure shonld be compared to
Figure 6.9 which shows the accuracy of the original
Merkal equation. Clearly, the spread in the data is
reduced, but the data deviates more from the lina of
identity.

A linear regression analysis, forcing the f£it through
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the origin, was conducted on the data shown in Pigure
7.4. This produced the following correlation (regres-
sion coefficient 0,9998): '

Caar { Ty =ty + A B') = 1,096 (3, -5, )  (7.9)

The approximate equation for heat Lransfer at a wet
surface may then be improved and stated as:

& = P U ) 0%l s (7.10)

Covar~

The accuracy of this equation has been examined with
the term, # , having a value of {,096; a distribution
of the differences from the true values is also given
in Pigure 7.4. Clearly, the aceuracy of this equation
is considerably better than that of the Merkel egua-
tion. Egnation 7.10 should be considered as a state-—
went of a mich improved approximation to the total heat
flow formulation.

If the term, B, was to be consldered as a constant in
Bguation 7.10, then over the full range of conditions
the best estimate of it would be 1,096. However, in
this present work the term has not been constrained to
take on 2 single value. Where specific sets of condi-
tions are being considared, more accurate values of the
term may be calculated. This is done by eguating
Equibion 7.10 to the exact formulation for total heat
tranafer (Eguation 7.7} and thus defining the term,
which would apply toc a apecific set of conditlons, as:

p = Somt t( tz:, - t.z:u ;' A B7) (7.12)
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Note that this term is dimﬁnsionless, also that
Bguation 7.10 becomas exact if 1ts ?alue is calculated
from Equatlon T.11.

Note on the mumerical wvalue of the term, 5.

The value of this term ias always clese to unity and is
a function of the water surface temperature, the air
dry-bulb temperature, the moisture conten .%d the
barometric pressure. The value of the term can be
aimply calculated using the felationships given earlier
{further detalls are given in Appandix L }.

Eguation 7.10 is used to approximate toktal heat £low in
the developmant of the overall performance eguation in
the rest of thla study, &s will be seen later the
term, # , willl be combined with another parameter to
form the ratic #/f. However,it is gtill of interest to
see how the numerical value of the individwal term, § -
as calculated Erom Equation 7. 11, varxes over the range
of conditions.

The term, §, is essentially the ratio of two driving
Eorce tecms, the numerater (the more accurate) and the

- denominator {(the approximation} and because the range
of conditions under consideration covers the situation
where these driving forces may be zero, its value hay
be batwean zero and infinity. The infinite case being
when the alr wek-bulb temperatare is egual to the water
temperature, This aspect, which is basically a mathe-
matical instability, is worth'noting at thils stage, but
it is shown later that this does not have any practical
significance gince unrealistic values only occur when
the driving force for total heat transfer is unrealis-
tically small.
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Values of B for the sltuation where the alr is saturat-
ed {which approximates closely to the general condition
' existing'in a direct-cephact “sat exchanger} are pre-
sented in Figure 7.5. Iu gar »e seen that the value of
the term for saturated air curiditions varies between
1,06 and 1,14, Values of § tu- situations where the
air is not saturated cannot L& presented as concisely
as those for saturated air. However, further informa-
tion is given in Appendix L.

It should be noted that the values glven by Equation
7.11 are applicable to a differential volume of direct-
contact heat exchanger.

7.2.4 Summary

This section commenced by showing that variations in
the dry-bulb temperature do not affect the overall heat
transfar drixing force significantly. The sigma heat
parameter is then introduced and it is noted that in an
adiabatic saturation process it is the zigma heat con-
tent ¢f the molst air, and not its enthalpy, that re-
mains exactly constant. Purthermore, the gigma energy
lg a unigue function of wet-bulb temperature only (at a
given barometric pressure).

The development of a new approximation to the total
heat transfer from a wet surface is then described.

The new approximation 1s based on a sigma heat driving
force dlfference and a more appropriate definition of
the specific heat term for the mass transfer strean.
The new approximation represents a signifilcant improve-
merit in accuracy over the widely used Merkel eguation.

A gpeclfic concluaion of this chapter has £hus far been
the Eollowing relationship:

Hh Iﬂ
G = B¢t ) [ %" %] (7.12)

Cavat®
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The concept of sigma heat is of considerable valia to
the hypothesis prerented in this work, and as will be
gsen in Sectior 7.3, in adaition to déscribing the heat
flow driving force, it may also be used to describe the
change in energy content of a meist air stream and thus
describe the energy balance between the water and air
streams.

7.3 Simplified eguations for the change of energy
state of the air and water streams

The rigorous forms of the energy balance equations for
the air and water streams, across the elehent of a wet
heat exchanger, are such that analytical maripulation
ig difficult and derivatlon of £ useful overall per-
formance equation impossible. This sectlon discusses
the development of simplified eguations that are auit-
able for analytical manipulation and £inal solution.

7.3.1 Energy balance eguations across an element of
 direct-gontact heat exchanger

The commonly used differential form ¢f the ehergy flaw
equation is given below {note that the mass Elow term
is included within the differential to account for mass
tranafer). '

ag-dw = a(m (14 Vl+gz) ] (7.12)

When no work is being done and changes in kinetic
energy and elevation can he ieglected, as la applicable
in this case, {for a detalled argument see Chapter 4},
the equation is simplified to:

ag = a(rﬁ iy (7.14)
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For the air stream this solves to the usual form given
below (note that the enthalpy is based on the flowrate
of dfy-air which remains constant irrespective of any
moisture transfer):

a¢, = m, di, - {7.15)

For the water stream {in a congtant pressure process}
Equation 7.14 bacomes:

dd, = & ( n, o, t, ) (7.16)

The thermal capacity of liguid watef, Cys May be con-
side;ad to have a constant value of 4187 J/kg K. Thia
value changes by less than 0,5 per cent over the range
of temperatures being considered. Through Equation
7.16, the total change in enthalpy of the water stream
{ignoring zecond order differential terms) is given by:

dd, = mj, ¢, dt, +.dm; Sy tu (7.17)

Consider the small element of direct-contast counter—
flow heat exchanger illustrated in Figure 7.6. Sen-
gible heat is being transferred from the water surface
to the air stream (defined as positive heat transfer}.
Water vapounr is being tramsferrad from the water sur-—
face to the air stream (defined ss positive mass trans- .
fer). BAn enthalpy balance for the two streams, across
the control volume produces:

(7.18)

It

ﬁq‘ rﬁa(iao'ial)

I = Ty Oy { Ty = Tyo ) + Sy Gty (7.19)

[
fis]
1l
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As discussed, under certain cvircumstances the air may
become supersaturated and fogged and the form of thesge
equ1tioné alterad slightly. The fogging effect is
considered in detail in Chapter 3 aad fogged flow is

- ageounted for in the computer modeil. This aspect does
not'effect the present argument.

7.3.2 sSimplified energy balance equation

Combihing Equations 7.18 and 7.19 produces the fully
rigorous energy balance between the water and air
gtreams.

My, ( Gao = tu ) = My G { by = B ) + X (7.20)

whers
X = any oy by

In practicé this equation is uavally =implified by
ignoring the term, X.

Bn inproved alternative ia to make use of sigma energy
to describe the energy state of the air stream. Using
sigma energy terms the full heat balance eguation may
" be written as:

Wy ((Z -G ) = mycy ( G- e ) + ¥ {(7.21)

where

Y = amy, e b + My oy { W ey - Py Suno )

The simplified form of this eguation then ighotes the
ternm, Y. ’ .
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The values of X and Y have been calculated for the Eull
set of exparimental data presented in Chapter 4. The
relevant statistics of a comparison of X and Y are
given in Table 7.1. Clearly an improved simplified
energy balance ecuation would bhe given by Bquation 7.21
with the term ¥ ignored.

My (B = %) = Mg Gy  ty = two ) | (7.22)

The above discussion demonstrates the advantage of
uging sigma energy in the simplified heat balance equa-
tion. However, for the present study the inaccuracy in
using the simplified Equatioen 7.22 has not been ignored
and as will be seen later a somewhat lmproved approach
given by Eguation 7.23 below is used in the present
work. :

Mg Cu Aty = (a/7) My a3 (7.23)

7.3.3 Simplified equation for the change of enargy
state of the air skream

There are a number of advantages for using changes in
~sigma heat content rather than changes in enthalpy to

" degorine the oversll energj change of the alr stream.
Bpart foom “he impioved accuracy in the simplified
eqﬁation, tlere is a distinet ad#antage in using sigma
heat rathar than enthalpy, first, because the sigma
heat of an alr-water vapour mixture depends on the wet-
balb temperature and barometric presgure only, whereas
enthalpy depends also on the dry=-kulb temperature; and
gecond, as was seen in Bection 7.2, because the use of
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a sigma | at difference for the driving force in the
simplified eguation describing the total heat flow from
a wet surface {Bquation 7.12) constitutes a relatively
accurate simplified approach.

In order to use sigma heat to describe the change of
energy state of the air stream, the rigorous Eguation
7.15 can be modified and written as:

dd, = a m 5 (7.24}

EQuation 7.24 should not be considered as an approxima—
tion but rather as a definition of the term, a. In-
accuracies only emerge when use is made of approximate
values of the term. Note that this term is Jimension-
lesg and may also be expressed as: '

« = ai, / ds (7.25)

Note on the numerical valuoe of the term, =m.

The above definition is appiicable to a differential
control volume, Az will be seen later, o is combined
with the term, B, in the ratic /8 and another term, 7,
in the ratio a/y. Use iz alsoc made of (a/7v); and
(2/Y)gr which are applicable across finite sizes of
heat exchange surface. However, it is still of
interest to see how the numerical value of the individ-
uzl term varies over the range of conditions under
consideration, '
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The enthalpy of an air-water vapour mixture can be ax-
pressed as a function of barometric pressure, dry-bulb
temperature and ﬁet—bulb tamperature. Thus, for a con-
stant pressure process an incremental change in en-
thalpy is given as: '

di, = (8iy/dtyy) dbg + (di/d%) Gtwy (7.26)

Variations in wet-bulb ang dry-bull; temperatures are
not independent but will depend on the acteal process
involved.

The sigma heat content of an air-water vapour mizture
ls a function of barometrle przasure and wet-bulb tem—.
perature only. For a constant pressure process an in-
cremental change in sigma energy ls given as:

d= = (95/8ty) Aty {7.28)

Because of the cowmplexity of the farm of the equations
it is not possible to express the term, a, as a simple
analtical function. It is, however, a relatively sim-
ple matter to calqulate numerically its value for
different process changes of the air stream.

When saturated air cowes into direct contact with a
water surface and heat and mass tranafer take place,
the . ~cess change of the air stream is such that it
becoimo Supersaturated and fogged. Thir is the case
whether thé water surface is being heated or cooled.
Thus, once alr is saturated in a direct-contact heat
exchanger, it will remain saturated, assuming of course
a fully mixed air condition and a uniform air-water
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distribution. It was shown earlier that when fogging
. eccurs the mechanisms involved can be accurately das-
cribed by assuming the fog is carried along ia the air
stream in the form of amall water droplets. Thus, the
important issue in the present argument is that satu-
rated air remains saturated and hence fogging per ée
does not affect the value of @,

The value of the term for the situation where the alr.
is saturated (which closely approximates the most
commonly occurring conditions existing in a direct-
contact heat exchanger) is dependent on the air temper-
ature and pressure only aince the air copdition will
remain saturated irrespective of the water temper-
ature. Values of « for air that 1is saturated are given
in Figure 7.7. PFor these conditions the variation in o
with temperature is almost linear, varying from 1,01 at
0 °C to 1,11 at 50 °C. WNote that the value for satu-
rated ailr is always greater than 1,0. Further Jeipils
and a listing of the computer program used to caleulate
these values is given in Appendilx M, Values of <his
term for situations where the air is not saturated can-
not he presented as c¢oncisely as those for saturated
conditions. More information is given in Appendix M.

