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ABSTRACT

This work was carried out in response to the need for a
simple engineering method fo~ the thermal analysis of
direct-contact air-water heat p.xchangers. 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
equation and the grouping of each of the parameters are
apparent.
The range of conditions considered are air and water
temperatures of between 0 and 50 DC and barometric
pressures ranging from 80 to 120 kPa. The air con-
ditions considered range from completely dry to com-
pletely satucated with water vapour. Both air cooling
and water cooling processes are considered.
Simple equations are developed to describe the change
of energy state of the water and air stream as well as
to describe the heat flow from an elemental wet area.
The concept of sigma energy differences is used to des-
cr.ibe the driving force for heat tran~fer from a wet
surface (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 energy is introduced
making it possible to produce the overall performance
equation from the algebraic manipulations. The per-
formance equation does not require the identification
of which fluid has the minimum thermal ~apacity and the
NTU value is defined on a basis of the thermal capacity
of the dry air stream.
In order to verify the performance equation a large
experimental database was generated using a suite of
direct-contact heat exchangers. Both air cooling and
water cooling tests were carried out for otberwise
identical situations. In addition the development an~
verification of the performance equation required the
development of a comprehensive computer model for the
simulation of counter"flow direct-contact ai~-water hea;;
exchangers. The program succ~ssfully mod-ls the real
heat exchangers, and apart from the heat and mass
transf'~r criteria, take!:!account of the fogging of the
air 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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INTRODUCTION

1.1 Background

The gold mines in South Afrlca Use a consiaerable
amount of refrigeration and air-conditioning equipment
to provide acceptable environmental conditions in work-
ing places. On some 30 mines, the total installed
refrigeration capacity exceeds 1 200 MW, with equipment
insta.lled both on surface and underground. This
pquipment is used to chill water, which is in turn used
as coolant for ventilation air, and as service water in
the mining operation to distribute cooling directly to
t~e working areas(1,2,3).

Figure 1.1 shows the growth in the inst'.lled refrigera-
tion capacity on South African mines in recent years,
together with the manner in which this cooling is dis-
tributed. Of particular significance in this graph is
the recent use of direct-contact air coolers which
presently transfer some 450 MW of cooling to the vcnti-
Latn.on air. A variety of designs are currently in
use, ranging from cOllventional cooling-tower type pack-
ings to the more common spray chamber design in which
the chilled water is sprayed vertically upwards in
horizontal excavations through which the ventilation
air flows(4,5). The cooling capacity of the in-
dividual units varies from 100 kW to in excess of
10 000 kW in some instances.

Rejection of the heat of condensation from the re-
frigeration machines is achieved with air-water heat
exchangers. These exchangers are in the form either
of evaporative condensers or, more commonly, shell and
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tube type condensers which are employed in conjunction
with direct contact wat"!r~f.!ircooling towers or spray
chambers. With reqa: '" t;r che latter, surface in-
stallations use various "h.:!sigr!sof conven t i onaj packed
cooling towers, while underground :Cacnitie~\ use open
vertical counter-flow spray towers or horizQntal spray
chambers,

Packed towers are also used in mine cc-ol.Lnq systems as
pre-cooling towers, t\Thenthe cooling water is re-
turned t~ surface from underground for re-cooling it is
warmer than the a:nbient Wet-bulb temperature and is
pre-cooled in these towers before being refriger-
ated(6), Because of the high cost involved in re-
frigerating the water it is expedient to design and
operate these pte-cooling towers at extremely close
approach temperatures,

'l'hus,d i r'ect; contact water-air heat exchangers are used
extensively in the South African gold mining indllstry
for many different applications, and therefore the pro-
cess requd rements vary \~idely. For examp Le , a con-
denser heat rejection application may require the
temperature of the inlet water underground to be as
high as 50°C with inlet air temperatures tn excess of
30°C and saturated, while on surface normal cooling
tower operating conditions prevail. For air cooling
applications, on the other hand, inlet water tempera-
ture is typically 10 ·C but can be as low as 0 °c.
Furthermore, detailed consideration is being given to
the USe of ice slurrie3 in spray chambers(7). The
temperature of tilo? air to be cooled also varies widely
from typically 30°C saturated temperatureS underground
to dry winter Gonditions on surface. Another factor
to consider in the underground operation of this equip-
ment is the eff~ct of fogging or supersaturation wit':lin
the heat exchanger occurring because the inlel air is
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close to saturation.

An important aspec~ which can affect the operation of
direct-contact heat exchangers is barometric pressure.
South African gold mines are situated at a relatively
high altitude but are the deepest in the wo rLd , and
this means that, depending on where the heat exchanger
is situated, the barometric pressure may be as low as
BO kPa or as high as 120 kPa.

'rhis wide range of thermodynamic conditions is impor-
tant since most research and development work has been
limited to warm water coolir.g tQwers at sea-level baro-
metric pressure. Hence the em~irical database for
direct-contact water-air heat exchangers is strongly
biased towarJ these conditions. Crude correction
methods(B) are used to account for aspects such as
changing barometric pressure and high supply water
temperatures, and most of the empirical .~formation
which does exist is proprietary and of li~tle assist-
ance in 7.he 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 direct-contact air-water heat exchangers
i£ 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 surface, both sensible arid latent,
is considered to be proportional to 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 Merkel equation(12), Equating the total heat
flow described in this manner to l1e change of enthalpy
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of the water stream and int~grating between inlet and
outlet states gives the standard cooling tower
f o rmu La t Lone

= ~(~ __C_w_d_t_w~__
iaw iaa>

(1.1)

The right-hand side of this equation is dependent on
the process conditions imposed on the heat exchanger
and therefore can be calculated when the inlet and out-
let temperatures, the flowrates an1 the flow configur-
ation are known. The left-hand side of the equation

~termined by the desi.gn characteristics of the
equlpment and gives a measure of the capability of the
heat exchanger.

The format of Equation 1.1 results from parallels being
drawn to the relatively compJ.icated mass transfer pr o-:
cesses encountered in g0neral chemical engineering.
HistoricallY, this approach has been used in p:~eference
to developing a method specifically for water-air heat
exchangers. A good example of this point is reflected
in the widespread use of symbols Land G for liquid 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 being dealt with simply as a
subset of generalized chemical formulations.

The approach summarized by Equati~n 1.1 has a number of
shortcomings. First, there is no fundamentally sound
method for relating the left-hand side of the equation
to the geometry of the heat exchanger and the flow,
temperature and barometric pressure conditions imposed
upon the unit. Second, the Merkel equation, while
possibly acceptable for normal water cooling tower
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conditions, is not accurate over a wide range ot
psychrometric conditions. Third, the mathematical
relationship for calculating enthalpy from temperature
measurements is not simple, and exact analytical solu-
tions to the right-hand side of the equation have not
been possible (numerical and graphical techniques are
used). Fourth, wheraas with water cooling towers the
cutlet air condition 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 independently so that the air con-
dition in terms of temperature and humidity can be
determined. As a result of this and other complicat-
ing issues, most engir,';!eringmethods of analysis are
semi-empirical. with the widespread use of micro-
computers, it is possible to build fairly rigorous
models(13,14,15) which'may be used to accurately
predict performance. However, as Webb(16) notes, the
cooling tower industry presently favours the approxi-
mate theory over the rigorous theory. This is the case
in spite of the limitations mentioned above and is a
fact which indicates the inherent need for a simple but
accurate analysis tool.

The work described in this thesis was therefore carried
out in response to the need for a simple engineering
method of thermodynamic analysis for direct contact
air-water heat exchangers. It is the contention of
this work that a simple method of performance analysis
can be developed for direct-contact heat exchangers,
similar to that employed in conventional heat ~xchanger
theory t which is a well-defined, easily learnt and
widely used tool.

A number of other researchers have tackled the problem
of unifying heat exchanger theory(23,24,25). All
methods are subject to the approximation of linearizing
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the energy content of air as a function of temperature
and all methods have difficulties in predicting thermal
performance in a non-iterative manner from a knowledge
of the inlet process conditions. The work of
Webb(15,16,23) and 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
I ••• the rash of NTU definitions reported in the liter-
ature howe contributed little but a myriad of conflict-
ing definitions'. The uniqueness of the solution
described in the present work is the algebraic develop-
ment of a performance equation in Which it is not
necessary to identify which fluid has the minimum
thermal capacity (Cmin)' the use of the concept of
sigma energy and an NTU value which is based on the
specific thermal capacity of dry air.

Historically, the first step in the present sequence of
logic was the original development of the so-called
factor-of-med t method by Whillier (17,18,19). This
approach, although entirely empirical, drew on a number
cf the fundamental 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. The most
important of these is that the form of the performance
equation WaS empirical. There was no algebraic de-
velopment from heat transfer basics which ~ould lead to
a fundamental understanding of the form of the equation
and the trends that it described. This led to the fact
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that performance trends cannot be understood and pre-
dicted from geometrical information from first prin-
ciples and without a prior knowledge of the performance
of a similar unit. Furthermore, the accuracy was often
questioned, particularly when the performance of water
cooling and air cooling installations were being
compar e= These limitations are equally app.i.LoabLe to
the moc~ 3~andard (Merkel's approach) procedures des-
cribed above.

Subsequent to Whillier's original work,. this current
research carried out by the author(5,20,22) led to a
number of modifications and to the establishment of an
initial relationship in which the empirical parameters
could be more clearly understood and in which direct
analogies could be drawn to conventional heat exchanger
theory. The work described in this thesis presents the
complete development of a me-thod 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 equation and
meaning of each of the parameters can be understood.

As mentioned earlier, the concept of sigma heat content
is of importance to the hypothesis presented in thi."l
thesis and thus is worth introducing at this stage. A
consideration of the adiabatic saturation process leads
to the following energy balance equation for that
process:

(1.2)

since the adiabatic saturation process involves no
overall net; exchange of energy, it follO'llSthat the
energy content of an air stream in sllch a process must
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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,l in 1911, in order not to get it
confused with total heat. (It was only after about
1340 that the term enthalpy was introduced in place of
total heat(19)). Note that in this basic reference
process t:heenthalpy of the air changes whe reas the
sigma energy remains exactly constant. Thus, if the
sigma heat remains constant in any process involving
changes in moisture content then it is certain that
there has been no !let heat transfer. It stands to
reason that sigma energy should then be an important
reference parameter. Furthermore, it has the added
advantage that it is a unique function of w~t-bulb
temperature, at a given barometric pressure. (In fact
it is the adiabatic saturation process that defines the
thermodynamic wet-bulb temperature.)

"n the 80 years since 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 progressed very far. This is surprising
because it 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 accurat~
than the traditional enthalpy differences in approxi-
mating total heat transfer from a vlet surface and,
secondly, the use of sigma energy is mor~ accurate than
enthalpy in th~ typical approximate energy balanc~
relationships between water and air streams.
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1.2 Statement of objective and scope

Recog!lizing the limitations of the Merkel method, the
primary ob j., '""lveof this work is to develop an
improveA and simple method for the thermal performance
analysis of direct-contact water-air heat exchange:
which may be used by the practicing field engineer in
respect of design code~ 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 used for direct-contact heat ex-
changers will be similar to that employed in conven-
tional heat exchanger theory;

to develop a comprehensive computer model for simu-
lating heat and mass transfer in counterflow water-
air heat exchangers;

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

• to establish the specifio:::value of the index z in
(pr/Sc)Z 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 establish the difference in the value of the over-
all heat transfer coefficient for water cooling
(evaporation) and air cooling (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 barometric pressures ranging
from 80 to 120 kPa. The air conditions considered
range from completely dry to completely saturated with
wat.er vapour. Both air cooling and water cool ing pr.o-
cesses 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 moist air conditions under consideration are
shown in Figure 1.2.