It should be noted that the values of « given above are
"applicable to an infinitesimal differentla’ volume of
direct-contact heat exchanger. Consideration is given
later to finite changes in process conditionsa.

The term, ¢, 15 essentially the ratiec of the two terms
which describe a change in energy content; these
changes in energy content may be poeitlve, negative or
zero, Thus, the value of a may be batween zero and
infinity, the infinite case being whan the process
change of the alr stream takes place at constant wet-
bulb tempervature. Typically the value of & is close to
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unity, but the pessibility of it having infinite or

- zero values should be noted. It will be seen later
that this does not have any practical significance
since wnrealistic values occur only when the driving
Eorze for totai heat transfer is unrealistically small.

7.3.4 Siwplified equation for the change of energy
state of the water stream

Equations 7.17 and 7.19 describe the change of enargy
state of the water stream. The term on the far right-
hand side of these equations accounts for the net

. evaporation ar condensatlon that takes place. It
rapresents only a small fraction of the total heat
tranasfer and in most studies of this nature it is
ignored and a simplified form of the equation is used.
However, in the present study cognizance is taken of
this term and the following aimplified equation is
useds

ady, = v m, G db, S (7.29}

Bguation 7.29 ghould not be considered as an approxi~
mation but rather as a definition of the term, ¥. In-
accuracies ogcor only when approximate wvalues of this
term are used. Note that this term is dimensionless.

Note on the numerigal value of the term, 7.

As will be seen later the term, ¥, is combined in the
ratio o/y and it is thiz ratio that is of significance
in the subsequent analysis. Use is alao made of twe
terms, {a/v); and {e/y)g, which are applicable across
finite sizes of heat exchange surface, However, it is
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. still of academic interest to examine the numerical
value of the individaal term, 7.

Through Equatiqns 7.17 and 7.2% this term is given as:

y o= 1+ (Amy/mg). (Besdby {7.30)

Combining the basic relationships for heat and mass
transfer with Hquation 7.30 allows the term to be cal-
culated from a knowledge of the water surface tempera-
ture, the condition of the aiy and the barometric
pressure. This is discussed in Appendix N. It should
be noted that fogging does not affect the value of 7.

It can be seen from Equation 7.30 that, as the term dty
approaches sero, the value of 7 tends to infinity.

This fact is worth noting at this stage, but ‘t will be
geen later that thiz does not have any practical sig-
nificance, since unreslistic values ocour only when the
driving force for total heat transzfer is unrealis-
tically small. The values of the term for the situa-
tion whare the air is satuerated are given in Flgure
7.8. These values are practinaliy independent of
chapges in barometric pressure and water-air flow
ratio. The value of 7 varies from 1,00 to 1,09 over
the range of conditions, iacreasing with both air
temperature and wuter temperature. Note that for satu-
rated air the valus will a)ways be yreater than 1,0,
since dmy, and 4ty will .iways have the same sign.

values ¢f v for situations where the air is not satu-
rated caunot be presented az concimely az those for
saturated conditions;  however, further information is
given in Appendix W.
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It should be noted that these values are applicable to
a differential volume of the neat exchanger. Consider-—
ation 1d given later te representative values for
finite changes in process conditions.

7.3.5 Summary
This section has defined simplifiad eguations for des-
cribing the change of enthalpy of the air and water

stream=z. The simplified equations for the air and
water streams are given below:

{7.51)

dd, = o w, =

ady = 7 my G Aty (7.32)
The two terms ¢ and ¥ are defined au:

.o: = di, / ds | | (7.33)
¢ = 14 (dm,/my)s (t,/dty,) | (7.34)

The values of these terms are close teo unity. Values
for conditions where the air is saturated are presented
hare and further details for nen-saturated conditions
are given in Appendices M and N. Independently, the
values of these two parameters are not relevant since
they are wombined with other parameters in subsequent
manipulation.
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The gimplified form of the eguatians describing the
changed energy state of the two streams is used in the
next section, in combination with the simplified egua-~
tion for the total heat transfer at a wet surface

{see Section 7.2), to derive the overall direct-contact
heat exchanger performance eqguation.

7.4 Development of a theoretical performance
egquation
7.4.1 Review of conventional {non direct-contact)

heat exchangar practice

In a large proportion of heat exchangers there is no
direct contackt between the interacting £iuids and thes
total thermal capaclty of each £luid, i.e. the product
of the mass flowrate and the speeific heat normally
remains constant throughout the heat exchange process.
(It is this latter point that creates the major differ-
ence between direct-contact and non direct-contact heat
exchanger theory for air and water.) The theory des-
cribing the thermal performance of non direct~contact
heat exchangers is well established and 1s documented
in many skandard texta(50,51,52), A modification to
the narmal NTU method bas been developed in the course
of this work and is presented below to show a seguehce
of logic which will be referred to later in drawing
analogles between the direct-contact and the non
direct-contact case.

a diagram of a section of a non direct-contagt counter-
flow water-air heat exchanger is shown In Pigure 7.5.
The heat transfer rate across an @lement of heat ex-
changar surface is given by:

ad = U (. &, = tg ) GA. ' (7.35)
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B‘igure 7.9 Elemental section of a non direct~contact
counterflow heat exchanger
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The term, U, is the overall heat transfer coefficient
which desecribes the combined effect of the thermal
resistances in the water Fllm adjacent to the separat-
ing surface, in the separating wall and In the air film
adjaéent to the wall surface, These reéistances are
deseribed by thermal conductivity data, or, in the case
of the f£ilm co-efficients, in terms of correlation
equations for the Nusmelt or Stanton numbers for forced
convection situation=.

The heat flow caudes a change in thé temperature of the
air stream (and the water stream) and the change of
energy state of the air stream across the elemental
area may, in the absence of moisture transfer and
changes in kinetic and patential enhergy, be described
by: '

dd;, = nmiy ¢, dby {7.36)

Energy balances between the water and ailr streams
-across the counterflow heat exchanger from the air in-
let side {(water outlet side) to the section being con-
gidered, produce: :

My € ( tan = o) = My Gy ( ty = by ) (7.37)

An energy balance between the two streams across the
entire heat exchanger producr3!

rr;ca(tm Ea ) = My Gy ( tw = B ) (7.38)
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These equations are normally combined to produgs the
familiar 'Bffectiveness ~ NTU' equation{30} given
below:

NTU { 3 - ETE_.)

E = _1“5- - {7.39)
Lo (Gmny  NTU( 3 - Jmn )
ax . AN

This eguation introduces the three so-called heat ex-.

changer parameteré.

Codn . L "N

cwax Therma], capacity ratio, where Cmin is the thermal

“ capacity (W/K} of the fluid with the lower ther-
mal capacity, Cpsy 1ls that of the fluid with the
higher thermal capacity. :

NTU - Wumber of tramsfer units, which is the design
characterigtic or thermal 'size' of the heat ex-
changer given by NPU = UA/Chin.

E = Effectiveness, which is the ratio of the change
in temparature of the fluid with the lower ther-
mal capaclty to the difference between the f£luid
inlet temperatures.

The famillay 'BEEfectiveness - NPU' approach is shown
graphically in Pigure 7.10. This form of the relation-
ship is often oclumsy in its application (by virtue of
having to determine which f£fluid gives Cyj, and having
to invért the factor Cpin/Chmax £rom time to time).

More imporfantly, it is not =muitahle £or the specific
manipulation which is required in Section 4.2.1. Thus
a new form of this relationship has been developad
below. '
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Figure 7.10 Performance of pon direct-contact counter—
flow heat exchangers (& vs NTI)
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Combining Equations 7.35, 7.36 and 7.37 gives:

U e . dtap
my Ty + Tz tyy
wherea
L . (7.40)
"y Sy
J2 = m.ﬂck -1
My Sy

Integrating Equation 7.40 across the entire heat ex-
changer between the inlet and outlet air conditions and
combining with BEquation 7.38 ylelds:

- UMTg, 1 - M S
= 1-=® TSy {7.41)

- twe
B =y Wy ~ UB/me, ¢ 1 - e
(m:lua)*-e TGy

Writing Equation 7.41 in terms of the sodewhat modified
heat exchanger parameters gilves:

1 -a-N(1-~1R)
R -e-NI(I-i/R)

Egquation 7.42 is shown plotted in Pigure 7.711 and it is
in this form that the relationship will be referred to
in mech mors detall later.

The three new heat exchanger paramaters are now des-~
cribed as:
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R - thermal capacity ratio, the ratio of the thermal
-capacity of the water stream to that of the air,

R = 1myCy/aCa

N - design characteristic or thermal size of the heat
exchanger based on air flowrate, N = Ud/mycy

Ey - water effectiveness, the ratioc of the change in
temperature of the water to the difference be-
tween the inlet water and inlet air temperatures,

By = (tgi - cyol/{tyi — tani!)

The difference between Equation 7.41 and the normal
'Bffectiveness — NTU' equation guoted in standard texts
should be stressed., The thermal capacity ratio is
usually defined 2o that it is always less than unity,
with the numerator referring to the fluid with the
smaller thermal capacity. In Equation 7.41 the thermal
capacity ratio is given as the ratio of the thermal
capacity of the water stream o that of the alr stream,
irrespective of which is the larger. The effectiveness
' (or efficiency) normally refers to the £luld with the
lower thermal capacity. 1In Equation 7.41, the water
éfficiency is used under all circumstances. The Number
of Transfer Units is normally based on the fiuid with
the lower thermal capacity, However, in this present
‘applicaticn the design parameter N will always be based
on the thermal capacity of the alr stream,

7.4.2 Developwent of a performance éguation for the
direct-contact case

The basis of this development is three eguations which
avolve from a consideration of an elemental surface of
a direct-contact water-air heat exchanger as shown in
Figure 7.12. ' o
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Figure 7.12 Elemental section of a dirasct—contact
counterflow heat exchanger
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The first equation describes the total heat transfer
{sensible and latent) from the alr-water interface and,
as- discussed earlier, this is best described as:

dd = ko ( b, - bty + A B’ ) AA ©(7.43)

The other two equations describe the change of energy
state of the air and water streams du¢ to the heat and
mass transfer acrose the incremental area. The egua-
tion deseribing the change of energy content of the alr
stream is given as: s '

ag = m ef, | (7-44)

Fhe change of energy content of the water stream is
given as:

ad = i, c, 4, + dm, c, €, (7.45)

The essence of the development of an overall perform-
ance egquatlon is the solution of those three zquations
simultanecusly and their subsequent integratien over
the entire heat exchanger. In order to generate a
solution (along the lines analogous to the non direct-
contact heat exchanger) a number of simplifying assump-
tions must be made. It then becomes possible to
manipulate the resulting functions algebraically,
enabling the form of the overall performance equation
and the correct grouping af the various parameters to
evolve. ' '
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As seen earlier in Sectlons 7.2 and 7.3, the three
basic egquations can be simplified and rewritten as:

ad = g% (5-5)a (7.46)
Cayair

a = o m,ds ' (7.47)

ag = ym, g, dt, {7.48)

The loglc in writing the equations in this form is that
“the parameters e, § and 7 are reasonably constant over
the range of air and water conditlons being considered,
and each has a value clore to unity. It is also pos—
sible , with the equations in this form, to follow a '
gimilar sequence of logic to that set out in Section
7.4.1 for the gimpler non direct~contact case.