1.3 Layout of Thesis

The sequence of logic 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 Figure 1.3. Altho1lgh 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 a wide range of topics, xrom fundamental
issues to overall heat exchanger equations and it
has bean found appropriate to discuss the litera-
ture separately within the presentatlon of each
topic.

(ii) the direct comparison between the overall transfer
coefficients for evaporation conditions and those
for condensation conditions is regarded as a slde
issue to the main thrust of the work, namely the
development of a new improved method of analysis
of overall heat exchanger performance. HOI~ever,
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this aspect 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 large, and it is not
appropriate or pertinp.nt to discuss each published
item. However, some reading material, beyond the
References discussed are listed in the Bibliography.
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2 FUNDAMENTAL MECHANISMS OF HEAT AND MASS TRANSPER
DETWEEN WATER AND AIR AT AN ELEMENTAL SURFACE
AREA

2.1 Introduction

This chapter examines the mechanism of heat and mass
transfer between water and air. Most of these details
are well known and are only dealt with briefly. Other
aspects, such as the mass t.ransfer formulations (both
with respect to the transfer cvefficients and driving
force equations), the value of the dif~usion coeffic-
ient, and the supersaturation of the air stream are
covered in more detail. Some of the uncertainties
that are involved at a fundamental level are highlight-
ed and examined in subsequent chapter::l.

2.2 C0AlI1ect~ivebeat. transfer at a wet surface

The convective heat transfer to or from any surface,
with or without moisture migr~tion, is calculated by:

(2.1)

Note that the sign convention is
flows from the I/ater sur face it '
tive.

that when heat
-ons Lde red as posi-

The main pre-re~uisite of this calculation is a know-
ledge of the cOlvective heat transfer coefficient.
(Equation 2.1 d sfines this tet'm.) This coeff icient



16

depends, first, on the shape and size of the surface
and on the velocity and direction of air passing over
the surface and, second, on the thermodynamic transport
properties of the air stream. Heat transfer
literature(10,49) is replete with information for
estimating heat trausfer coefficients for a wide vari-
ety of situations. Most of the information on the film
coefficient is of an empirical nature, and for the
forced convection situation applicable to this study,
the film coefficient is usually correlated in terms of
the t, isseLt , Reynolds and Prandtl numbe rs through an
equation of the following form:

Nu (2.2)

Specific correlation equations and specific values of
the film coefficient are considered later in examining
experimental data for difEerent heat transfer packing
configurations. The values of the transport proper-
ties involved in Equation 2.2 are determined from the
equations listed in Appcmdix A and are evaluated at the
average of the water surface and bulk air stream
temperatures.

The underlying premise is that the numerical value of
the basic heat transfer coefficient is not influenced
by any simultaneous moisture migrationl such as when
simultaneous evaporation or condensation takes place,
provided that the mass transfer is not so great as to
completely override the ordinary convective
effects(46,67). This basic premise is examined
later where it is found that the effect of mass trans-
fer on the transfer coeffici~dts is inescapable.
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2.3 Radiant heat transfer

Radiant energy is transmittea, absorbed and retransmit-
ted by n~ighbouring 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 temperacllres, and that the net radiant transfer
between the wet surfaces would be low. In any event,
of main concern .isthe heat transfer from the water
stream to the air stream. The radiant component of this
heat transfer occurs because the radiation between wet
surfaces is transmitted through a non-luminous medium
(air-water vapour mixture) which absorbs a small amount
of the radiant energy.

An attempt has been made to quantify this component in
Appendix B by comparing it in magnitude to the con-
vectlve heat transfer. T~ree different configurations
of dLreoti+concacb heat exchanqe r, which cover the range
of possibilities, are considered. It is 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 cent. 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 i~
invariably neglected in the analysis of cooling towers
and other direct contact heat exchangers(58}. How-
ever, arguments similar to that presented in Appendix
BT are seldom used to justify this. This mode of heat
transfer has also been neglected in the present study.



18

2.4 Convective mass transfer at a wet surface

The latent heat exchange associated with the evapora-
tion or condensation of water 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
some detail here and a comparison made of the different
published methods. The method eventually used in this
study is that developed by Spalding(67,68} and advo-
cated by a number of relatively modern
texts (69,71 )•

convective mass transfer is conceptually treated in the
same way as convective heat transfer. The betsis is
that, recognizing the complex nature of the transport
processes close to the surface, an overall Qriving
force for the transfer is defined between the bulk
fluid and the surface condition and a transfer coeffic-
ient is used to describe the 'resistance' effect of the
boundary layer in terms of a single parameter (the
transfer coefficient in fact has the significance of a
conductance) •

The definitions involved in convective heat transfer
are well established and a single universal approach is
generally used. The same cannoe be said for mass
transfer. For instance, there are many different defi-
nitions of the key parameters involved, a good example
being the varying definitions of the .nass transfer
coefficient.

~lass tnans f er processes are involved in many different
industries and sciences. In solving the prnblems re-
lated to each discipline, each industrial group has
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developed its own concepts alld formulations indepen-
dently. A good example ot this is the 1.arge variety of
units in use. Spalding(67) states that 'the subtlet-
ies of the sciel"Jceare such that conversion from one
language to the other cannot be effected simply by
mUltiplying by constants'.

,1\11the d.i.~turentmethods may be catagorized in two
groups and in essence there are two gen~ral approaches
to studying mass transfer phenomena. The older and
mure traditional approach makes use of a model of a
stagnant film (or Stefan flow(49)) and Fick's Law of
one-dimensional diffusion. The other approach,
described oy Spalding (67), makes use of a mode l, in
which the air stream creates a 'scrubbing action' on
the wet surface (Reynolds flow). Spalding in fact
deliberately avoids introducing the math~mati~s of
diffusion. Ac~ording to Spalding neither modcll can be
said to fit reality more closely than the ot.her and the
choice between them can be made on grounds of conveni-
ence. Both sequences of logic 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 is based on the simplified model
shown in Figure 2.1 which depicts a small control
volume situated at the interface between tha water and
air stream, This model of the transport process was
first conceived by Reynolds(78) in 1874 as an aid to
the understanding of convective heat transfer,
Nusselt(55) then extended this logic to the convect>
ive mass transfer problem. Carrier(74) made use of a
similar model specifically for the vapo rIaatrcn and
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condensation of water, which he called the contact-
mixture analogy.

The passing air stream has a scrubbing action and a
certain flow rate of the bulk fluid enters the control
volume. This scrubbing flow (or Reynolds flow), {f.'rE'

has the units of masS flow per unit surface area. The
water vapour that is being transferred, {f.benters the
control volume from the bulk water side of the i.nter-
face. Both streams f {f.·rf+ &It, then leave the control
volume. The properties and condition of this leaving
air-water vapour mixture are those prevailing at the
interface, which is assumed to be saturated at the sur-
face temperature. (Note the sign convention is such
that evaporatLcn is positive.) The mass of water
vapour m~Jt be conserved across the control voluille,
thus:

( {f,rt + (f,; ) Wvws (2.3)

The term, W v' is the mass of water vapour per mass of
air-water vapour mixture and is known as the true spec-
ific humidit or fractional mass concentration. Re-
arranging Equation 2.3 gives:

{f,ri ( w;,ws - WVCXl ) I ( 1 - Wvws ) (2.4)

The scrubbing flow or Reynolds flow is In fact a fic-
tion. A fluid-dynamic investigation would not be able
to identif.ythis stream in a real boundary layer and,
as will be seen later, real flows exhibit deviations
from this behaviour. However, havLnq 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,
{f.·rf,as a mass transfer coefficient. The right-hand
side term in Equation 2.4 is then considered as the
driving force and the equation can be expressed in the
followi'1g form:

~rl B (2.5~

The numerical values of the fractional mass concentra-
tion terms are usually small (e.g. Wv = 0,02 for 25 ·C
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.

(;2 • (j)

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

The pre-requ~site of evaluating EqUation 2.4 is a know-
ledge of the mass transfer coefficient, ~rf' Unfortu-
nately very few data exist on measurements made in
specific mass transfer experiments. Because of this
shortage, recourse is generally taken to the well known
similarity with convective heat transfer, and the
abundance of empirical correlations for convective heat
transfer sltuations are used. Studies of the transfer
processes taking place within the boundary layer have
shown that the profiles of the vapour concentration
(mass), temperature (heat) and velocity (momentum) are



Flow (alr-t-water vapour) leaving control volume
at saturated interface condition

Air flow

"Scrubbing" flow (air+water vapour) entering control
volume at bulk air stream condition
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Water vapour eniering control
volume from bulk water stream

Figure 2.1 Simp1ified rnode1 showing a ccntro1 vo1ume
at the water~air interface
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similar. On the basis of this similarity, relation-
ships between the heat tra~sfer coefficient and the
mass transfer coefficient have been developed. These
relationships are known variously as the Modified
Reynolds Analogy(10,75), the Lewis Relationship(76)
and the Chilton-Colburn Analogy(77). In short, the
mass transfer coefficient may be related to the heat
transfer coefficient through the following equation:

(Pr/Sc)Z (2 _7)

The relationship is essentially empirical but does have
a reasonably sound theoretical basis for some simple
geometries(67,79). The value of Equation 2.7 is
usually close to unity. Spalding presents a simple
argument based on the steady flow energy equation
applied across the control volume discussed earlier and
shows that, in an idealized situa~ion in the absence of
a number of effects such as changes in kinetic and
potential energy, Eqtiation 2.7 is equal to unity.
Note that in the present study this approximation is
not made. Spalding points out that the index, z, in
Equation 2.7 may vary between 0,50 and 0,75 depending
on the specific flow situation and on the value of both
the Prandtl number and the Schmidt number. He also
stresses that there is no single value of the index
wh Lch is always correct fot" all geometries and flow
situations. It is one of the objectives of the present
work to examine the value 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 detail 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 bas
been used in this present chapter to compare the
different methods of estimating mass transfer rates.

The Prandtl and Schmidt numbers involve only the phys-
ical properties of the air and are evaluated at the
average of water sur race and free air stream tempera-
tures. It should be recalled that the heat transfer
coefficient was similarly defined and, furthermore,
that the same 'f ilm ' condition must be applicable to
the term cav in Equation 2.7. Equations for calculat-
'ing the transport properties and other thermodynamic
parameters of moist air are given in Appendix A.

Strictly, Equation 2.7 is only applicabl~ at relatively
low mass transfer rates where the mC'''smigration has a
negligible effect on the shape of the velocity,
temperature or concentration profiles in the boundary
layer. What actually constitutes a 'low' mass flow-
rate is discussed later. Recall that one of the ~...•5
of the present study is to examine the effect of the
direction of this mass flow (evaporation or
condensation).