Combining Equations 7.47 and 7.48 and integrating to
create an energy balance between the aiy inlet / watay
outlet boundary and an intermediate point of a counter-
fiow heak exchanger, produces:

o (2~-3 = oy o (bt -ty ) (7.49)

The subseript, i, in «j and ¥} refers %o the fact that
the energy balance has been taken between the air inlet
and an intermediate pogition in the heat exchanger. In
a similar manner an overall heat balance across the en-
tire heat e+hanger produces:

M (T mB) = %y Gy (b -ty ) (7.50)
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It is important to note that finite differences and not
single point values arc involved in Equations 7.49 and
7.50. 1In fact, these equations should be vonsidered
as defining the terms aj, ay, 74 and 7.

Before progressing with the development of this logic
it is necessary to make a last important definltion. &
pseudo-specifiq heat term, c¢i, for saturated air based
on sigma energy; '

G = (E-a)/te - (7.51)

where
a = Iy

At the water éu;face C. . .u0pn, this pseudo-specific
heat is given as: '

S, = a+ chy by (7.52)

The pseudo~specific heat term for saturated air depends
only on the temperature and the barometric pressure.
The constant, a, in Equatlon 7.51 is the value of the
sigma energy content at 0 °C and is dependent on baro-
metric preséure only. The terms may be calculated from
the psychrometric equations. given in Appendix A. The
variation of the pseudo?specific heat over the range of
conditions being considered is given in Figure 7.13.

Substituting Equation 7.52 into Equation 7.4%, for tywr
and re-arranging produces:

By = Bt o tet (L) M (5-x) (7.53)
: Yo WGy
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Eguating Equations 7.46 and 7.47 gives:

ho @A ds _ ©(7.54)

g (a/8) Cavatr { Iy + % }

SBubstituting Equation 7.53 into Equation 7.54 gives:

_ hoaa = az | . (7.55)
m’a {&/,8) Cavaf' ’ ( JS + J‘; = ) .
whatre
Yo = adayty-(2) MaCiw 5
T 1 MCy
I, = u) TChy .
T 1 Sy

To make the integration of Eguation 7.55 analytically
pogeible we now Gefine (&/7)1, [ (@78} Cavat™}: Chy as
representative mean values of these terms over the
limits of the integral. These mean representative
values and the implications of this assumption are dig-
cusged later. At this stage the reader is asked to
accept the validity of the use of these mean represen-
-tative terms, obviously provided that correctly chosen
valuer are utilized. It must also be noted that the
value of the £ilm coefficlent, M, must remain constant
for the integration to be possible, This alse infers
that a representative mean value of the E£ilm coeffi-
cient is used. '

Integrating Bguation 7. 'roas the entire.heat ex~
changer, between inlet .d ocutle. alr conditions (see
Appendixz 0), ylelds:
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gy = L-e N O-uR)

— . (7.57)
{(1~J+3rY. -~ ¥ (2~ WE)

where _

R = [ myuoy, 3/ m ch (a/7); ]

N = A/ [ m (o/8) Coyu ]

B = (B~ fuo /€ B = € SH ) )
Ciw

T = A{a/yl / (a/7),

Mote that in the interests of simplicity the ‘bar'
notation, referring to representative mean values, has
been dropped. However, it must be understnod that the
representative mean values are always implied when re-=
ferring to the overall performance eguation.

At this stage it is poazible to wake an initial state-
ment of a performance hypothesis on the bhasia of
Eguation 7.57. However, the eguation can only be ex-
pected to describe performance trends accurately if
appropriate values of (o/7)y, [ (a/B)} Cayvar*ls chy are
ased to represent these parameters throﬁghout the heat
exchanger procege {and if the £ilm coefflicient, f;, re-
mains fairly constant throughout the heat exchanger).

Note that the concept of the psendo-specific heat as
presented thus fay is not really an assumption but
rather a definition. The assumptions come later when a
simple way of calculating this term frem a knowledge of
the inlet process conditions, is presented. The wost
important issue is that a single representative value
will be used for a single set of process conditlons.

Boguation 7.57 ls extremely useful in that it snppliea
an explanation of the jrouping of tha various terms
and, as will be seen, =his is an important achievemant
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of the present work.

Eqﬁation 7.57 represents the new performance equatiob
in its full form. In fact, bhearing in mird the defini-
tions of the varions terms like aj, 73, P and chy and
the definition of representative mean values, the egua-
tion may be considered rigorous, However, it is still
of limited practical use in ity present form and
attention is now turned to refining the equation and
examining the selaction of representative mean values
of the varions parameters.

T:5 Refinement of performance equation and procedure
For selecting parameter values

In determining appropriate values of the pseudo-
specific heat cfy, [ (2/f) cayar*l, (&/7); and {a/7)y:
it is necessary to understand how these vary with water
temperature, alr temperature and bayometric pressure.
Clearly, of major importance 1s their variation across
a heat exchanger for a specific set of process operat-.
ing conditions.

In investigating these aspects use is again made of the
computer gimulator developed earlier. Recall that the
simulator, which has proved to mimic the test heat
exchangers very well, deterwmines the heat ané mass
transfer rates from a knowledge of the hd term, the
inlet temperature conditions and the flowrates. Thia
is achieved by dividing the heat exchanger into amall
sections and then solving the applicable differential
eguations numerically and sequentially from inlet to
outlet conditions, Thus, all the internal conditions
as well as end states may be predicted Ffor both hypo-
thetisal situatione and for real test data. '
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7.5.1 ZInitial simplification of perfrrmance equation

An initial simplification, and perhaps an obvious one,
dpplies to: -

T = {a/7) / (a/7), : {7.58)

This term is a second order correction in the energy
balance relationghip to accomnt for the fact that fully
rigorous enthalpy balances are not used.

Az seen from_the development of the overall performance
relationghip, the infinitesimal differential values (or
point values) of a/7 have no relavance. Rather, it is
the values relating to a finite section of the heat ex-
changer (from the air inlet boundary condition) that
are applicable. Por these finite differences and for
any point within the heat exchanger:

{afthy = myow (B ~tw) /M (2-3%) (7.59)
7 o= (B~ te) (% -5) (7.60)
(T -t ) ( % -5 )

The variation of the term J across and within the he.t
exchangers for each test has been determined through
the use of the computer simulator and is given in Table
7.2. The term has been found, hot surprisingly, to
vary negligibly from unity, having an overall mean
value of 0,997 {(atandard deviatlon = 0,008). It is
thus proposgsed that a universal value of 1,000 be
adoptéd.
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However, it is of academic interest to note that the
value is always greater than 1,0 for the cold water
(condensation type) tests and less than 1,0 for the hot
water (evaporation type) tests. The mean values are
1,003 and 0,990 respectively and although this is a
clear distinction that can be made between the two
types of tests, it is of little relevance because the
beat exchanger effectiveness is only affected neg-
ligibly by the term, J.

Thus, the term in the overall petformance eguaticn that
contains J may be modified by eguating J to unity as
follows:

(1-J+JR") = R (7.61)

Note that any emall deviation of J from unity is, in
any event, self-compensating, since the order of magni-
tuda of R* is approximately 1,0 and the differential is
given as:

d(1-T+IR) . goy | (7.62)
a5

The overall Bguation 7.57 can then be written in a
gimpler form as:

gt o= A° o = ¥ (1 - /R)
- e~ N (L - 1/R)

(7.63}

The similarity between thia and Egquation 7.41 (which
evolvad from the non-direct contact theory) is obvious,
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with the so-called heat sxchanger parameters tow being .
given am: _ . :

R* - thermal capacity ratio, the ratio of the thermal
capacity of the water stream to the equivalent
thermal capacity of the air stream

R" = m,c,/ [ my (a/v) iy ] (7.64}

N* -~ design characteristic or thermal gize of Jirect-
contact heat exchanger based on alr flowrate

N = kA /[ oMy (2/8) Chupe ] (7.65)

Ey* - direct contact water effectiveness based on wet-
bulb temperature and the pseudo-specific heat
concept

By = ttv.«-tm)/rt.,.-%tm: (7.66)

The overall performance equation may also be rearranged
and written in terms of the more commonly used water
efficiency, as:

By = (ty~tw /({ty~tu) O (7.67)
1 .o ¥ (1= UR)
® - ¢ F (- 1w

= % I ]

whera @, = (tm-g‘;’twm}/(tm“twhl)
m . .
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7.5.2 Initial exawmination of parameters in performance
equation for selected hypothetical conditions

Six hypothetical aituationg are initially examined.
The conditions were chosen to cover the full range of
temperature cenditlons as well as some typical water
cooling duties, The specified conditions and results
are summarized .n Table 7.3 and the variations of gach
of the relevant parameterz within the hypothetical heat -
_exchanger are plotted in Figures 7.14 a-f.

A study of these flgures clearly indicates that the
terms (a/v) 4 and [ (/) cCayar*] do not vary signifi-
cantly across the heat exchanget for any one set of
process conditions. The arithmetic mean. values of the
two terms are also shown In Figure 7.14 a-f. The fact
that the varlations on either side of these mean values
are amall indicates the probable accaptabiliuy of using
single preselected values of these two terms in the
practical application of the overall performance egua-
tion. This becomes fully apparent later.

The variation of the pseudo-specific heat term for'air,
Cayr Over the full rahge of conditions being conzidered
in thig study is given in Fiqure 7.13. The value
~varies from 1,6 to 6,2 kI/kgK. With this wide varia~
tion it is clear that no single universal value may be
used, However, the variation across a single heat
exchanger for typleal operating conditions would be
considerably smalier and this is evident from Figures
7.14 a=f. The appropriate representative values of the
pseudo-gpacific heat term for the slx hypothetical runs
have been calculated and are indlcated in Table 7.3 and
Flgures 7.14 a-f. These values are deterwmined through
the splution of Equation 7.63 using the arithmetic mean
- valyes of “~‘7); and [ (a/f) cavag*]. Wote that the
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repredentative values of chy are roughly at the mid-
point of the heat exchanger. This evidence indicates
that the use of a single value of the pseudo—apecific
heat term would be possible for a ainglé get of process
conditions. Thus, the error in using a single repre-
sentative value in integrating Equation 7.55 is prob-
ably acceptable. This becomes fully apparent later.

7.5.3 Examination of parameters in performance egua-
tiorn for the experimental data

For illustrative purposes Tests No. 42 and 58 have
again been tonsidered and the relevant parameters and
their variations are shown in Figures 7.15 a-hb. also
shown are the arithmetic values of (=/7)j and

[ (¢/B) @ayas®] and the appropriate representative
values of the pseudo-specific heat term.

Clearly the tentative conclusions drawn in Section
7.7.1 are supported by this information.

The values of the terms (a/v)i, [(a/8) cayas*! and Cay
have been examined for the full set of test data and
each is considered in turn belos.

Experimental values of {o/+1){

The individual terms o and 7, which are applicable to
elemental points within the heat exchanger, were dis-
cussed in Section 7.3. The values of the ratia (a/v)
are given in Pigure 7.16., %he clear distinction be-
tween water cooling and air cooling applications is of
particular importance. Noke also the representation of
Test Nosg 42 and 58 which have been included for illu-
strative purposes. ' :
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The values of the ratio relating to a finite section is
- given by : '

(a/v); = T c“ { ty ~ tw ) (7.68)
my { E -5 )

From a practical point of viaw the value of this ratic
can only really be examined with a complete set of heat
exchanger data, The variation of the term (a/7) ; be=
tween inlet and outlet of the heat exchangers for each
test 1z shown in Table 7.4 along with the arithmetic
mean values. It should be noted that for the cold
water tests the value of the term decreases between air
inlet and outlet, and for the hot water tests this
trend is reversed. For the cold water tests the varia-.
tion in the value for any one test is not gréater than
1,3 per cent., For the hok water tests the varlation in
the value is not greater than 2,6 per cent. Thuns, the
varlier conclusion is confirmed that (e/v)i does not
vary significantly for any one test. This logic can
now be taken to its conclusion with an examination of
all the test data. The database consisted of {8 values
per test for each of the 160 tests and the relevant
gtatistlcs are as follows: '

Cold water tests: mean 1,03 (s.d. 0,6 %)
Hot water tests: mean 1,00 {s.d. 1,1 &)
All tests combined: mean 1,02 (a.d. 1,5 %}.

Phe selection of single representative values is dis-
cussed later in combination with the selectien of
values for the other parameters. However, at this
stage note that the preferred valne for the cold water
tests would be higher than that for the hot water
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tests. Wote alse th .t this is exactly what is indi- .
cated by the shaded areas depicted in Figure 7.16.

Experimental values of [ {e/f) Cagas*]

The individual terms « and § were discussed {n Bections
7.2 and 7.3. The value of the ratio {2/¢)is dependant

v 1 the air condition, water tempevature ond barometriec
pressure. For saturated comditir 4 the value of (o/f)
varles from 0,927 to 0,987, which is a smaller
fractional variation than occurs in either of the
individual terms « or g. Thus the variations from
unity in either term are seif compensating +o a certain
extent. since they are combined in a ratio. The
variation of (e/p)for saturated conditions is shown in
'Figura 7.17. Howaver the values of {a/f) are not, in
themselves, of major importance, since it is the term

[ (o/B) Cayag*] that is used in the overall equation.

Recall that by definition:

@ = al/am | S (7.69)

p o= et ((t;‘:,_ tzib }+ 2B ' | (7.70)

The combined term for an element of heat sxchanger ia
given as:

(0/8) Co® = | [«u - ‘*;o ] (241 . (7.71)

This term is the product of two ratlos combining the
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approximations for the total heat transfer driving
force and that for the change of energy of the air
stream. The values of thiz combined term are given in
Figuré 7.18 for saturated air.

The variation of the term bhetween .nlet and outlet and
the arithmetic mean values are shown in Table 7.5 for
each test. It should be noted that for the coid water
tegts the value of the term decreases between the air
inlet and the alr outlet, buc for the hot water tests
this trend is reversed, {In fact the slope of the
lines of air temperature, water temperature and

[ (2/8) cayae*], as drawn in Figures 7.14 and 7.15, are
all similar.) For the cold water tests the variatiom
of the value .or any one test 1ls not greater than asix
per cent. For the hiot water tests the variation of the
value s not greater than 11 per cent. Thus the
earlier conclusion that [ (a/f) cayaf®] *‘es not vary
significantly for any one test is confir.ed. (The
acgeptability of this will be Ffully confirmed later.)

The value of this term does hot vary significantly when
considered on a statistical bagis for all teats over
tha full range of operating conditions., The database
exanined conslsted of 10 values across the heat ax-
changer for each of the 16C tests. The relevant
statistices are a= follows:

Cold water tegts: mean 0,988 (s.d. 1,5 &)
Hot water tests: mean 0,997 (s.d. 3,0 %)
all tests combined: mean 0,993 (s.d. 2,5 %).

The mean value of any one test does not vary by more
than 5 per cent from unity and a universal value of
unity can probably be used with acceptable accuracy
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{this is confirmed later). The mean values for all the
cold water tests do not differ significantly from that
of the hot water tests and {here is no evidence that a
.differentation can be made between cold water and hot
water tests in the selection of appropriate values of

[ {(a/B) Cayag*]. This is further 1llustrated in Flgure
7.18.

Bxperimental valuwer of the specific heat term for
saturated air

Regall that the pseudo-specific heat term for saturated
air was defined in terms of sigma energy as:

2 = a+ oty (7.72)

The specific heat term of particular interest sppliesg
to saturated air at the water interface temperature,
This is given as;

Cw = (B, ~a) /%, (7.73)

The sigma energy cobtent is szhown plotted against tem-
perature in Rigure 7.19. Values of the pseudo-specific.
heat term may be depicted as the slope of a straight
line on this plot. A typical water cooling duty from
45 °C to 35 °C at a wet-bulb temperature of 13 °C is
depicted and certain key values of the pseudc-spacific
heat term zhown. Since the term is applicable to the
water surface temperature, the representative value oan
be expected to fall within the shaded arsa in Figure
7.19. This may also he illustrated using & plot of the
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pseudo-specific heat term against temperature; this
iz also shown in Floure 7.19.

Turning now to the experimental data, for each of the
tests, the arithmetic mean values ‘acroes the heat ex-
changer of the terms (a/v) ; and [(=/B} Cayar*] have
been calciulated. Based on these valués, and through
the -solu:lon of Equation 7.63, the appropriate
representative value of the pseudo-specific heat term,
Cgys has been caleulated for each test. Table 7.6
lists these representative values along with some of
the bhasic test information. & careful study of this
information In combination with Figure 7.13 reveals
that the values of cfy, are all between the inlet apd
outlet water conditiona. The set of data in Tablie 7.6
satiafy the overall parformance equation (Equation
7.63) with no anomalies. It can be tentatively con-
cluded from this that the asgumptions made in integrat-
the basic equation (Eguation 7.535) are acceptable,

However, for the performance egquation to be of practi-
cal benefit the user must ke able to predict perform-
ance from a knowledge of the input process conditiona

(and preferably the technique should not be itera~
tive). This requires a procedure for determining the

mean representative values of (e/v) i, [(a/p) Cayar*]
 and ey without necessarily having a knowledge of the
outlet conditions. '

7.5.4 Selection of appropriate sets of values of
ta/1) 1+ § (a/8) cagar*] and chy

In selecting the appropriate values of these terms to
be used in practice, it must be stressed that the
method must remaln simple, from a practical point of
view, without compromiaing the raquired acduracy. ‘For
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instance, tables and charts of values of these para-
meters for different sets of conditions are ronsidered
impractical. '

Based on the evidence presented above and the Iarge
simulated data base used to check the overall efguation
{see Appendix P), it is appatent that the use of a
single universal value of [({a/8) Tyyag*] would be

" acceptable. Obviously a value of unlty is indicated.
However, note that the units of this term are those of
specific heat - kJ/kg K. It is anticipated that if a
value of unity is used, its dimensionality would soon
bhe logt to the user and confusion would be created .in
its application (note that the design characteriatic N*
is dimensionless}. The obvious solutlon is to assign
| («/B) cayaz*] the value of the specific heat of pure
air, ¢y = 1,005 kJ/kg K.

Also, based on this evidence it 1s apparent that the
use of global values for the term (w/v} 4 would be
acceptable. For acceptable accuracy it was found that
different values should be used for water cooling and
air cooling applicationg. These values ara:

{a/1)y = 1,00 for water cooling
# 1,03 for air cooling

The appropriate value of the psendo-specific heat term
will be between its valuve at the water inlet tempera-

ture and its value at the air inlet wet-bulb tempera-

ture, thus:

Shw = Loyt (1-1) (7.74)

whare
L = 0+tol
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Valuea of L close to 1 will apply where the temperature
change of the water (range)'is small. - This would be
the case for large values of the ratioc of the thermal
capacity of the water stream to the air stream, and
heat exchangers with a low value of the design -
characteristic. Smaller values of L would be applic-
able for low ratios of the thermal capacity of the
water stream to the air stream and heat axchangers with
a high value of the desgign characteristic. Thus, it is
to be expected that the value of L could be predicted
£rom a knowledge of the thermal capacity ratio and the
design characteristie, To aveid uasing an iterative
procedure in estimating L, an approximate thermal
capacity ratio term i= now introduced., Use i made of
the parametar employed ln Whillier's(1%) work which

is defined, between inlet water and inlev air condi-
tions, as t '

z=m:wcw(tm-tal) ) {(7.75

My (Sg = B4 )

To enable the prediction of L, the following relation-
ghip i3 now examined :

L = f{z,N) : {7.76)

.Basad on the universal values smelected for

[ (2/B)} cayns*] and (e/v)j, a set of values of Chy was
caleulated for each of the tests through the solution
of Egqnation 7.83, Values of L were then calculated
through Eguation 7.74 and the appropriate relationship
for Equation 7.76 determined (see Appendix Q). The re-
lationship is shown graphically in Figure 7.20, and
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Figure 7.20 values 'of L for varyi.ng' watar-aiz flow
ratiox and different valua= of the
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through Figure 7.20 and Equation 7.74 the represent-
ative value of Chy May now be determined from a know-
ledge of the inlet process conditions and the design
characteristics, ' '

' 7.5.5' ¥inal specification of performance egquation
It is now possible to make the fipal refinements wo the
performance equatlon and to specify the procedures re-

lated to its use.

The performatice equation is given as:

- e~ ¥ (2 - I/RY (7.77)
Ew* = - ® ; [ "
R - o= ¥ (1~ 1/R)
where
Ne = Aoh/(myc,)
R = (micy)/ (macd) : for water cooling
= 085 (M,e,)/ (mes,) ! for eir cooling

By = ( tw =ty )/( tw = S8 £y )
Chw

»

b procedure for using the equatioen ia best described on
the basis of suvlving the following problem:

The inlet flowrates and tewperature
conditions ara specified for a certain
direct-contact heat exchanger which is
coolling water and is charaterized by a
known #&cA value, What is the outlet
water temperakture?
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(i) Determine the value of N* = Aok Sy .
{ii) Determine the value of 2 from Bguation 7.75.

{iii) Proni % and N* determine appropriate value of L
from Figure 7.20. Then calculate chy from the
inlet temperature conditions {Eguation 7.74).

{iv} Determine the thermal capacity ratio R* =
(i@ s/ (Mg ehy)

(v) With the knowledge of N* and R* determine the
‘water effectiveness through Equation 7.76.

Now that the basic method has been specified, the next
cbvicus stage is to check ita accurécy dgainst the
experimental data and the performance of the
comprehensive theoretical model.
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Exrror in enthalﬁy Error in sigma enexgy
approximation approximation
(turm xj) % (term y) %
ahbs. ' abs. |

mean|mean|ain jmax a mean |mean|min {max o

Cold water |+2,0{2,0 |+0,9|+3,1/0,8 |-2,7|2,7 |[+4,0]{~-1,8|0,5
tests

Hot water +3,9|3,9 |4+2,0(+5,8|0,9 [=1,4;1,6 |-2,6}+1,9]0Q,6
tests : .