There is empirical and theoretical evidence(80,81)
that the film transfer coefficient, {ft'rf'is dependent,
not only on the thermodynamic and transport properties
through Equation 2.7, but also on the value of the
driving force, B (in Equatlon 2.5). Spalding points
out that this effect may be approximately accounted for
by assuming that &('rfvaries proportionally to the
following multiplying factor:

~rl ~ [ In (1 + B) ] / B (2.8)
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Spalding presents a th~oretical derivation of this
logarithmic correlation term from a simple analysis of
a series of control volumes between the liquid and bulk
air phase. The model is basically a series effect of
what is shown in Figure 2.1. It should be noted at
this stage, that the logarithmic correction term
developed later in discussing the stagnant film
approach is directly equivalent to the term given in
Equation 2.8.

Some understanding of the meaning of 'low' mass trans-
fer rates can now be discerned. 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 constraints of a particular calculation, the values
of the driving force of less than B = 0,1 would consti-
tute a 'low' maSs transfer situation. In this study
the maximum value of the driving force i~ B = 0,1 (for
50 bC water surface, 0 ·C air and 80 kPa barometric
pressure) • in the present work variations illthe
transfer coefficient (due to changes in the driving
force) of 5 per cent are considered unacceptable and
the logarithmic correction term 1s 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 force, B, is greater than
zero, in the case of evaporation, the transfer coef-
ficient decreases with an increase in the drl~ing
force. The opposite occurs in the case of condensa-
tion. Essentially, this is the only difference be-
tween the treatment of the mechanisms of evapor at.Lon
and con~ensation. This issue 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:

~rl [ In (1 + B) ] (2.9)

Equation 2.9 summarizes Spalding's approach as far as
it affects this study;
main body of this work.

it is the equation used in the
The value of the transfer

coefficient, &rf' is calculated through Equation 2.7.
Thus, finally:

Pr z
) ( )

Se
In

1 - Wvws
(2.10)

Rewriting this equa·t:ionin a form similar to Equation
2.5 produces:

(2.11)

where,

B'
). Pr z

) ( ) In
Se

1 - Wv«>

1 - Wvws
(2.12)

2.4.2 Stagnant film approach

The stagnant film approi..chis more traditional than
Spalding's approach. In it, the mechanics of molecular
diffusion are used to describe the behaviour of con-
vective masS transfer. Fick's Law of diffusion is
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considered as a starting point, and in its simplest
form is expressed as:

D (-) dpjdy (2.13)

The density gradient, dpjdy, 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 mass tr.ansfer coefficient and
driving force being defined as:

(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 two heat
transfer equations (Equations 2.15 and 2.16) to their
analogous mass transfer counterparts (Equations 2.13
and 2.14). (These four equations do not really repre-
sent laws of nature but are rather definitions of the
diffusion coefficient, mass transfer coefficient,
thermal conductivity and the heat transfer coefficientj

k (-) dtjdy (2.15)

(2.16)

However, there is an important difference between heat
and mass transfer and as a result a logarithmic correc-
ticm factor is required when drawing analogies between
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mass transfer and heat transfer. This difference and
the development of the correction factor are now
described.

Consider moist air above a water surface: t.here is a
continuous gas phase above the surface and the total
pressure (sum of the partial pressures of the air and
water vapour) can be considered to be continuous. The
Gibbs-Dalton law appL~ .~ and any concentration gradient
and diffusion of water vapc infers a concerrt.rat.Lcn
gradient and diffusion of ~ • the opposite direct-
ion. Herein lies th~ differeuce between the treatment
of heat transfer and that of mass transfer as th~!re is
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 air 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
:he diffusion and hence the air may be considered to be
'stagnant'. The bulk flow not only transports air but
also water vapour away from the surface.

The net mass flow of air is zero and hence:

(2.17)

where V is the bulk velocity away from the surface.

The total mass transfer of water vapour is then:

(2.18)
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Using Equation 2.17 this may be written as:

(2.19)

Integrating across the boundary layer (thickness y) and
making u. ~ of the perfect gas laws produces:

(DZ/y) ( Pvws - Pv<» ) (2.20)

where Z is a dimensionless logarithmic mean density
factor for the 'stagnant' air and is given as:

z p In ( Pa<» / Paws)

Pa<» - Paws )
(2.21)

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

A comparison of Equations 2.20 and 2.14 infers that:

DZ/y (2.22)

Referring now to heat transfer intutmation and
specifically making use of the Chilton-Colburn
analogy(77), the mass transfer coefficient can be
related to the heat transfer coefficielt by:

z (pr/Se) 2/3
(2.23)



30

Substituting into Equatiol1 2.14 ;;ives;

[ Z ( ) ( (2.24)
Cay Pay

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

Equation 2.24 summarizes the 'stagnant' fi~ approach.
Equations of this type are found in a number of texts
and are the more 'rigorous' versions of what normally
follows. By using the perfect gas laws, the density
ter'llsin Equation 2.24 can be transformed to partial
pressure terms. Also the term, Z, is approximately
eq!lal to unity and thus Equation 2.24 is often simpli-
fied to:

0,622 ( he ) ( Pr )2/3 ( Pvws - PYa) ) (2.25)
Sa p

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

2.4.3 Comparison of the different approaches

Ma~s transfer

The different methods, as summarized by Equations 2.10,
2.24 and 2.25, are ..eferred to here as Method I
(Spalding approach), ~1ethod II (stagnant film approach)
and Me'thod III (slimplified stagnant film approach),
respectively. Comparisons of these methods for the
full range of temperature conditions are shown in
Figure 2.2. The values are gresented as ratios using
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the values from Method I as the base, namely mtII/m'tI
and IDtIII/m'tI. Generally, the answers given by these
three equations agree to within iO per cent; however,
the differences can be as much as 16 per cent. (Note
at this stage that a value of the index z = 0,67 is
used but the acceptability of this is examined later.)
Only the case where the barometric pressure 1S 100 kPa
has been presented since the situation is mach the same
for the other barometric pressur~s.

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 Iltudy than the mass transfer alone. The
total heat transfer is the sum of the convective and
l.atent beat transfer (see later) and is given by:
II.

C1t

The terms qtI, qtII, qtIII correspond to Methods I, II
and III for calculating the nass transfer. Comr ari.sona
are shown plotted in Figure 2.3. The values a~! plot-
ted as ratios using the value from Method I as a base.
"lgain, the values given by the three different methods
generally agree to within 10 per cent and, as stated
previnusly, only the case where the barometric pressure
is 100 kPa is presented.

2.4.4 Summary of method used in present study

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

~rl (In (1 + B) ] (2.27)
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B (2.28 )

The term, ~rf' can be considered as a mass transfer co-
efficient with the un.i tiskg/s m2• The term, Wv' is
the mass of water vapour per mass of mo isc air; it is
known as the fractional mass concentration of water
vapour or the true specific humidity. The subscript,
ws, refers to the zone directly adi~cent to the surface
of the water i it is assumed that this moist air is
saturated with water vapour and has the same tempera-
ture as the water surface. Equations for calculating
the mass concentration of water vapeur are given in
Appendix A. Note that the sign convention is s~ch that
evaporation is considered as positive.

Based on the well known similarity bet~leellconvective
heat and mass transfer phenomena, the mass transfer co-
efficient is relatad to the heat transfer coefficient
through~

(Pr/se) z (<1.29)

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

(2.30)

where 8' is the modified driving force for mass trans-
fer deflned as:

B' = 1 ) ( Pr
Sc

) z ln ( 1 - W"'"
1 - Wvws

(2.31)
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2.5 Effect of resistance to heat flow in the bulk
water phase

The total heat flow from the wat~r surface to the bulk
air stream may now be quantifird. It is evaluated by
adding the effects of the sensible heat flow and latent
heat flow due to masa transfer. 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 liquid phase is difficult
to determine either theoretically or empirically. For-
tunately the resistance to heat flow within the water
mass 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 sjze and
dynamic nature(83) of the water droplets inVolved.
Webb(16) quotes a typical value of a water film he<lt
transfer, iC±ent (defined between bul!l:water
temperature an': surface temperature) of 2 300 W/m2 K
for cooling towers. This value is determined from equa-
tions given by Ganic(82). By compadng this term to
typical values of the overall mass transfer coeffici-
ent, Webb concludes that the overall transfer coeffici-
ent would not be affected by more than a few per cent
by ig,10ring the water phase thermal resistance.

In most work of this nature it is normal to i9nore this
resistance 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

Associated with the mass transfer of water vapour is
the change in enthalpy of the vapour as it changes
phase and temperature. The latent heat change by it-
self is negligibly different from the total change in
enthalpy provided the latent heat content is evaluated
at the water surface temperature (46). The heat flow
due to mass transfer is given by:

mi ). (2.32)

The total heat flo,'{is the sum of the r.onvective and
latent heat transfer rate, giving:

Ire ( 'tws - tdb + x B' ) (2.33)

since the resistance to heat flow offered by the water
stream is to be ignored, the total heat transfer from
the water to the air is given by Equation 2.33 with the
water surface temperature, tws, replaced by the water
stream temperature, two This equation is repeated
below:

(2.34)

The term in brackets can be considered as the driving
force for the total heat transfer. It is a function
of barome t.rLc pressure, air tempe.::-ature,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 Figure 2.4. A water
temperature of 25 ·c and a barometric pressure of
100 kPa have been chosen merely for illustrative
purposes.

Note that the value of the driving force is almost in-
dependent of dry-bulb temperature for a constant wet-
bulb tn~perature. This important obse,vation is
applicabJ~ to the full range of conditions being con-
sidered. It indicates that the d ri,ving force may be
evaluat~j i~ terms of a function that is dependent on
wet-bulb temperature and barometric pressure only.
This is examined in more detail later.

2.1 Supersaturation and fogging of the ~ir st~ewu

Thfl ~ff\~,":1:of fogging is important in the operation of
h~~~ Lx~hangera situated underground in mines sinc~ the
inl~t air is invariably close to saturation.

SU~drsaturatiDn occurs when a water vapour-air mixture
ex' sts at a temperature below its saturation value.
At the same time the air is supersaturated the vapour
may be considered s\lbcooled. Under these conditions
small drops (0,1 to 40 ~m) are normally formed by con-
densation of the vapour(60). Under certain circum-
stances a degree of 5uper.saturation is 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 occur(60,61). (Turbulence also miu:.mizes the
degree of saturation required for f099in9(62)).

Fog droplets are ~xtremely small and once formed would
pass through the heat exchanger packing in the air
stream. (This is in keeping with observations made on
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condensers, where once fog is formed it passes out of
the unit to the demisters(63).) In 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 is a homogeneous mixture of satu-
rated moist air and small liquid water drops, with the
two components in thermal equilibrium. Chisholm(60)
discusses the effects on fog formation and the exist-
ence of fog on the heat and mass transfer driving
forces and the associated transfer coefficients. He
concludes that the effects are negligible and that the
treatment of the heat and mass transfer processes re-
mainp unchanged. Hence, the earlier formulations
should apply even in the presence of fog. The validity
of these simplifications is examined later in comparing
mode Ll.ed data against expe rLmerrtal, Lnformatrion ,

When saturated air comes into direct contact with a
water surface at a different temperature the process
change of the air is such that supersaturatic, occurs.
'1'111sis the case whether the water is being heated or
cooled.

Process changes of an air stream due to direct contact
with 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 ratio of enthalpy to moisture change. With satu-
rated air the value of the ratio is such that the pro-
cess will always tend to create supersaturated cond i»
tions. ~his can be appreciated by examining the
process changes on a physchrometric chart. The value
of the enthalpy-moisture ratio closely approximates
that found by drawing a straight line on a phyachro-:
metric chart between the air condition and saturated
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air at the water temperature. This is not surprlslng
since the Reynolds flow model reduces to a hypothetical
mixing of a small part of saturated air' at the water
temperatur~ with the main stream air. Saturated air
may btl 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 condi-
tion. Note that both lines fall above the saturation
line. The region above the saturation curve repre-

Thus, when
with a water

sents fogged conditions of moist air.
saturated air comes into direct contact
surface at a different temperature, the process change
of the air is such that supersaturation or fogging
occurs; this is the case \~hether the wdter is being
heated or cooled.

The offect of fogging on the overall performance of a
heat exchanger is small. However, as seen later, it is
surprisin3 just how high a proportion of the total mass
transfer can result as fog. In modelling heat ex-
changer performance it is neceasery to take account of
the fog in order to maintain the balance of mass flow
of water and water vapour.

2.8 Note on t~e diffusion coefficient of water
vapour in air

A literature search has surprisingly shown that several
reputable heat and mass transfer texts present differ-
ent values of the diffusion coefficient for l'laterva-
pour in air (see Figure 2.6). As a result, this
aspect has been examined in some detail 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 kinetic +;.heoryof gases M.axwell(31) in
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
here(35). Also on the basis of the kinetic theory
of gases, M~xwell proposed that the diffusion co-
efficient is related to temperature and pressure by:

D (2.35)

where Ko is a constant depending on the molecular
structure of the diffusing gases.

Numerous derivations and modi:ications to this nriginal
equation have been proposed. All the mod LfLcau i ons
are essentially related to the value of the constant,
Ko and of the index, 3/2. Gilliland(30) in 1934 con-
sidered the experimental database ':hat was available at
the time and, for water vapour and air, suggested:

D = 4,22 X 10'1 Tl,50/ P (2.36)

This is the relationship recommended by Kern(27).

A cons ider atidon of further data some ye ars later by
Fuller et al(32) led to what is termed an optimized
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Gilliland equation(26),

D 1,19 l( 10-7 '1'1,75/ P (2.37)

This is the relationship recommended by Reid and
Sherwood(33) and by Perry & Chilton(26).

Mason and Monchick(34,35) present8J further experi-
mental d'~~ in 1965. Based on this they made empiri-
cal ad j u _ments to the theoretical constants involved
in the equation of state for real gases. They then
recalculated the diffusion coefficient values and tabu-
lated this information for air temperatures up to
300 ·C at a pressure of one atmosphere. These values
are recommended by the US National BureaU of
Standards(35) and by ASHRAE(10). Accepting the
inverse relationship with pressure, the following
equation has been fitted (by the a'..lthor)to this data:

D 1,676 x 10'1 Tl,694/ P (2.38)

This is the equation used in the present study.

Sutherland(37) in 1898 proposed a slightly different
form of the original theoretical equation which he
modified to produce:

D (2.39)

~ith this form of equatiun in mind, Spalding(38)
analysed the data that was available at the time (1946)
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and chowed that for water vapour-air mixtures, the data
is correlated well by:

D 1,64 x 10-S T2.S/ ( p ( 1,8 '1' + 441 » (2.40)

This equation is reco~nended by both Sherwood and
Pigford(36) and by ASHRAE(10). (Note that the
ASHRAE handbook makes two separate recommendations;
they are not, however, significantly different.)

It is interesting to note that Eckert and brake(SO),
in their widely used text book, present the following
equation for water vapour diffusing in air, which gives
~onsiderably higher value~ than the other correla-
cLona , Unfortunately, ·the original source of this
equation is not clear.

D 0,99 X 10-7 '1'1.81/ p (2.41)

Figure 2.6 shows a plot of this variety of equations
(Equations 2.36,2.37,2.38, 2.40 and 2.41). There
are suprisingly large discrepancie3. HoWever, the
more recent work and the correlations quoted in the
more specialized texts (lines 2,3 and 4 in Figure 2.6)
agree fairly well.

Equation 2.38 (line 3 in Figure ?. 6) has been used in
this study, since this correlation appears to be the
best possibility. However, apart from the disagreement
of the various correlation equatjons, there is also a
large scatter in the data originally used in each case
(see, for instance, Sherwood and pigford(36».
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Although it is impossible to quantify acc:urately, it is
intuitively expected that the diff.usion coefficient
predicted using Equation 2.38 is probably within the
bounds of + 5 per cent, shown as the shaded area in
Figure 2.6.

2.9 Note on the Prandtl, Schmidt and Lewis numbers

The Prandtl and Schmidt numbers are used to correlate
experimental dat a fo r heat and mass transfer. 'rhey
are defined as:

Pr = 11 cav / k (2.42)

and

Se = p. / Pav D (2.43)

It shC)ula be noted that in this application the t"ele-
vant specifi.e heat term is the true thermal capacity of
the air-water vapour mixture per unit mass of this mix-
t.ure , and the dens Ley term applica:ble is the true dens-
ity of air-water vapour mixture (see Appendix A).

As discussed eat"lier, this study is concerned with the
value of these properties at the saturated 'film'
condition(25). Values of Pr and Sc have been calcu-
lated (using the equations presented in Appendix A) fot"
different temperatures and pressures and are given in
Table :2.1.

The ratio, (Pr/sc)Z, is used to relate heat transfer
coefficients to their .nass transfer counterparts.
Val".l9sof this term for z '" 0 ,67 are also given in
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Table 2.1. (The value of this t,um is sometimes
called the Lewis number; there are, however, differing
opinions in the literature as to the exact definition
of the Lewis number.)

For the range of conditions being considered, Pr has a
mean value of 0,725 with a range from 0,718 to 0,746,
Sc has a mean value of 0,611 with a range from 0,602 to
0,63u, and the ratio (pr/sc)0,67 has a mean value of
1,120 with a range frow 1,113 to 1,129. Although
there is relatively small variation in these values,
rather than using constant average values, the full
equations (as listed in Appendix A) have been used to
calculate these parameters in the main body of the
work.



Table 2.1 Value of Prandtl (Pr) and Schmidt (Se) numbers and the ratio {pr/Se)2/3
for saturated air at varying temperatures and pressures

TE1·IPERATURE (Oe)
f---.

0 10 20 30 40 50
.-

~
Cl Prandtl No. Pr 0,722 0,720 0,721

I
0,724 0,732 0,746

to Schmidt No. Se 0,602 0,604 0,608 0,613 0,620 0,630
(P-/Se) 2/3 1,129 1,124 1,120 1,117 1,117 1,119

~ Prandtl No. Pr 0,721 0,719 0,719 0,721 0,727 0,737
~

0
0 Schmidt Ne." Se 0,602 0,604 0,607 0,611 0,617 0,626.-- (Pr/Se) 2/3 1,128 1,"123 1,120 1,117 1,116 t,t~o

i 0 Prandtl No. Pr 0,721

I
0,719 I 0,718 0,719 0,723 0,732 .

~
N Schmidt No. Se 0,602 0,604 0,60<; 0,610 0,615 0,623 i,....

(Pr/Se) 2/3 1,128 1,123 1,120 1,116 I 1,114 1,113
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3 A COMPREHENSIVE THEORETICAL MODEL FOR SIMULATING
HEAT AND MASS TRANS~ER IN ~ COUNTERFLOW DIRECT-
CONTACT WATER-AIR HEAT EXCHANGER

3.1 IntroQuction

In recent times, chere have been a number of computer
models(14,104) developed for direct-contact air water
heaz exchangers. HOI~ever none of the existing models
make use of the corup:ete set of equations given in
Chapter 2 or expLLcIt.Ly account for supersaturation.

The aim of this chapter is to develop a computer model
that can undertake a fr .ly comprehensive analysis of
heat and mass transfer in a counterflow direct-contact
heat exchanger. The algorithms used represent the best
possible procedures and none of the simplifying assump-
tions that are so ofi:en used in cooling tower theory
are employed. The mode l, repreaencs a comprehensive and
accurate analytical tool and, as such, should be oon-
siderE!d as an independent product of thl!:'research
which may find application in other res~arch 1n the
future.

In the present work this simulator plays an important
role in achieving a number of the objectives. Firstt
the model is used to examine the fundamental heat and
mass transfer relationships by comparing simulated in-
formation based on these relationships with real data.
As a resul' it is possible to comment on the value of
the index in the heat and mass transfer analogy as
well as on tl:eapplicability of the procedure used to
describe the fogging phenome~a. Second, the s1mulato~
is used to investigate the value of the various groups
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of parameters that are identified in the development of
the overall performance equation. As a result, ~t is
possible to evaluate the changes of these parameters
within the heat exchanger and not simpJ.y at the end
states. Third, the simulator is used to generate
performance data aga.inst which the proposed ov€!rall
performance equation can be checked.

3.2 Basic computer model

The underlying assumptions in the model are that the
air and wat er flows are evenly distributed (whi ch in-
fers that the entire surface area of fill is equally
wetted and experi~r~es the same air velocity) and also
that for a single operating condition (flowratesf inlet
temperatures and pressure) a single value of the con-
vective film coefficient is appU cabi.e 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 film coefficient and the
eurface area of contact, the inlet a~r condition, the
inlet water temperature, the dry air maSs flowrate and
the inlet water flowrate. This is achieved by dividing
the heat exchanger into small sections and then solving
the ",pplicabJ.e differential equations numerically and
sequentially from inlet to outlet conditions. The in-
let and outlet stations and the control section are
shown in Figure 3.1.

It was shown in Chapter 2 that supersaturation and the
formation o.c fog occurs under some circumstances and it
is d.ssumed that:

. fog appear:' instantaneously with supersaturation;
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heat and mass transfer formulations and transfer
coefficients remain unchanged by fogging;
air, water vapour and fog exist as a uniform
mixture at a un i forn. temperature; and
fog droplets pass through the heat exchanger packing
in the air stream but are captured in the d~mister
pads.

The equations gc:verning the heat and ma~s transfer
within the control volume (see Chapter ~) are:

(3.1)

(3.2)

~vith r'ef'erence to Figure 3.2, for the situation when
supersaturation does not occur, a mass balance across
the control volume produces:

m'wo ;;:: rriwi - Ani•. (3.3)

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

(3.5)

(3.6)
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For the situation where supersaturation occurs, the
mass and enthalpy balances become:

Ii~ + ( L1rni - LIm; ) / m~ (3.8)

(3.9)

(3.10)

(3.11)

Recall, that once fogging has occurred, the air-water
vapour component is treat.ed as saturated. The water
droplets in the form of fog dn not remix with the r:.in
water stream in the heat exchanger but move from
section to section resulting in an accumulation as the
f()gged air moves through the heat exchanger. Howevet,
at the air outlet side the fog is stripped from the
main air stream in the demisters and then remixes with
the main incoming water stream.