211 tests |43,0(3,0 [+0,9|+5,8{1,2 |=2,0(2,1 |-4,0|+1,9]|0,8

fable 7.1  -parison of simplified energy balance using anthalpy
w.f that using =igma energy
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Table 7.3 Performance of hypothetical heat exchanger nnder selected
temperature conditions (barometric pressure 100 kPa)
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Hote i. Thess are the arithmetic waan values for all the segments of e heat erchanger.

2. This value Comed from the eplution of Bguation 7.63 wueing the mean values of

{afv)s and (ofB) cavafg®.

3. Thiz term 1o deiined in Equation 7.57.
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8. VERIEICETION oF TBE.SIHPLIFIED THEORETICAL MODEL
' (PERFORMANCE EQUATILON} BY COMPARISON WITH THRE
COMPREHENSIVE 1..JORETICAL MODEL AND EXPERIMENTAL
DATA.

8.1 Introduction

The basic manner in which the performancé equation will
be employed is to predict thermal duty from a knowladge
of the inlet process conditions (flowratesz and tempasra-
tures) and the overall design characteristica N* (or
overall transfer coefficlent AA). The basic pro-
cedure i3 defined in Sectlon 7.5.5 and the accutacy is
now examined by comparing predicted values ¢% the water
efficiency against the actual values.

8.2 overall database

In order to thoroughly check the performance eguation a
large database of simulated conditions has been genera-
ted to supplement the experiment dataosse. The comput-
er simulator was run for a wide varlety of Elow condit-
ions {water-alr flow ratiocs from 0,75 to 4,0), for heat
exchangers with widely differing design characteristics
{N* values from 1,0 %o 4,0) over +he full range of
temperatiyre and pressure conditions. Details are given
in Appendix P, The overall database agalnst which &ha
simplified theoretical model or performance eguation is
to be verified thus comprises 160 experimental points
and 490 simulated %est points. '
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8.3 Comparison of actual performance against that
predicted by performance equation

The accuracy «f the performance equation has been exam-
ined by comparing the predicted values of th: water
efficlency agadnat the actual alues. The full data-
base of 650 polnts is shown plottsd in Fig:re 8.1.

Also shown on Figure 8.1 iz the line of icentity.
Clearly, the correlation ls satisfactory for such a
wide variety of process conditionz and heat exchanhger
design characteristics.

The data have also been examined in independent groups
and the following have been compared : '

. different experimental geometries

. water cooling against alr cooling processes

. experimental test data againat simulated test
data

.- high water—alr flow ratlos against low water-air

flow ratios

From this examination it has been concluded that there
is no consaistant trend apparent with regard to the de-
viation of the points from the lim . identity. How-
ever, Figure 8.1 indicates an insre & in the deviation
at the higher water efficiencles. The explanation for
this lies in the method of estimating the pseudo-
specific heat. The ilnaccuracy in estimating the repre-~
sentative value of the psendo-specific heat from a
‘knowledge of the inlet condi.ions will inevitably
increase as the temperature range of the water in-
creases. 'This is because of the effect of the curva-
ture of the sigma emergy -~ temperature relationship is
greater the wider the range in temperature.
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Further work on the estimation of the value of the rap-
resentative pseudo-specific heat will be beneficial at
a later stage after further experience has been gained .
“in the application of the method and a wider database
ts in existence.

In any event, Figure B.1 ¢learly indicates that the
method is both accurate and versatile.

8.3.1 Quantification of accuracy

The accuracy has been statirtically guantified in terms

of tte difference betwzan =ctunal andg predicted water

efffciencies measured in percentage points. This in-
formation is summarized in Table B.1 for all the 650

data points. The overail average absolute error of

less than 1 _ercentage point in predicting the water
efficiency is considered to be accep’ 'hle.
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Table 8.1 Statistics related to the difference between
actual and predicted water efficiency for '
entire databasa (values are given in percentage
points)

Absolute errors | Achual errors

ave.|s d*|min [max |ave.|s 4 [min jmax

All tests 0,8{ 0,8| o,0f 5,9 0,0] 1,1|-3.1}45,9

cold water | o,5f 0,5{ 0,0| 3,1|-0,4| 0,7|-3,1|+2,7
tests

Hot water 1,0/ 1,0f 0,0 5,9|+0,4| £,3]-2,3|+5,9
tests

% standard deviation
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9. DISCUSSION AND CONCLOSIONS

The main obhjective of this work is the development of
an improved and simple method for the thermal énalysis
of direct contact water-air heat exchangers which may
be used by the practicing field engineer., In addition
to the main objective, a number of interesting points
have emerged as secondary cenclusions, This chapter is
thus divided into two parts; the First part is direct-
ly related to the cverall method of performance analy-~
sig and the second part to the other secondary coa-
clusionhs.

9,1 Overall performance egoation
9.1.1. General philosophy

The approach adopted in solving this problem has been
to develop simple equations to describe the change of
energy ttate of the water and air streams as well as to
dese¢ribe the heat flow from an elemantal wet area. The
-definition and introduction of a multiplying parameter
into each of these three simple eguations allows them
each to describe the physical mechani=zms exactly.
Phese three equations are then algebraically manipulat-
ed to produce the overall performance equation and the
accuracy of the original three egquations is generally.
retained in the final equation. It is only once the
final overall equatlon has heen developed that some
gsimplificaticns are introduced,

This tactle has boen extremely valuable in identifying
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the correct form of the overall equation and the rele-
. want grouping of parameters. The more commonly used
approach of starting with approximate equations would
not have been succesaful in ldentifying the important
issues and details would have been lost. This has been
particularly true with regard to the new equation's
ability to identify ard account for the difference
betwean water cooling and air coolirg applications.

The essence of the new performance equation is embodied
in four issues, First, the algebralc development of a
performance eguation In which it is pot necessary to
identify which fluid bas the minimum thermal cepacity.

Second, the use of sigma energy differenses to describe
the driving force for heat transfer from a wek surface
(in place of enthalpy potential) as well as the change
in energy state of the air stream.

Third, the definitlon and introduction of the pseudo-
specific heat term based on sigma energy: the major
difference between direct contact and hon direct
contact applications lies in the Ffact that the specific
thermal capacity of the air stream varies significantly
in direct contact units since it is dependent on
molsture content, whersas it has a constant value in
non direct contact uhits {as=uming of course that no
condensation occurs). The introduction of the pseudo-.
gspecific heat term based cn gigma energy is of funda-
mental importance. (It should alsoe be noted that the
new method makes use of the specific thermal capacity
of dry air as a reference valus in the non-dimensional
NP0 term. This ig the case for all thermal capacity
ratios and is possible because of the first issue
discussed above.)

Fourth, the use of the term (a/1)j in combination
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with the 'thermal capacity rate ratie': recall that

My Oy &ty = (afy) my &= {8.1)

The term (e/v); has been introduced to account for the
changes in mass flow due to condensation or evaporation
(and the use of sigmaz energy). The term has a dis-
tinctly different valuas for water cocling and air cool-
ing applications, This is clearly evident from Figure
7.16. It is through the definition and introduction cof
(e/7); that the method can account for the differences
between condensation and evaporation processes.

9.1.2 Specification of performance equation

The method is new presented in its entirety, following
which its application is discussed., {For the sake of
convenience the eguation and family of curves are re-
peated here.)

The overall performance eguation is shown in Figure 9.1
and is given below:

1-g =W (2= 1/R)

Ew’ = - = — T
a._e-ii {1 - 1/R"}

whera ' {9.2)

N = aA/ {mhey)
Re = (o) / (0005 i for water caoling

= pg5 MO}/ (MaChy} 1 for air cooling
&
Ey = (m-?m.lﬂtm";itwa

The values of the pseudo-specific heat term are deter-
mined from Figure 9.2. Thus the new method is entirely
encapsulated in Pigures 9.1 and 9.2,
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9.1.3 Issues reldated to unification of heat exchanger
theory

A unified heat exchanger theory has been developed in
which the general'approach used for direct contact heat
exchangers is similar te that employed in conventional
heat exchanger theory. The work described presents the
complete development of a method which Is directly ana-
logous and generally consisfant wikth the fundamental
approach used in conventional heat exbhanger theory,
and one in which the algabraic fo.om of the equation and
the meaning of each of the parameters and their
grouping can be understood.

It is in the use of the pseudo-spu.ific heat term that
a slighs irronsistency aridea when compared %o conves-
tional heat exchanger theory. Wo be exactly .onsist-
ent, the pseudo-specific heat should in principle deg-
cribe the change of energy state of the hulk air
gtream, whereas it describes the ensrgy of saturated
air at the surface temperature., Without this slight
inconaslstency with the normal theory, it is not poss-
ible to develop a performance eguaticen of this nature
with acepeptable versatility and accuracy. As mentiloned
earlier, Jaher and Webb (23} reviewed numerous past
attempts to apply the standard NTU method to cooling
towers, and concluded that all the related dgfinitions
ware flawed. This statement 1s basically a reflection
of the prublem of describing the speclfic thermal capa-
city of the alr stream in direct contact units, The
basic difference between direct contact and non direct
contact applications is the fact that the specific
thermal capacity varies sigpificantly with changes in
molsture content. It is this very real difference that
necessitates the introduction of the inconsistency.

In a recent paper, Jaber and Webb(23) assert that
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their definitions of NTU, effectiveness and 'capacity
rate' ratio are the only correct and consistant Inter-
pretation of these heat exchanger terms for cooling
towers, However it should be noted that the gquestion
of 'exact conaistenéyi becomes a little subjective,
since it depends on the interpretation of the basic
conventional equations and thulr selution to produce
the final overall egquation, which may be arrived at
through more than one sequence of loglc. For example,
Jaber and Webb define a pseudo mass flow rate of water
which depends on the temperatures of the water within
the tower and barcmetric pressure, {In achieving this,
they introduce a term which is very similar in
principle to the pseudo-specific heat for air defined
in this thesis). Their 'capacity rate' ratio then
becomes a ratio of two mass flow ratea. It could be
argued, that to be ‘copsistent' with conventional heat
exchanger theory, a thermal capacity rate ratio should
be used, in fact the very essence of the ratio is
thermal capacities not mass capacities. The use of a
mags rate capacity ratio obviously also affects the
definition of the number of transfer units.

Notwithstanding, Jaber and Webb have captured the basic
methedology of the normal heat exchanger procedures,
However, the algebraic development of a performance
equaticon in which it is not necessary to identify which
flpid has the mininum thermal capacity is simply a
progression from the normal WNTU-effectiveness
equation, The author submits that conventional heat
exchanger theory itself could be simplified by
representing the egquatilons in this form. Without
doubt, for direct contact processes this form of the
equation solves many problems inherent in other.
:iethods. For example, with direct contact units it is
posgible for the minimum thermal capacity fluid to
change over the iength of the heat exchanger. The
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current approach also allows the formulation of a
single effectiveness term, an issue which complicates
the approach proposed by Jaber and Webb{23),

Also associated with the performance equavion, in which
it is irrelevant which fluid has the lower thermal cap-
acity, is an unambiquous definition of the basis of the
NIU number. 1In previous work on cooling towers there
have been many inconsistancies(23); gome
authorsf{97.99,101)  pake use of an NTU based on the
air stream, while others(14,24,98,100) yake uae of an
NTU based on the water stream.

The development of the performance equation in this
thesis has concentrated on the counterflow configura-
-tion; - nowever there iz no reason why the same princi-
Ples cannot be applied to any other configurations,
guch as the different crossflow configurations and
parallel flow. Note that the starting point must be
the transformation of the normal effectiveness-NTU
equations into the preferred format. Recall that this
format is independant of which fluid has the lower
thermal wapacity ratio. The eFfectiveness must he
expressed as a water effectiveness and the thermal
capacity ratio and the ratio of the thermal capacity of
the water stream to that of the alr stream. Take, for
example, crossfiow spray chambhers which are often used
in cooling mine ventilation air underground. ‘hese
designs are basically a crossflow configuration with
one fluid stream mixed and the other unmixed, the
latter obviously being the water stream. For this con-
" figuration the normal NTU-effectivenass equation may be
transposed to:

- - (N Rill

B, = (1-aNL1-e (9:3)

R
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Also, Eor parallel flow heat exchangers tha aormal
equation may be transposed to :

L - N1+ /R]

1= (9.4}.

B = TTR

In these equationsg, R ig the ratie of the water thermal
capacity to the alr thermal capacity and N is based on
air thermal capacity for all conditions.

The method is thus basically analogous to conveational
heat exchanger theory and there would be some merit in
extending this unification to include evaporative air
and fluid coolers. Further work should also examine
the F-log mean approach using sigma energy and an
equivalent to Berman's{23:25) enthalpy correction
factor.

9.1.4 Extrapolation beyond range of operating
conditions

Another important point for discussion is the
extrapolation of the performance equation outside the
‘range of conditions studied here. Because the equakion
is fundamentally sound, the general appiroach can e
used for any conditions provided appropriate values are
chosen for (e/7) i and [ («/f) cayar*]. The 'universal’
values selected earlier for (e/7}y and [ (o/8) Cayar*]
are applicahle to the present range of conditionis and
it is likely that wide extrapolation would incur some
error. Thus in using the equation for other operating
conditions, it is necessary to choose the appropriate
values of {a/7); and [ (=/8) cayas*] for thuse '
conditiona. This can be achieved throug'® .he use of
Figures 7.16 and 7.18. For example, an air cooling
duty applic-~cion with cold water (say 5 *C) and air
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hotter than 50 °C would indicate an appropriate value
of (a/v) § greater than 1,1 and a value of ,

[ (6/B) cayasr*l of about 1,03. On the other hand, a
water cooling application with water hotter than 50 °C
and cold air (say 5 °C} would indicate an appropriate
value of {&/7) ;| less than 0,95 and a value of

[ (a/B) cgyas*] of about §,98,

It should be noted that unless extremely hot air is in
contact with extremely hot water throughout the heat
exchanger, it is unlikely that the appropriate value of
[ {a/B) Cavaf*j will be significantly different from the
1,005 kJ/xgk discussed earlier.

Figure 9.3 has been prepared as an aid in selecting
appropriate values of (¢/7)i. The axes has been
arranged so that a 'process line' which depends on the
air-water flow ratic may be used to characterize the
process.

9.1.5 Equivalence with Herkel's method

Inherent in the new method is an eguivalence to the
Merkel or standard method. The description of thermal
performance through Figure 9.1 may be directly c¢ompared
to the standard method of representing the Merkel '
approach. The 'equivalence' becoines apparent when the
axes in Pigure 9.1 are transposed s¢ that the value of
the design characteristic, H*, is given as the ordin~
ate. This is shown in Figures 9.4, where Figure'9.4.a
is simply a repeat of Figure 9.1 and Figure 9.4.b is
the transposition.

The feguivalent' of this Ffor the Merkel method is shown
in corresponding Pigurez 9.5 a and b, (Note, Figqure
9.5.b is an exact replica of one of the CTI(59) sets
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Alr wet-bulb temperature (°C)

Water temperature (°C)

l’iguro 9,3 Graphical aid to determiné value 6f
_ {afv)
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of cu.ves with the specified ‘Approach Temperaturesg'
translated into water efficiencies.)

A comparison of Flgures 2.4 and 9.5 illustrates the
‘difference between the new approach and the standard
Merkel approach. It must be poted thuk Figure 9.5 is
only applicable for water cooling applications, for a
single wet~bulb temperature, a single barometri.
preassure and a specific cooling range. On the other
hand, the single Figure 9.4 (a or b) can be used for
all wet-bulb temperatures {0 to 5( °C) for all baro-
metric pressures (80 to 120 kPa), for all water
temperatures (0 to %0 °C} and for both water cooling:
and air cooling applications.

Thiz comparison clearly indicates the versatiliiy of
the new method, As a further illustration, note that
in essence, the single Figure 9.4 {(a or b) can be used
to replace the more than 600 pages of curves published
in the CTI manual.

9.1.6 Matching design characteristics of direct
contact heat exchangers

There are two complementary issues involved in design-
ing heat exchangers and rating their thermal perform—
ance. The first part 1s the description of the thermal
performance in. terws of the imposed process conditions
and a value of the overall design characteristic. This
Eirst part has been the main subijec: of this thesis
(summarized in Figure 9.1). Note however that this
does not include a description of the design of the
unit itself. The second part is the description of the
design features related to the hasic geometry and flow
considerations which fix the nature and amcunt of con-
tact surface provided, the relative velocity of the air -
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stream %o the water surface and the thermodynamic prop-
erties of the fluld streams.

Bacause of the explicit nature of che alagebraic solu-
tion that has been developed for the overall perform=
ance equation, it is now possible to examine how the
two parts can be combined.

aAs discussed eariier, heat transfer and mass transfer
data arez usually correlated in similar rerationships
and through this similarity the mass transfer co-
efficlent is descrlhed in terms 92f the heat transfer
- poefficient. Data op heat transfer coefficients are
normally correlated throughfgﬁjz

Nu = a Reb Pr? (9.5)

hppendix J discusses the interpretation of thizs re~
lationship for direct contact air-water heat exchangers
ip ustail, In these applicatiens, varilations in
Prandtl nuwber do not play a significant role and
essentially they may be dropped from this relation-
ship. Accounting for this, and including a term for
surface area, Bquation 9.4 may be expanded to give:

Na,.A = hCA d = ay [ Pava va 1 A (9’6’
Havit

It will have been noted that the film coefficient and
the surface area have been combined in a single overall
term given as fcA. This 1s becaunse it is impossible to
independently determine the value of the surface area
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of water drops in the spray above and below the pack-
ing. Balso, the wetted area of the packing would
primarily depend on the packing geometry and, to some
- extent, the water flow rate. If, for a single gao-
metcy, the surface area is related ta water flow rate
alone {and assuming a rudimentary power function for
thia relationship) then this allows the equatlon to be
re-written as helow. Although this relationship is
simplistic, it serves to illustrate the ébility of the
new equation to include & description of the design
features, . '

: b
Noa = WA 8 L fam va ¢ g (9.7)
Koyt Pad

Rearranging this produces:

B = @y [ _.d..b.tiﬂ._lfaf] f "{wn‘rﬁnm 1 {9.8)
MaCa A Had®

Note, the lefthand bracksted term contains both geo-
metric ahd thermodynamic information and the righthand
bracketed term contains the basic flow considerations.

It is normal practice to assume that the lefthand
bracket does not vary aignificantly for mest operating
conditions (see Appendix J). Hence the following
correlation {(similar to that examined in Chapter &) has
been investigated:

N = '_fk.f_ = By WP WM . {9.9)
My Cy ' : :
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Intreducing the thermal capacity rate ratio gives;
N = @ R® . : {9.10)

o = [ 3 m™ {Chu/Cw)D ] {%.11)

SBubstituting this inte the overall performance equa’:ion
gives :-

1 - #RT (1- VE)

Ew' = - ¥
oo (1 - R

{9.12)

This equation thus allows the overall egquation to
inclede a description of the basic design features.

In examining Equation 9.% further, curve £itting
roixtines have been applied to the data relsted to the
Eour packing geometries examined earlier. Valoes of
the qoefficients are given in Table 92.1.

Table 9.1 Valees of coefficients in Equation 9.9 for
the packing configurations

a3 | m n R?

nt | 0,92 | 0,29 | 0,48 | 0,89
nt | 2,04 | 0,11 | 0,40 | 0,90

6 m
2m
& m ht 0,95 0,18 0,44 0,93
2 mht 1,56 0,19 0,39 6,96

12 mm Plute 0,
12 mm Flute 1,

‘19 mm Flute 0
19 mm Flute 1
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So typically Fquation 9.9 may ba given as:

N = @ RU4 {9.13)

@ = [ a; nd (/)™ ] (9.14)

It is likely that a particular configuration of design
will display an approximatelY constant value of the
index n in Equation 9.10. Thus it is possibla to rate
the thermal performance through a single character-
istic, . 1t should be noted that the design factor o}
is not a strong function of the process flow rates. It
- is independant of water flow rate and will oniy vary
glightly with alr flow rate (to the power of about
0,2)« The design factor ¢ is slightly dependent on
tempekature conditions through the psewdo-specific heat
term; however this is not a strong function (to the
power of about 0,4).

The experimental data for the four different packlng
configurations ls shown plotted in Figure 9%.6. It can

. be geen that the experimental points for each of the
individual heat exchanger configurations generally fall
on individual single lines. The deviation from the
single lines are caused by experimental error, varia-
tions in air flow rate and differing temperature con-
ditions. Thege latter two variations may be explained
and accounted for through Equations 9,10 or 9.13.

Thus it iz possible to characterise'a'single unit
through a single liae on a plot of E*,; vs R*, The
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' position of the line would viry slightly depending on
air flow rate aui rrevailing tempercture conditiona,
but these ecan rs ‘i saunted for through Equation 9.10.

9.1.7 Explanation of factor—of-herif method

Historically, the first step in the present sequence of
logic was the original development of the so-called
factor-of-merit method by Whili:erf{17,18,18}  mhig
approach, although entirely empirical, drew on a number
of the fundamertal definitions of conventional heat
-exchanger theory, The method in its original form was
used widely in the mining industry and showed a remark—
able versatility. However, a number of shortcomings
have been revealed in its application and these have
led to a number of serious disagreements beiween mining
clients and cooling tower suppliers. The underlying
reason is that the form of the performance equation was
empirical. There was no algebraic devalepment from
heat transfer hasics which could lead to a Fundamental
‘understanding of the form of the eguation and the
.performance trends that it described. PFurthermore, the
accuracy was often queﬁtioned, particularly when the
performance of water cooling and alr cooling installa-
tions were being compared. An enhanced understanding
of this approach and its limitations is now possible.

The esgence of the factor-of-merit oetliod iz that a
single characteristic may be used to describe the
thermal performance of a heat exchanger. The charac-
teristic is expressed in the form of a single curve
relating effectiveness to a ratio of the thermal capac-
ities of the water and air streams. The method

. described by Equation 9.1 is significantly differant
from the factor-of-merit approach in its definition of
effectivanesas . ad thermal capacity ratic., However, an
analogy may be drawn to the reasoning presented in
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Section 9.1.7 and this explaine why it has bzen poss-
ible through the factor-of-merit method to roughly
describe the thermal performance through a single re-
lationship between effectiveness and a thermal capacity
ratie. The inaccuracy ln the factor-of-merit method
stemned from the simplistic definitions of effective-
_ness and thermal capacity ratie (which have now been
refined). Purthermore, deviationa from a single curve
are to be expected for different temperature conditions
and widely differing air flow ratlog {as explained
through Eqguation 9.70).