For any particular set of conditions these equations
can be solved numerically and progressively for each
section of the heat exchanger. The heat exchanger is
divided into sections of equal surface area (or
height). The calculation is iterative since the inlet
boundary conditions for the air and water are known at
opposite ends of the heat exchanger. The calculati.on
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starts at the air inlet side. To initiate the calcula-
tion, the outlet water temperature and outlet water
mass flowrate are estimated. All the relevant condi-
tions at the air inlet/wate~ outlet boundary of the
first section are thus specified. The temperatures are
assumed to be applicable throughout that section and
Equations 3.1 ana 3.2 are used to determine the heat
and mass transfer within the section. The mass and en-
thalpy balance equa·tions are then used to calculate 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/air 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 flo\Olrateupdated. A simplif.ied
flow diagram of this 10SIic is shown in Figure 3.3 for
the set of circumstances where the model is being used
to determine the ileA value, the heat and mass transfer
at each strip, the amount of fogging that takes place
and the water and air conditions w.1':. in the heat ex-
changers from a knowledge of the inlet and outlet
conditions.

It was found that sufficient accuracy could be achieved
by dividing the heat exchanger into 200 sections. The
calculation process coriverges after six iterations
(typically) with a tolerance of 0,005 °c on the inlet
water temperature and 0,05 g/s on the inlet water mass
flowrate.

The barometric pressure is assumed to varj: linearly be-
tween inlet and outlet conditions. Although variations
in the air pressura, of the magnitude involved in this
study, are of seconda;:y importance, accoun.::was taken
of the air pressure differential across the heat ex-
changer. 'l'hisis to ensure that the simUlated end
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states of the fluids are directly compa.ubl,e to the
measured data described 1n Chapter 4.

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

3.3 Typical examples of simulated data

Two typical examples of the simulator output are given
beLow , In the first example supersaturation or fogg-
ing does not occur but in the second example it does.

In the .firstexample a supply water flowrate of 5,80
kg/s at a temperature of 8,46 °c is used to cool an air
flowrate of 4,88 kg/s from an initial air condition of
28,04 °c wet-bulb and 33,(J4 °c dry-bulb temperature.
The air pr~ssure at inlet is 83,66 kPa and the pressure
drop across the heat exchanger is 160 Pa. The overall
transfer Goefficient of the heat exchanger is 7,841
kW/K. (This operating condition corresponds to Test
No. 42 described in Chapter 4.) The simulator may be
used to calculate the outlet air condition, the outlet
water flowrate and temperatur.-e,and any intermediate
value of all the parameters related to the heat and
rnaaa transfer. Son1F~results are shown plotted in
Figure 3.4. In this particular exampl.eit can be seen
that the heat and mass transfer per section of heat
exchanger increases aJ.most linearly between the water
inlet and outlet. t is also in'l:erestingto note that
the latent hl?atcontribution to the total heat now
varies between 60 and 70 percent. These are not
general conclusions but;simply apply to this example.

For the second example a supply water flowrate of 5,73
kg/s at a temperature of 39,03 °c is cooled by an air
flowrate of 5,38 kg/s with an initial condition of
11,11 °c wet-bulb and 16,01 ·C dry-bulb temperatur~.
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The air pressures are the same as in the first ex-
ample. The overall transfer coefficient of the heat
exchanger is 8,721 kW/K. (This operating condition
corresponds to Test No. 58 described in Chapter 4.)
Again the simulator can be used to calculate all the
relevant parameters both at the end states and within
the heat exchanger. Some re suLts are shown in Figure
3.5. Take note of the commencement of fog formation
once the air becomes saturated.

3.4 Summary

This chapter has described a computer model, based on
Spalding' s approach to heat and mass transfer at a WElt
surface, for simulating the performance of direct con-
tact count~ -flow heat exchangers. From a knowledge of
the value of the parameter, ileA, all internal and end
state conditions may be predicted given the inlet flow,
inlet temperature and air pressure conditions. The
model is verified in Chapter 5 where it is concluded
that it produces an extremely accurate simulation of
the test heat exchangers.

The simulator thus allows the study of t:l')eheat and
mass transfer from t.he end state point of view as well
as on a 'microscopic' scale 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 Chapter 5). Anothelr example i:
the use of the comprehensive computer model to investi-
gate changes in the overall performance parameters
within the heat exchanger (see Chapter 7) and thus
select appropriate values of these parameters for use
in the performance E'Cjuation.
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The model accounts for the possibility that supersatu-
ration or fogging of the air stream will occur. This
model is unique in this aspect and, as will be een
later, highly successful in modelling this and all the
other phenomena involved. Although this comput er simu-
lator can be considered as an independent product of
this research that will be useful to other researchers,
it must also be considered as a means to an end. The
simulator is used throughout this thesis as a tool to
achieve the main objectives.

The generation of a large experimenta.l database is now
described (see Chapter 4). Using this experimental
data, the verification of the computer simulator is
then considered (see Chapter 5).
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4. EXPERIMENTATION ON A COUNTERFLOW DIRECT-
CONTACT WATER AIR HEAT EXCHANGER

4.1 Objective of tests

The objective of these tests was to measure mass and
heat transfer rates for varying air and water
temperature conditions and different heat exchange
packing geometries. An experimental heat exchanger
tower was constructed and tested for different flow and
geometric conditions with widely varying air and water
temperatures. The range of designs and process con-
ditions covered all the typical applications.

The aims of the tests were two-fold. First, a sound
set of overall performance data was needed in the
development and checking of the new overall heat ex-
changer performance eql1ations. Second, it was necess-
ary to provide data wh ich l'louldenable. a comparison of
the performan.:'!",of the various configurations with
either evaporation or condensation and allow a funda-
mental examination of the combined heat and mass trans-
fer phenomena with both evaporation and condensation.

Special emphasis was placed on experimental accuracy
when designing the apparatus and conducting the tests.
Detailed attention was given to quantifying the experi-
mental error to ensure that the overall conclllsions
drawn are both statistically real and significant. To
the best of the author's knowledge, these data (as a
Sl..t)are unique.
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4.2 Description of test heat exchangers

The tests were carried out in the Heat Exchanger Test
Centre of COMRO (Chamber of Mines Research Organi-
aat Ion) • The facility iik/),-esuse of a heat pump (250
kW) whj r:h provides a source of bo uh hot and cold
wace r, An air circuit provides a flow of air. which is
conditioned to a pre-selected temperature and humidity
by using the hot or cold water from the heat pump. A
water circuit simultaneously provide:;. cold or hot water
to the heat exchanger undE-r.examination. Thus it is
possible to conduct heat and mass transfer tests using
hot air and cold water or cold air and hot water. In
conjunction with the "'Iaterstorage facility it is
possible to conduct tests with heat ttansfer rates of
up to 1 000 kW. The barometric pressure at the te~t
site was about 83,5 kPa. Further details of this
sophisticated facility are given in AppendilI r;.

The test rig r which is essentia:Lly a countierf'Lot "'wet,
is shown in Figures 4.1 and 4.2. The tower is fa i-
caved in steel. In order to minimhe heat transfer
through the walls of the towert the walls were com-
pletely covered by a 50, mm thick layer of polystyrene
ins:ulation. For deacr Ipt Ive purposes, the test rig
can be divided into three Rections: the water distri-
bution section, the packing section and the water
sump/air inlet section.

The water distribl\tion secc Lon contains a manifold with
four noz:illes spraying downwards. Each nozzle produces
a square watar distribution pattern which divides the
cross-section of the tower into four equal squares.
('l'henozzles are Spraying Systems Co. type 1tH230SQ,
producing a 70· spray angle, see Appendix E.) For a
flowrate of 1 lis through each nozzle the required
water pressure is 35 kPa.
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Figure 4.2 Photograprs of test cooling tJWeL
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.Z\ mist eliminator pad is installed above the spray
no~zles. The mist eliminator consists of interlaced
plastic filaments in the form of a mat (Kimre Inc. type
16/96; see Appendix F). Four layers of matting are
used to create a pad about 100 mm thick which results
in an extremely eftective mist eliminator.

The packed section of the he~t exchanger is made up of
two modules, so 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 joined together by
adhe sLve resulting in a flut ed +:ype of fill. This type
of heat transfer packing (supplied by MUnters Euroform;
see Appendix G) is probably the most commonly used
cooling tower packing medium (both in South Africa and
abroad). As shown in Figure 4.3, two different grades
or flute sizes, 12 mm and 19 mm, were tested. The sur-
face areas of the packings are 243 m2/m3 and 148 m2/m3
for the 12 mm and 19 mm flute sizes respectively. The
recommended minimum water loading for this packing i.s
about 2,0 lIs per m2 while the maximum water loading is
8,3 l/s per m2• For the test tower this cor~esponded
to water flowrates varying between 2 and 12 lis. The
quoted operRting range of air velocities is between
1,5 m/s and 4,5 mist for the test tower this cor rea+
ponded to air volume flow rates of 2,2 m3/s to 6,5 m3/s.

The water sump/air inlet section is assigned so that
the inlet air flowrate is radicdlly de-accelerated as
it leaves the supply ducting at the base of the tower.
This is in order to cre~~e an even distribution of air
flow through the tower, which was subsequently con-
firmed by measurement.

Each test required the measurement of the aa r flowrate
aud air condition at the flow measuring station, the
air condition into and out of the tower, the water
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flowrate to the tower, the supply 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
across the unit were also measured, although variations
in these values are of secondary importance.

In the test facility the air flowrate is measured by
determining the pressure drop across a sel of fluw
nozzles designed to ASHRAE Standards(8J). The pres-
sure drop across the nozzles was measured using a
micromanometer. The exact air density at the measuring
nozzles was determined through wet-bulb and dry-bulb
temperature measurements and hence the mass f Lowr at.e of
dry air could be determined. The un~ontrolled 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 pump, and measuring the wet-bulb and dry-bulb
temperatures. The outlet air condition was measured
immediately above the mist eliminators. The air was
sampled, through an arrangement of nozzles and a vacuum
pump, and the wet-bulb and Clry-bulb temperatures of
the sampled air were then measured. In both cases the
sampled air was drawn through a measuring section, made
of 100 rom diameter tubing, which housed the thermome-
ters. The air velocity over the damp wick ()fthe wet-
bulb thermometer was maintained at about 5 ~n/s. The
small leakage of air from the main duct; that EhLs
created was accounted for in subsequent analysis.

The water flowrate to the heat 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 'temperatures were measured using carefully cali-
brated high precision mercury-in-glass therr,lOmeters.
The temperature of the water being sup?li~d ~o the heat
exchanger was measured in a t.hermometier pocket mounted
in the distribution manifold. Similarly, the temper-
ature of the water leaving the heat exchanger was
measured in the outlet drain pipe. This pipe was
always full and the temperature indicated a representa-
tive mixed mean of the water in the sump.

'I'hebarometric pressure was measured using a standard
Torricelli mercury barometer and the air pressure drop
across the unit wa~ determined using an inclined water
manometer.