9.1.8 Further research related to the overall
performance egquation

The method developed in this thesls is versatile,
aimple and directly analogous to conventional heat
exchanger theory."It thus has the potential to become
a widely accepted analysis tool., Lowever, in order to
. fagillitate this, it is anticipated that further work is
required with respect to describing the deaign
characteristics of various iteme of equipment along the
lines given by Equation 9.8, The argument=, in terms
of correlation,_presented in Section 9.1.¢ are simplig~
tic and there is considerable scope for the development
of a mare sophisticated and fundamentally sound method
of correlation of the mechanical design informatien.
There are important merovements that can bha made in
this area,.

9.2 Additional specific_conclusions
In addition to the overall performance eguation, there

are some Interesting points which emerge as specific
concluaions of this work.
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$.2.1 Heat transfer at a wet surface

Merkel‘Tz} develeoped a simplified eqguation to des~
cribe the total heat tyansfer from a wet surface in
which the driving Force is given by the differdnce
between the enthalpy of saturated air at the wet-bulb
temperature and the enthalpy of the film of saturated
air at the wet surface temperature. This driving force
bas become known #4s the enthalpy potential arpd has been
widely utilized for estimating heat Flow from wet sur-
facea, Its use, however, involves a total of seven
sequential approximations each of which individually
may have errors of up to 10 per cent. The overall in-
accuracy has been determined ofi a statistical basis for.
a total of more than 10 000 sets of conditions. The
statistic distribution of these ianaccuracies is
presented in Figure 9.7.a (repeat of Figure 6.3). Note
that the errors are not small and that the approximate
values deviate signifiecantly from the accurate value,

an improved simplified equation using sigma energy
_differences has been developed. This is given as:

ke {9.15)

YL 3 = Bl

G = B (

Cavatr

The statistical distribution of the inaccuracy in this
simplified eguation with g = 1,1, is given in Pigure
9.7.b {(repeat of Figure 7.4).

Clearly, the acouracy of this new'simplification is
conslderably better than that of the Merkel equ&tion.
Egquation 9.14 should be conzidered as a statenent of a
much improved approximation for the total heat flow
from a wet surface (in the absence of radiation).
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b. Error in Merkel
approximation

a. Error in new
approximation

.'rigu:e %.7 FBrrors in approximata sguations for
heat transftr_from wot surfaase
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2.2.2 Comparison of procedures for determining mass
transfer

A study of the literature uncovered a surprising number
of different approaches to quantifying mass transfer.
Hence, thls subject h:s been discussed in detail and a
comparison made of the differen® published methods.

The differences in the answers given are surprisingly
high and can be as much as 16 per ¢ent for the range of
conditions under consideration. PFor higher tempera-
tures, this difference can be even greater.- Toals re-

- flects poorly on the state of the art of convective
mazs transfer for the most common water-in-air evapora-
tlon and condensation processes,

9.2.3 RFffect of radiation in direct comtact heat
exchangers

Arguments have been presented to justify neglecting the
radiative heat transfer component in direct-contact
heat exchangers. This component has been gquantified by
coﬁparing it to the convective heat transfer, A wide
variation in heat exchanger geometry was considered and
it was shown that the ratio of the radiative component
to the convective heat flow component will always be
less than three per cent but normalliy of the order of .
4,5 per cent, Note that the convective heat component
itself is small, when compared to the total heat
transfer.

%.2.4 values of transport proﬁertiea of water wvapour -
air mixtures

The thesiz contains a comprehensive compilation of all
the thermedynamlc properties and eguations related to
the interaction of the air and water streams within
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direct-contact heat exchangers, A considerable dig-
cussion has been presented with regard to a number of
these parameters and in particular the diffusion co-
efficient for water vapour in air. & compilation of
this nature is not readily available in any other
single text.

4.2.5 Heat and mass transfer analogy and value of the
index, 2

The literature indicates that the value of the .index =z
in the heat and mass transfer analogy relationship
[given by {Pr/Sc)Z%] depends on the geometry and £flow
situation. No single value of z is always
correct(67),

Bagsed on the present set of data, the opportunity
existed to examine this isaune from a fresh point of
view, Bince the data contained information on both heat
transfer measurements and mass transfer measurements.
The value of z widas calculated for each test and the
subsequent statistical analysis indicated that the
appropriate value of z is not significantly dlfferent
from the valye of 0,67. It was conecluded that the
value of z is not affected by the direction of mass
transfer. Nelther is it affected by the change in
packing configuration. There was also no evidence that
changes in Reyiiclds number, water flow or air velocity
affected its value.

9.2.6 Supersaturation of the ajir strpam

The modelling of the supersaturatioh phenomena relies
on the ftollowlng assumptions: ' '
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. Fog appears instantly with supersaturation.

-« Transfer coefficients remaln unchanged with fogging.

. Moist air and fog exist as a homogeneous mixture.

. Fog dreplets pass through heat exchanger paetking
together with the air stream but are captured in the
demistar,

Based on the above, the model ﬁas found to accurately
predict the mass transfer rate for the tests in which
fogging occurred. These were mostly the water cooling
(evaporation} application, Where substantial super-
saturation did ocgur, the fogged flow was typically
about five per cent, but in some instances it was as
high as nine per cent of the total mass transfer.

9.2.7 Comparison of transfer coefficlents for
evaporation and condensation tests

The experimental programme was structured so that, for
the same f£low and geometry conditions, equivalent tests
were done for cold water/hot air conditions and hot
water/cold alr conditions. This allowed the effects of
these changes in temperature conditions and direction
of mass transfer to be examined directly and in
isolation to the flow and geometry variablec.
Comparisons were made by examining the ratio of the
measured Nusselt numbers. This ratio was générally
greater than unity and on an average basis the value of
Nugold water Was 7 per cent greater than -

Nupot water:

The values of the ratio Nugpid/hot Fovered a wide
range from 0,88 to 1,49; and this is probably an
indication of the limltations of the simple heat and
mass trangfer analogy émployed and of the basic
logarithmic correction term used to account for the
effect of mass transfer on the transfer coefficient.



265

Two further areas of research outside the scope of the
present study are suggested. The f£irst is an examiha~
tion of the heat and mass transfer analogy and the
cor: sotion term, on the basic premise that Nigoe1d/hot
should equal uity. The second is a studv of the
effect of water viscosity and surface t:usion on the
formation of set surface areas in packed towers.

9.2.8 Comprehensive theoretical {computier) model

Thisz rzsearch has included the development of a compre-—
hensive computer”model for the simulation of counter-
flow direct-contagt air-water heat exchangera. Tha
program is suucessful in its ability to model real heat
exchangers, and apart from heat and mass transfer
ceriteria, takes account of the supersaturation or fogg~
ing of the air stream. The verified computer aimulator
can be considered as an independent product of this re-
search and has the potential of being useful to other
researcherg in thig field.

9.,2.9 .Unique experimental database

Included in this reaearch has been the generation of a
unigue experimental database on the performance of a
suite of direct-contact heat exchangers. This informa-
tion is unigque in that identical situationsg were tested
for evaporation and condensation conditions. The ex-
perimental error and the uncertainty in the results
have been carefully guantified. This data alsc has the
potential of being useful to other researchers 1n this
field.
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5.3 Concluding statement

Although, in recent times, the development of acgcurate
computer models for direct-contact heat exchangers are
gaining wider use, it must be noted that most of these
developments are either related to research or are of a
propriety nature and are held by a number of manu-
facturers. The end users ot general field eugineers do
not have the specialist knowledge nor can they he ex-
pected to devote time to developir ] computer models.
However, there iz a great need to spesk a common
language. ’

" The explicit performance eguation developed here has
the potential to achieve this since all that is re-~
guired is a familiarity with normal heat exchanger con-
ventiona. The performance equation has a sound funda-—
mental basis and has the potential to gain general
acceptance. It has been examined against approximately
650 experimental and simulated sets of process condi-
tions covering a wide range of conditions with both
water cooling and alr cooling applications and appears
to be accurate and versatile. '

In crder to gain wide acceptance future verification is
needed in engineering practice and further wotk is re-
quired with respect to describing the design character-
istizs of wide range of direct-contact heat exchangers,
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- ABPENDIX A Equations used to evaluate the thermody-
namic properties of moist air

1 Psychrometric properties

A knéwledge of the various psychrometric properties of
moist air is regquired in the modelling of thermal per-
formance of water-air heat exchangers. Some of the
psychrometric parameters are basic physical properties
of air or water vapour and have been determined by
measurement ot by the application of fundamental pro-
cedures. Other psychrometric properties are evaluated
from these basic parameters through the gas eqnation of
state. Goff and Gratch's{40,47} work on caleulating
and tabulating accurate thermodynamic properties of
moldt air is generaliy considered the most accurate
information available{10.21,29), However, the

simplest approach ie based on the ideal gas eguation,
Dalton's Law of partial pressures and the adiabatic
saturation {or the thermodynamic wet-bulb) process,
This is the approach followed in this thesis.

Goff{41) stated that 'Dalton's Law must be regarded

as an inaccurate conjecture based upon an unwarranted
faith in the ultimate simplicity of nature'. While in
principle his is probably true, in reality the numeri-
cal results obtained from the simple approach are not
significantly different from those attained using the
virial equation of state amnd cother mere accurate re-
lationghips. To illustrate thie, consider the en-
thalpy of saturated air over the range of conditions
being examlned ~ the maxlmum error incurred in waing
the simple approach is less than 0,5 per cent {this is
discussed in more detail later).
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It would appear, then, that the simple approach is
acceptable; however, perhaps a more important reason
Eor its use is the need to be consistent with past work
on c¢coling towers and be able to make direct compari-~

" sons with existing experimental correlations.