4.3 Expected uncertainty in the primary
measurements

Both the water and airflow rate measuring devices were
designed according to standard codes which provide in-·
formation for determining the uncertainties in these
measurements. Through these routines it V/aS estimated
that the 'uncertainty' in the measurement of either
flowrate was between one and two per cent. The water
flow ffieasurements were calibrated against readings
using a tank and timer method and the 'uncertainty' of
the orifice plate measurement was determined to be well
wi·thin two percent. However, for 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 occurring(84). If a normal distribu-
tion is assumed to represent the distribution of each
of the random errors (see later), then the uncertainty
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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 ~ch other, all the thermometers
read to within 0,05 ·c over the full temperatur.e
range. 'rhe tests involved the measurement of steady
state conditions; however, during anyone t.est the
temperatures might vary slightly. Based on this
evidence the absc.Lut-, maximum error in each of the
temperature measurement~ 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 statistical meaning as
the 'uncertainty' term discussed above (95 percent
confidence limits, two standard deviations).

The ambient (or outlet) air pressure was measured using
a standard Torricelli mercury barometer, the expected
accuracy of which is estimat(,,1 at 100 Pa. The pressure
differential across the unit waS measured to an esti-
mated accuracy of 25 Pa with an inclined manometer.

4.4 Test procedures

Each test involved a sequence 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 were 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 consistency and a single representative value
established r and

the energy balance between the air and water streams
was then checked for acceptability (see Section 4.6).

Two grade sizes of fill packing (12 .nm and 19 mm flute
size) were used and two depths of packing (600 mm and
1200 mm) were examined. Tests wer€;'also conducled with
no packing. This was achieved by remo-r Inq the packing
modules and lowering the nozzle and mist eliminator
section onto the water sump/air Lllet 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 air were carried
out, giving a total of 10 series of data.

For each series of tests the.water flow rate was varied
from 3 to 12 lis in four steps uaving values of 3, 6, 9
and 12 l/s. (Note that th ~se are nominal values; the
actual values varied slightly.) Also, the flowrate of
the moist 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/so Thus, each s~ries of tests comprised 16 sets of
measurements.

4.5 Measured results

The measured data are grouped into the 10 series of
tests as shown in Table 4.1. ~ll the measured results
for each of the 160 tests are given in Table 4.2. The
air density and mass flow rates quoted refer to the dry
air Component.
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On average, the supply temperatures for the cold water/
hot air r~sts w~re 10 ·C water and 29/34 ·C wet-bulbi
dry-bulb air t.~rnr...'r:-i'ituL~;for the hot water/cold air
tests they were ~i 'C .11,<1 11/18 ·C wet-bulb/dry~bulb
respectiveIy.

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

4.6 Energy balance criteria and correction of
measured data

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

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

The heat flow through the walls of the heat exchanger
was minimized by insulating the structure. It is esti-
maced th.at 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 as adiabatic.
The energy change of the air stream should then equal
'that of the water str.eam and any discrepancy would bi!.)
due to errors of measurement.

'Ihe major energy changes are aue to heat and mass
transfer. However, the secondary energy effects such
as kinetic energy, potential ~nergy and pressure
changes are consider.ad below and a small correction to
the inlet water temperature is introduced.

The steady flow energy 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):

dq - dw d[d (4.1)

In the thermodynamic sense a neglIgible amount of work
is done by either stream. The kinetic energy change of
the air stream betw&en inlet and outlet is due to
different duct sizes and air density. For the range of
tests this energy change had a maximum value of
0,02 ]<:J/kg. The height of the at exchanger varied f

but was on average of about 2 mj 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 ot;'er
out). Thus, the change in total energy content of the
air stream .isdetermined by the change in enthalpy
alone. In calculating the enthalpy change, cognizance
has been taken of the change in air pressure across the
tOI-Ier.

For the water stream it can again be argued that the
change in kinetic energy between the inlet and dis-
charge pipe is negligible as is the change in potential
energy (wh i.ch again is about 0,02 kJ/kg). Thus the
change in the total energy content of tht:')water stream
is also determined by the change in enthalpy only.
However, between the inlet and outlet neasuring sta-
tions the water flows through the di.sc: ibution noazLes
where its pressure is suddenly reduced. The primary
concern in this study is the heat and mass transfer in
the heat exchangerj and it is convenient to divorce
the thermodynamic effect of the nozzles from these
effects and ~~low 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 the water enthalpy to be considered as a
function of temperature only.)

The nozzle water pressure is used to create a high
velocity within the nozzle This kinetic energy is
subsequently dissipated in one way or another; for
example, turbulence within the drops or kinetic energy
being dissipated on contact with the packing. The
thermodynamic details are complex, but between end
states the overall process can be considered as essen-
tially one of constant enthalpy. The Joule-Thompson
coefficient(85) relates pressure and temperature
changes through:

J..l [ at/ap JI (4.2)

'.rhecoaff Lc i ent; remains constant at a value of
-~,24 x 10-6 K/pa(86) for the range of temperatures
under consideration.

The pressure-flow characteristic of the nozzles is
given by:

LIp 2,2 n\v2 (4.3)

Thus the following temperature correction to the water
is required:

LIT 5 I J X 10'4 rriw2 (4.4)
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This correction term is very small: for the full range of
tests it varied between 0,005 and 0,076 K. However these
effects have been accounten for and the measured inlet
water temperatures have bl.!encorrected accordingJy (the
inclusion of the correction at the W'l.t~rinlet is not
entirely correct but for ease of analysis thib Is where it
is assumed to manifest itself). The values quoted in
Table 4.2 incorporate this correctioil.

4.6.2 Energy balance for test data

As shown above, the duty of the towel" is ctermirced oy the
change in enthalpy of either stream, and the cooling duty
of the one stream should eqllal the heating duty of the
other. The specific equations used for these calculations
are:

(4.5)

dcjw (4.6)

The duties for each stream have also been given in Table
4.2. As can be seen, the magnitude of the duty varied
widely over the range of tests: from a minimum of 50 kW
to a maximum of about; 800 kW. The ratio of the air to
water duty is given in the last col.urr.n,

The error in the energy balance has heen defined as the
difference between the air and water duties dividea by the
mean value. These energy balance err~LS range between a
minimum of -10 percent and a maximum of +8 percent. A
perfect set of measurements would have a value of zero and
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these errors can only be due to inaccuracies of
measurement.

A frequency distribution of the heat balance error 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 conditions (I.e.
for tests with evaporation or condensation).

Correlations between the error and the airflow rate,
the error and water flow rate , and the error a.id 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 no indication of the
possibility of systematic errors. The possibility of
the bias being caused by thermal storage effects in t~Le
system was examined and revealed no logical explana-
tion. In fact, all possible avenues of explaining this
bias were explored and no explanation was forthcoming.

The mean value of the absolute error is 4,1 percent
(standard deviation 2,4 percentage points). The mean
value of the actual error is -3,6 per~ent (standard ~e-
viation 3,1 percentage points). In the absence of any
other evidence it has been concluded that the error in
the heat balances ~re due to errors ~f measurements in
each parameter and are to be treated as random.

~.6.3 Expected error in ene':gy balance

rhe I~rrcr in the heat balance is caLci- ted as a func-
tion of the primary measurements as:

(4.7)
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All tests _

o 2 4 6 8 -5 o 6 10

Absolute error (%) Actual error (%)

Figure 4.4 Frequency distribution of measured error
in heat balance
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The uncertai.nty in each of these measurements is given
earlier. The propagation of the uncertainties in the
calculation of this function and the estimation of the
uncertainty in the heat balance may be calculated from
standarJ ~rncedures(84), through:

ahb 2 ahb 2Errorhb em'a + em~ ) (4.8)
am~ a~
ahb 2

]1/2+ etwbl ) .....
atwbl

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 calculacions are shown if, Appendix H.

The calculations indicated that the value "aries be-
tween 3 and 6 percent but is most likely to. be about 4
percent.

Hence the values of the error in the he.,t balance, as
.ileasured,were in accordance with what was predicted.

4.6.4 Correction of data to create ~ner9Y balance

In tests of this nature the measured data should be
cf)rrected so that all energy balance is created. This
manipulation 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
ove~all statistical point of view, the accuracy of the
data should b:: improved by this process.

It was inJicated earlier that the errors would be
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treated as random and that the errors in the flowrates
have maximum values of about 2 percent and in the
temperature measurements about 0,1 ·C. The procedure
adopted for correcting the measured data is as follows:

for each test, each of :he flow a,~ tempgrature
measurements are corrected to some extent,

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

• ea..;hflow measurement is corrected by 2 x G per cent
and each temperature by 0,1 x G ·C (the term G is a
mUltiplying factor which would be a~)plicable for one
set of conditions; the value of G is determined
iteratively on the basis of the heat balance);

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

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

The exact routine used to do these manipulations is
listed in Appendix I. Because of the similarity be-
tween the measured and expected errors 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 Estimated uncertainty in final results

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

4.7.1 Uncertainty in determination of heat transfer
rate

As seen above, the uncertainty in the heat balance
prior to correction of the data, both predicted and
measured, is about 4 perce~t. 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 flow given in Table 4.3 is considerably better
than 4 percent and is probably closer to half this
value.

4.7.2 Uncertainty in determination of mass transfer
rate

The moisture transfer rate is determined by the change
in humidity and the mass flow rate of the air. It was
not feaBible to measure the change in water flowrate
between inlet and outlet of the unit and no water mass
balance calculation was possible.

In estimating the uncertainty in the determination of
the mass transfer rate, recourse had to be t.aken 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 expected uncertainty w~s calculated for num-
erous sets of conditions and was found to vary depend-
ing on the prevailing condi.tions. The value is typi-
cally 3 to 4 percent but may however be greater 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/8. These
values may be considered as conservative since no cog-
nizance is taken of the beneficial effect of correcting
the data to create an energy balance.



Tab~e 4.1 Grouping of test data

-~
SERIES TEST NO. TOWER GEOlolETRY TEMPERATURE COl'lDITIONS

!
1 1 - 16 Spray only - No ..Jack Cold water- ;' Hot air a

Cold air I2 17 - 32 Spray only No pack Hot water I
r--

deeplcOld3 33 - 48 12 rom pack 600 mm water I Eot ai,
4 49 - 64 12 mm pack 600 mm deep uot water I Col.d air

1-"---

5 65 - 80 12 mm pack 1200 mm deep Cold water I ~~ot air
, 6 81 - 96 12 mm pack 1200 mm deep Hot water I Ccld air4~_

7 97 - 112 19 mm pack 600 mm deep Cold water / HOL- air
8 113 - 128 19 mm pack 600 mm deep Hot water / Col.d air

9 129 - 144 19 mm pack 1200 rom deep Cold water / Hot air
10 145 - 160 19 mm pack 1200 mm deep Hot water / Cold air

ex>
N
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71 132I '.tI I 3.31 13.&8 I .If I 6.'15 I 12.7' I 2'1.~ 117.lS I 15.~ 1 I"" I 211.1 1-:121.21 .'15 I
BI 27. I !I.1l I 3.331 3.71 I .If I l.la I 11.91 I 2'1.8' 117.U 113•• ' 11M. I 23M 1-22'" !l.1l I
91 .1' M1 I 4.n J ... ~ I .ft J 8.'1 I 13.SS I 2'1.61 , lB... J U.7f J :1.61 I 71.' J -73.3 , .fZ I
Ifl U ( &off I 4.84 , 5.:IS 1 .n 1 6.~ 1 l2.9f 26.'7 J 32.7' I 2f.ll I 21.77I m.i I-I~ •• I .ft! I
III 132I MIl 4.86 I 5.2:1I .92 I 7." I 12.U 26.ft I 3l.6$ I 15.21 1 19.2. I 212.7 '-214.e , ." I
121271 I 12.1ll1 4.51. , 5.13 I .'1 I 11.49 '16." 2'1.&1I :1&.2' I lB." I 21.41I m.2 1-244.1 1t.1l I
131 SI I Mf I 6.46 I 6.'15 I .~3 I S.36 I 13.st 26.15 I 32.4f I 24.1# I 210.7'I 63.7 I -65.2 I .9& I
141 75 I 6.ff I 6.iS I 6.'13 I .9:1( 7.87 I 14.25 :i'S.9S I 32.25 I 21.:IS I :n.2f 116M H62.S 11.11 I
151122I 9.ff I 6.45 I '.97 I .'12 I 7.~ 1 il.fl 26.7' I 33.0' I 17.1. I IB.l. I 264.3 1-:lSM 1I.1i ,I
1&1 m 11M. I 6.46 I 4.94 I .93' S.1l I Il.Sf 25.41 I 32.15 I 14.85 • ".25 1111•• I-27M I .97 I

171 II f 2.t? f 2.ti f 2.21 I I.ff f :W.N I '!J.21 Mf I 1'.31 I 21.41 J 21.41 J 74.7 J 71.3 I .1'8 I
IBI <l1 I s.~ I 2.15 I 2.17 I .?9 I ~l.12 I 3:5.'2 II ... I 18.10 I ~2.4f I 3l.5i1 2:J'.~I m.1 I .~6 I
I~I 145I M7 I 2.14 I 2.10 I .99 I 42.24 I :55.52 1M' I 17.87 I lS.83 I ;;S.IS I :2!1.S I :US.!! I .'i'I I
~I m : II.U I 2.ll I 2.14 f .fl I 42.45 Il<I.~3 IM6 I 17.M I S7.lI 137.:11I 264.6 I 2'11.3 I .98 I
211 2f 2.'1'113.7' I J.7. I I." I 38.B' 132.1f M. I 15.95 I 17." 11M. I 83.' 1 ';7,9 I .r.; I
221 51 5.1"113.&4I 3.W I ." I 43,22 I 33.22 1 11.431 1M3 I 28.15 I 29.15I :zss" I 210M I .97 I
2lI 129 8.1'113.68 I 3.7' I .ff 1 42.34 I 12.7f I 1••lS I 17.6&I 33." Ill." I 368.1 I 379.1 u.u I
241276 II.~ I l.A7 t 3.67 I 1.1f I 4MS I 3::1.97I I.... I 1~.7e I 3:5.43135.43 I «2.2 I 451.4 1.9& 1
~I 14 Mil I 5.28 I ~.2S t I." I 43,48 I 34.22 I IM7 I 17012I 17.£2 I 11.n I 122.2 I !22.~ II... I
261" Sot? I 5.2a I 5.29 I hit I 41.11 I 31.U I '1.17 11M2 I 2U3 I 2M3 I 281.3 I 212.4 lI.n I
271 121 e.V11 5.24 I Ma I .99 I 41.45 IlI.88 I 11.62 I 1~.3l1 31.13 I 31.ll I «1.1 I 414., lI.n 1
281229 11.1715.26 I 5.2'1 I .Ii I 41.IS I 31.lS 1 11.41 I 19.16 1 .",83 I n.1I I 519.3 I 528.5 I .96 1
291 55 2.t'l I 1.56 I 7.C1 I I.ft I 41.£1 I 31.72 I ,.~ I 16.53 I '.MS 11M. I 1:1&.3I m.3 I .'5 I
3.1 75 Mil 7.J3 I 7.ft I I." I 41.4~ I 2'1.35I 11.51 I 17.45 I 23.27 I 23.211 314.4 I m.I I .99 I
311 122I 8.1'111.'1'117.11 I I." 141.48 I 2'1.6BI 11.38 11M3 I 29.17 I 29.171 471.2 I "M 11.12I
321212I 11.19I 7.f4 I 7.11 I I." I 41.<5 I 2'1.7111M' I 17.6' 13M' IlMf I ~r.4 I 112.6 I .96 I

Table ".2 Measured results from full ser1es of
tests on experimental tower
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331 27 I 2.91 I I.BS I 2.f7 I
341 31 I s.~ I I.BI I 2.17 I
JSI J5 I 8.99 I 1.75 I 1.97 I
3!1 49 I 11.'1'1I 1.75 I I.VlI
371 15 I M. I 3.26 I 3,6,4 I
361 III I s.~ I J.ll I U5 I
JII 97 I '.lV I 3.32 I 3.66 I
UI 11& I 11.'1'1I 3.l1 I 3,61 I
411147 I 2.1" I 4.11 I ~.27
421 l&J I S.B:5I Ion. I 5,27
411 iss I t.lI I ,;a3 I '.25
III 219 I 12,11 I 4.6$ I M~
lSI 2'5l I 2,9, I 6.54 I "'4
4612Bl I 5,~ I 6.56 I 1.14
171321 I VoI§ I !.~ I M2
401369 I lI.tl I £.52 1 '.'1'1

m 3t I 2.98 I 2.16 I 2.21 .'8 I .2.91 I 27.31 I 12,31 I 19.3:1I 31.7' I 31.71 IB1.6 I 21~.6 I .93
:If I J2 I 5.81 I 2.11 I 2.13 .'1'1I 39.42 I 29.013I 12.19 1 IM5 I 3MS 114.~ 233.' I 21M I .94
511 ~ I M9 I 2.lll 2.16 .99 I Cl.'S I 33••7 1 11.75 I 18.65 I 33.11 13M. 2'Il.! I '$12.6 I .97
521 51 11I,l11 2.18 I 2.11 .!9 14MB I 36.41 I 12.15 I 18.411 ".45 I .,.45 274.2 I m.l I .~4 I
531 79 I Mil I 3.72 Il.76 I .99 I 43.15 I 22.91 I 11.7' I 18.W I 2S.~9 1 211,10 255.9 I 261.9 I .99 I
541 64 I 5,Bl 13.!5 I 3.67 I .'1'1 I ~M2 , 25.61 I !l,lG 1 17.12 I 32.2f I 32.U I JlU I lSl.4 I .95 I
551 t'I I MI I 3.721 3.75 I ,99 I 41.14 I 2'I.l:T I II.G5 f 17.97 I J:i.108135.68 I 445.7 I US.l I .96 I
561 111 I !l.75 I 3.64 I l.W I .'1 I 12.0~ I 33.:U I 12.11 I 18.31 I 36.11 I 36.11 I m.3 I m.9 I .97 !
m 155 I 2.111 I 5.39 I 3.42 I ." I 43.61 I 19,6. I !l.57 I 18.67 I 26.31 I 21.ll I lIS,1 I m.• I .99 I
501 I" I 5.B3 I M9 I 5.2tl I I." I 39.12 I 22.)1 I !l.2' I 11.11 I 2'lM 12M. 1 III.lI 422.5 I .95 I
m 167 1 8.'if I 5.26 I S.l'1 I .t9 I 3UI I 25.55 I 1l.7~ 11M. I 32.lf In.1I I 17M I :$f1.9 I .95 I
611711 1 11.75 I 5.26 I S.lV I 1.1f I 42.16 f lV." I !l.B:5 I 1~.3113M. I :14,6' I :m.S I 621.8 I .92 I
611l:lf I 2.YflI 7.12 I 7.11 1 1.11 I 43.!~ I 16.72 I !l.IS I 1i.4I I 24.11 I 24.61 I m.l I 318.1 I .99 I
621281 I 5,83 I 7.11 f 7.12 I 1.11 I 39.12 11M, I lUI I 15.21 I 27.11 I Z7.n I m.9 I 488.5 I .96 I
m 319 I 8." I 7,11 I 7.11 I 1.11 I 39.71 I 2J.f1 I 11.89 I 18.27 I 31.83 I 31.03 I m.! I m,1 I .91 I
411~st I II.~ I I.tI! I s.es I 1.11 I lI.ae I 21.11 I !I.ts I 18.37 I 31.15 I 31.15 I 721.7 I ~4.1 I .96 I-------_-------.--------------_-------.----

~n~le 4.2 (Cont) Measured rosults !rom full
series of tests on experimental
tower
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791 514 I 0.97 I 6.56 Il.1l I .93 I 9.12 19.17 I 26.67 32.lf I 12.~ I !2.n I m.3 1-'373.4 I .ya I
&11S56 I 11.97 I 1.35 I 1.S3 I .,. I 9.28 16.0. t 2M. 32.45 I II,~ 11M. I m.6 1-383.7 I ." I

ell 17 I 3.12 I 2.U I 2.17 I .'1'1 I 4MI 2MI t 12.22 1M2 I 32.93 13M3 I "'.S I 222.1 I .92 I
B21 53 I 5.'1'1I 2.15 t 2.10 .ti I 42.42 211.71I 11.65 19.1813M3 I 39.43 t 3:!!.2 m,' I .91 I
Ut 51 I 8.ff t 2.12 I 2.15 .VI I U.56 .I.n I 1I.47 IB.8lI t 39.27 139.27 131M 331.4 1 .96 I
BII 1, I II.~ I 2.11 I 2.15 ,iB I 4l.7S :$5,27 I 13.41 2MS I IM7 I 41.27 I 3'27.1 341.5 I .9& I
~I I2f I 3.f1 I 3.&~I 3.6a .Ii I 4l.3f IS.31 I 11.'11 17.8l ( 29.'5 I 29.fS I 278,7 m.7 I .il I
S~I III I 5.'i"I I M! I 3.&9 .ti I 42.5Z 23.83 I 1I.IO IV.OS1 3!.57 I l6.57 I «l.B 1111.21 .9. I
811 ISf I S.,. I 3.OS1 3.W .99 I 11.11 27.~ I 11.15 lO.5U I 3M3 I :n.n I $U.' 5l1.~ I .~ I
sal 111I 1I.r.! I 3.!1 I l.bi .9B I H,93 It.2l I 13.17 )i.ta I :1.l1 I lMI I ~7.' ~7.2 I .95 1
B!I 229 I 3.f1 I 5.27 ! S.21 I.'" 4,.58 15.~3 I 11.87 I 17,)2 , 27.48 I 71.18 I ~1.t m.l I .fiI I
911 ~! I 5.'19 t 5.27 I 5.2'/ I.ft I 4U2 I 21.11 I 1I.~ I 18.6ll :!l.B7 t 3M) I ~.5 571.8 I .96 t
'II m 1 e." I 5.711I 5.21 I.f' I 41.19 I 23.73 I IM7 I 10.31I 36.13 I ~.Ill ~M Ul.S 1 .9&I
921m I I!.~ I 5.~ I 5.31 .91 I 42.18 I 27.91 11M2 I 19.6. I :sa ... I la." I 711.2 m.2 I ,94 I
III lei I 3.11 I 1.11 I 70ft I I,ll I 41.79 I 13.98 I 11.53 I 17.~ I 25.~ I ~.21 I 301.1 nM u.u 1
941 Il< r 5.~ I 7.1l1 7.11 r I." I (2.52 r :1.B5 11(.13 I Ill.IS r Il.ilI ll.n r Im.S sss.s I .~ I
'51 4!4 I 8.'1f I 7.13 I '.~7 I 1.'1 I 11.54 I 21.11 I 11.11 I 1M2 I 33.41 I :r.1I I 741.4 m.3 I .'17 I
961 S2? I 1I.~ I 6.&1 I '.~$I 1.11 1 12.18 I 2&.4' 1 12.I!SI n.ll I 36.n I u.n I 781.3 &21.1 I .'5 1