Equétions to evaluate the various parameters are listed
below. Mest of this information ls available in
‘gtandard texts(10,21,28,42)

1.1 Water vapour prescure

The water vapour pressure of saturated air iz a func-
tion of temperature ~lv .d may be described by a num-
ber of eguations of varyiﬁg complexity and
accaracy{43:44) | The relatively simple empirical
equation(42,45) used here predicts the saturated
vapour pressure to within 0,1 per cent of the tapulated
values of Goff and Gratch(40, 41},

| | \ |
B = 0,6105 ¢ (AT HETEHEDN ey aan)

A consideration of the energy balance in the classical
adiabatic saturation process [which defines the thermo-
dynamic wet-bnlb temperature) allows the actual water
vapour prassure to be expressed in terms of theé satur-
éted vapour'pressure, wet-bulb temperature, dry-bulb
temperature and total pressure as :

Bis [ 1555,6 — 2,465 b5 + 1,005 £y, ) = px 1,005 { £y ~ € ) (A.2)

B = 1586,6 + 0,139 Ly = 1,599 t4 = 0,14 (By /D) ( typ — tw )




269

The development of this relationship uses the equations
for.the enthalpy of water vapour, air and water given
later. The gaturatéd vapour preseire in FBguation A.2
‘is calculated at the wet~bulb temperature,

1.2 Moisture content

The meisture contert of the air may be evaluated from a
knowledge of the water vanour pressure and the perfeot
gas laws. Two definitions of moiature content are ap-
plicable: first, the mass of water vapour per unit
mass of air-water vapour mixture (the true specific
humidity, Wy} and, second, the mass of water vapour per
unit mass of dry air (the apparent specific humidity,
wyl42}), '

W, = 0,622p,/ (P - 0,378 p, ) (kg/kg) (A.3)

W o= ©0,622p,/ (B by ) (ka/kg) (A.4)

1.3 Deansity

Three definitions of density are relevant. First, the
true density of alr-water vapour mixtures, which is the
masg of air-water vapour mixture per unit volume.
Following Dalton's Law and the perfect gas relationship
the true density is given as{427:_

. - (p-0,378p) ' ka/ms) (2B
(0,287 ( 375,2 + & 1) - (ka/m) - (2-5)
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_Second, the density of the pure air, which is the mass
_of dry air per unit volume: '

_ {p-b) {kg/r2) (A.6)

Pa -
{ 0,287 { 273.,2 + ty V)

Third, the density_of the pure water vapour, which is
the mass of water vapour per unit volume:

by = Py
{ 0,461 { 273,2 + tg )) (kg/m?) (A.7)

1.4 Enthalpy of water wvapour

The entnalpy of wataer vapour can be obtalned from stan-—
dard tables!{28), The water vapour in the air-water

* vapour mixture is in most cases in a superheated condi-
tion. However, it is fortunate, from the point of
“view of simplicity, that the enthalpy of water vapour
is not strongly dependent on the degree of auperheat
and may he deacribed with sufficlient accuracy as a
single function of temperaturs {see Figura A.1). Thig
cbaervation substantiates the assumption that water
vapour behaves as a perfect gas. The enthalpy of
water vapour may then be given as:

1g = ( 2501 + 1,84 4+ xl0® (T/kg)  (A.8)

This equation is shown plotted with enthalpy‘za) in-
formation for both saturated and superheated water vap-
our in Figure A.1, In studying this figure, nota
that, E£or the range of conditlions being considered, the
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water vapour pressure has a minimum value of zero, a
maximum value of 12 kPa and a typival value of 2 o 4
kPa. ' ' :

The maximum error in using Bquation A.B would occur at
50 "C and would be between plus 1,5 and minus 2,0 kJ/kg
depending on the degree of saturation.  However
Equation A.8 (fitted by the author) is considered an
improvement aver the eguations suggested in many

texts (10,711,27,29) yhioh are fitted to the saturation
conditions only.

The linearity of Bquation A.8 infers a constant value
of the thermal capacity or specific heat at constant
pressure of water vapour. This is given as:

di; / d& = 1840 : : {J/kg K) (A.9)

1.5 Thermal capacity or specific heat of air-water
vapour mixtures :

.The thermwal capacity or specific heat at constant pres-
sure of pure air may be considered to be constant and
“have a value of 1005 J/ky K (this value changes by less
than 0,1 per cent{28) over the range of conditions
being consldered). The thermal capacity of water
vapour was discussed above and may be considetsed to

have & congtant value of 1840 J/kg K.

The thermal capacity of air-water vapour mixtures de-
pends on the moisture content, The thermal capacity
of moiat air is usually gquoted per unit mass of dry
air{42), -mhis is done for the convenience of calcu-
lation technigques used in aormal air conditioning
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work. However in itself, this definition is meaning-
less since it describes the thermal capacity of a gas
per unit mass of another gas. A specific heat term
defined in this manner would be incorrezt when applied,
for instance, in the empirical correlation equations
(e.g. Equation 2.7} discussed in the text. It is
important in this present work to make this differ-
entiation, the reasons for which bacome evident in
Chapter 6.

Thus, two different specific heat terms for moist air
are applicable, Pirat, the thermal capacilty of air-
water vapour mixtures per unit mass of dry air.

Cya = 1005 + 1840 W {(I/xg K} (A.10)

Second, the true thermal capacity of moist asir per unit
mass of moist air,

Cay = Cayp (ﬂs)pnv) (T/kg K) (A.11}

Coy = cam[('p“pu)/(l"nra'?sl’v}]

1.6 Enthalpy of air-water vapour mixtures

Following Daltoﬁ's Law, the enthalpy of an air-water
vapeur mixture is the sum of the enthalpies of thie dry
air and the water vapour. In the application used in
this study, as is usually the case, the enthalpy is
expressed per unit mass of dry air. This is given as:

1, = 1005 &g + W ( 2501 + 1,84 ty }x20%(I/kg)  (A.12)
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A number of sample calculations over the fange of con~
ditiens being considered indicates that the difference
in caleulating the enthalpy through Rquation A.12 and
the more accurate routine advocated by Goff and
Gratch(40,41} 4is le=s than 0,5 per cent.

1.7 Sigma heat content

The use of the concept of sigma heat content i3 of con-
siderable wvalue to the hypothesis presented in this
thesis., The sigma heat content 1s expressed per unit .
mass of dry air and is defined aa the enthalpy of the
moist air minus the enthalpy of the water vapbur con~
tent, calculated as if the water vapour was present as
liquid water at the wet-bulb tem;erature. The cgonr ¢t
of sigma heat content arises out of a cohslderation of
the adiabatic saturation process, during which the
sigma heat content of the moist air remains exactly
cangtant (the enthalpy remains only approximately con-
atant). This is discussed in detail in Chapter 7.

‘he thermal capacity of liguid water may bhe considered
to have a constant value of 4187 J/kgR; this value
changes by less than 0,5 per cent{28) gvar the range
of temperatures being considered.

The gigme heat content of moist air per unit mass of
dry air is given as:

$ = i, - 4187 tgy W (T/kg)  (A.13)

Sigma heat content iz a unique funotion of wet~bulb
temperature (at any given barometi:in pressure), Al~
though this is not clearly apparent from studying
Bquation A.13, it is in fact mathematlically exact,
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1.8 Latent heat of vapourization

. The value of the latent heat of evaporation or ocpnden-—
gation of water vapour can be found in standard{28)
texts, The latent heat varies elightly with tampera-
ture and may be calculated From(%2),

A = { 2501 ~ 2,387 t }xl0? ' (F/kg)  (A.14)

The wvalue of the latent hzat should be assessed at the
surfaca temperature at which the evaporation or conden-
sation takes'place(45‘.

2 Tranzsport properties

A pre-requisite for calculating the total heat transfer
from a wet surfacge into an alr stream is a knowledge of
the value of the transport properties of air-water vap-
our mixtures at different temperatuves and water vapour
content. Since emplrical equations are used, th: prop-
ertles must be galcoculated on the same bhasls that. led to
the original correlation. aAl)l the correlation egqua-
tions considered here make use of an average te~era-
ture condition {i.e. the  arage of the surface
temperature and the bulk air stream temperature; this
is referred to ag the "film' temperature). Further-
wmotre, the air-watet vapour mixture at this intermediate
condition. is co ldered to be saturated (23],

2.1 Thermal conductivity

The kinetic theory of gases predicts that unless the
pressures are extramely low, the thermal conductivity
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of gases would not he affected by pressure
changes{10+27,28)  1n reality, for the pressures
undet present consideration, the thermal conductivity
of air increases by about one per ceat per 100 kPa
pressure change(26, 33),  Thus, the variations In
pressure from 80 to 120 kPa are expected to causg a
change of less than 0,5 per cent in the thermal
"conductivity. This is regarded as insiyniFicant and
the thermal conductivity of the moisture is considered
to be independent of pressura.

The variation of the thermal conductivity with temper-
ature for both air and pure water vaposr can be found
in a number of standard texts{10.28,35},  rphese
trends are found plotted in Figqure A.2 where it can be
geen that the thermal conductivity varies in an
approximately linear fashion with temperature.

The valuea for dry air are considerably higher than
those for water vapour and one would expect some depen-
dence on the composition of the mixture for moist air.
However, the conductivity of the mixture is not linear
with composition(35} and for the range of condltions
presently belng conaidered, where the maximum value of
the mass fraction of water vapour is 0,10 (50 °C satur-
ated alr at 80 kPa), the thermal conductivity of meist
air varies negligibly from that of dry air. Mason and
Monchick(34+35) present data on the thermal conduct-
‘ivity of air-water vapour mixtures which is generally
considered the most accurate available (used by ASHRAE
and the US Wational Bureau of Standards). A curve
fitting exercise based on this information has produced
the following egquation, which predicts the data to an
accuracy of better than 0,5 per cent for the range of
conditlons being considered,

k = ( 2405 + 7,788 t )xlo® (W/m K} (A.15)
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2.2 Dynanmic viscosity

Again, as in the case of thermal ¢onductivity,; the kin-
etic tneory of gases predicts that the viscosity would
be independent of pressure. (Jacob{39} states that
when this reault was confirmed by experimenﬁs if became
one of the strongest supports of the kinetic theory).
In reality, it_is generally accepted that for the range
of pressures beiny considered, the viscosity is in-
'dependent oi pressure changes‘za). Perry and
chilton{26) gtate that changes in viacesity with
preasure are only significant for pressures exceeding
-1000_kPﬁ. The viscosity is thus not considered to be a
function of pressure.

The variation of the viscosity with temperature for
both air and pure water vapour can be found in a aumber
of standard texts(10,28,35),  rhege trends are shown
plotted in Figure A.3 where it can be seen that the
viscosity varies almost linearly with temperature, The
values of viscosity for dry air are considerably higher
than those for water vapour and the viscosity of moist
alr has a dépendence on composition.  Mason and
Monchick (35} present quasi-empirical data (they made
empiriocal adjﬁstmenta to the theoretical eguations) for
the full range of air-water vapour mixtures. A curve
fitting exercise based on this information has prnduced
the fullowing equation, which predicts their data to an
acauracy of better than 0,4 par cent for the range of
conditions being considered.

o= B+ Kt | (Nag/m2) (A.16)

where

Ky = (1,722 - 0,387 W, )x10%
Ks = ( 4,736 - 1,481 W, }s10%®



279

Fractlonal mass concentration of
water vapour or true specific
n . humidity = 0,10 kg/kg

-3
¢ ]

Dynamic viscosity (Ns/m? x 10758)

0 10 20 30 40 50
' Temperature (°G) '

Figure 4.3 Viscosity of air-water vapour mixtures



280

Por the range of conditions presently under considara-
tion the maximum value of the true specifiz bumidity or
the mass fraction of water vapour is 0,710 {50 °"C satu-
rated alr at 80 kPa) and for this condition the vlscos-
ity does not wvary by more than 2,5 per cent from that
of dry alr. - However, Eguatioa 4.16 is used throughouf
this study to calculate the viscosity of moist ai?.

2.3 Diffusion ccefficlent of water vapour im air

Maszon and Monchick{34/33) eyamnined a considerable
amount of experimental data and made empirical adjust-
ments to the theoretlical constants in the virial
eguation of state of real gases, They then recaleu-
lated the diffusion coefficient value and tabulated
this information for temperatures up to 300 °C prassurs
of one atmosphere. Theae values are recommended by
the US Bareau of Standards(35) and asHrRAR(10},

Assuming the well accepted inverse relationship with
pressure the Following equation has been fitted (by the
author) to this data and is used in this study:

D = 1,676 x 107 TLe%/ p : (mz2/s) (2.17)