~able 4.2 (Cent) Measured results from full
series of tests on experimental
tower
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III! S-I I Ml I 3.ll , J.n t .61 I MS I n.II I 31." ! 37.25 t 22.2B 1 2;.&7 1 156.~ 1-161•• 1 .'15 ,
1121 ,. I.ff 13.31 1 3.7" .Bl' Il.~ I 21.37 I 31.45 I 36.62 I 19.45 ! 19.65 , 211.1 '-:m.5 I .97 I
IIlI 7. B.99 1 3.29 t 3.68 t ,81 I 12.lS I IS.IM1 31.611I 36.51 I 16.61 I 11.15 I 2lS.a l-ut.T lI.fa I
1141 B7 11.72' 3.l' I 3.69 I ,iii' !B.SBI I!.~ , 31.SI I 36.55 , 16.SS I 16.98 I 242.6 1-257.5 1 .!4
1151114 2.93 I 4.91 I 5.39 I .91 1 MS 1 2MI r 2'i.f§ I 35.31 , 22.11 I 23." I 16M 1-173.9 I .U
1.61 129 6.H I 4S, I 5.l'I I .tt I 9.17 I ".:If I 2S.5S 1 34.51 , 11.51 , IM5 I m.6 1'251.1 1 .95
117114' ..,7 I UB I 5.27 I .93 I !S.n I 17.T7, ~.47 I 32.62 I 16.0' , 1TolBI 174.s 1-179.4 I .is
IIBI 1&& lI.n, 4.87 , 5.2. I .11 I 12.:ro , 11.36 , ~.B8 13M3 I 16.531 11.28 I I8B.4 H9B.B I .95
1111221 l.f3 I 6.B7 , M3 I .92 I 11.14 , 25.N I 2l!.1J I n.~ I 22.2' 12MB' 115.3 1-193.4 11."
1111231 Mil I b.11 I 7.1~ I .~ 1 11.32 I 21.::WJ 27.B' I n.5S , 19.26' 21.79 , ~B.4 I-U1.9 I .91
W, 261 8.8916.61' 7.14' .111 11.24 , 11.~ I 26.78 , ~.21 I 16.8f I IS.211 281.8 l-m.3 I .Il
!121m III.ti I 6.1111.13 I .'3 I 11.111 16.'Il1 2:5.51I 32.11 U6.~' I IM5 I 219.! 1-21&.2I .91

IIlI IB I 2.99 I 2.11 I 2.13 I .9S I U.li I 28.~ I 12.75 I 2Mt I Ji.2f I 3••2i I ISM' m.5 , .91
114' 22 I SoYeI 2,11 I 2.14 I .99' 41.7+ I 31.:11, 11.5S'I 18.62 , 35.8' I 3S.sa 125M I 272.4 , .93
1151 2'/ I "', I 2.11 I 2.14' .18' 41.U I :!l.1I:! 112.73 I 2l.'~ I 37.32 Ill.32 I m.B I 2tll.6 I .'IS I
Jill 42 I II.VI , 2.11 , 2.14' .98 '·41.5B , ~.II' 1~.n.1 1MB' 37.35 , 31.15 I m.2 28M' st ,
117' 52 I 1.11' J.61 I 3,6. f .n I 42.91 I 21.18 , 11.12 , 18.'8 I 27.32 I <7.32 123M m.II.1& I
lIBl 6i' 5.19 I 3.65 I 3.68 I .19 I 41.92 I 21.lf , I",' , to.,a , 3'~.CSI 3'2.85 ,3:;9,6 ~1.f I .91 I
117' 11 I 9.11 I 3.66 , 3.71' .99 I 4f.45 I 31.23 I 12.f5 , 19.81 I 14.n I ~.4~ I 391.4 \a"" .91 I
1211 8'11 It.VI 'l.!5 I 1.7" .n' 41.65 , 3S.U , 11.93 I l'il2 , 35." 135.41 I 421.1 441.9' .Y~ ,
1211III I 3.1f I S.li , 5.31 I 1.11 I 42.61 , 2l.11 I 11.71 I 17,&2I z.u , 25.11 I 271.9 28101' .18 I
1121 121' S.Ii!' ~.25 I 5.21 I 1.11 I 12.11 I 24." , 1l.7S I 17.!) , )"'5 I II.6~ I 411.! 464.2'.'IS'
121' 112 I ",1 15.25 , 5.29 I .19 I 31.95 I 27.n I 11.17 , 19.32 , 32.~ , 32.n '489.9 m.1 1 .91 ,
1111 1£1 I 1I.~l I 5.21 I 5.21 I .~1 I n.7l I If.le I 11.71 I 1M. , 3MI' 1 ~.II I ~~M 51)5.4 I .'1 I
1m 191' 3."' 7.i& , 7.13 I loll , 42.66 1 170ft I. 1M. I 17.10 , 23.61) , 23.&9 ,:m.8 33M 1I.1f 1
llil 221 I 5.~ I 1.13 I 70fl I 1.11 I 42.12 I 21.21 l li.li , Il.U I N.'S I 2Il.~1I Sll.l 53J,.e I .~8 ,
12112~'l' "'" 7.12 I 7.12 , 1.11 , 3!." , 21.11 I 1I.1f I ,US I 31.75 , lI.75 , 5liS.7I 514.3 I .'1 1
1281 211 , 11.'2 , ~.fl, 1.11 , 1.11 , 41.78 I 21.67 I 11.11 I I'.H 1 l3.2f I l3.2l I 617•• I nt.s t .I~ 1--------------------------------

Table -4.2 (Cont) Measured results from full
Dories of tests on elrperimentaJ.
tower
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ml 35 I 2.'18 I 2.11 I 2.13 .n I JUS I 23.2' I 12.26 I 10.61 I :14.2' I 31.2.1 161.6 I 17M I .n I
1461 :IV I 6.IS I 2.1'1 I 2.12 .'IV I 37.12 12M! I 11.'17 I 17.i13 I ~.3' I 34.3' 222.5 I 236.1 I .'1~ I
1471 ~ I "'3 I 2.11 J 2.12 .n I v.n I 31.'15 I 1I.2l I 17.35 I 35.97 135.97 I ~S.5 I 267.1 I .'16 I
Hal ~'1 I 11.'1'1I 2.16 I M8 .'1'11 ~.Il!l 131.7' I It.~4 t 17.15 I 33.46 I 33.40 I 2n.5 I 210.6 I .'16 I
1m "I 2.98 I 3.64 I 3.67 .'1'11 n.u I 10.01 I 11.6' I 10.lI I 27.3' I 27.31 I 214.7 I 234.7 I .'16 I
I~I 112 I 6.14 I 3.65 I l.6'1 .'1'11 V.12 I 24.gS 1.11.'14 I 10.5' 13'.1.35 I 32.3S I lS6.5 I 34'1.0 I .'16 I
1511 us I 9.12 I 3.06 I 3.6'1 .'1'11 38.10 I 21.32 I 11.21 I 11.87 I ~.75 I 31.75 I 41'1.0 I 421.7 I .'17
1521 m I 12.11 13.65 I 3.66 .n !~.S2 I 28.131 II.7t 11M3 I 32.5~ 132.:15 I :Hl.7 I 351.7 I .'17
1531 I7J I M'1 I 5.26 I 5.2'1 1.11 I v.1t I 1M3 'I !t.t6 I 10.11 I ?S.U I 2S.U I 265.f I 215.7 I .'16
1511 115 I 1.1l I 5.lS I 5.20 .'1'11 37.n I 21:" I II.H I 10.~ I 3t.U 13M3 I 413.5 I 414.2 I .'16
ml 222 I B.'1'1 I 5.21 I 5.2'1 1.1f 136.32 I 21.26 I u.n I 10.11 I ~.17 I 33.47 I 541.2 I 511.2 I .'1'1
15!1 m I l2.lf I 5.2'1 I 5.31 I.U I :HilS I 2S.2S I 11.71 I 18.31 I 31.3' I 31.31 I m.3 I 466.1 I .'7
1571m I 2.!11 I 7.12 I 7.11 1.1f I 37.n I 14.28 I 12.11 I 10.11 I 23.37 I n.v I :m.2 I 2'11.9 I .16
l:lat m I 6.11 I 7.12 I 7.11 1.11 I 37.1l2 I Itt.45 I 11.'11 I 18.31 I 20.75 I 211.~ I 46£.S I 512.3 I .91
!!il 376 I 8.1'1 I 7.11 I 7.11 I l.ff I 3i.5S I 71.78 I 1l.11 I IR.l7 I 31.77 I 31.17 I !l6.5 I 'll.~ I .90
llfl 414 t 1I.Ya I 7.19 I 1.'6 I 1.1f I 33.78 1·2l.17 I 1I.4! I 10.21 I 2'1.011 2'1.67 I 548.2 I 519.8 11.11

." I 11.81 I 21.6B I ~1.711 32.~ I 11.93 I 18.37 I 1l1.3 I-., •• S I .n

.r11 '.12 I 16.78 I 32.35 I ~.11 I II.U I 12.11 1m.:! I-IBB.2 I .13

.U I M6 I 14.13 I 32.13 I 33.M I IU~ I II.S~ I IBM 1-193.2 I .V4

.8'1 I 12.13 I 15.4B13M5 I l6.U I IS.I' 1IU. I I;U 1-175.1 I .95

." 11M3 I 2S.33· I 3M3 I 3J.!! I ~.22 I 2f.52 172.1 1-107.4 I .92

.Yll 9.32 I 19.:rr 31.11 I 32.811 13.1~ 11MB m.1 1-2S8.1 I .95

.If I "'~I 16.51 3M3 I 31.~ I 1I.4S 11M3 m.3 1-2111.5 I .91

.91 I 11.29 I 16.33 2'1.76 I 32.71 I 13.45 I 13.re 236.1 l-m.1 I .'12

.n I U.'1l I 2S.&.l 2!i.32 I 3M2 12M3 I 21.95 IB2.1 1-1,1.2 I .96

.'12 I '.32 I 21.81 Zl.1I 13M' I 14.15 I 14.M 28M Hm •• I .n

.'11 I '.:H I 17.78 Zl.22 I 37.~ I 12.21 I l2.£e m.B 1-321.2 I .'16

.92 I U.t5 I 16.'1S 2il.2lI I 3l.67 1 !l.n I l3.e. m.l I-31M I .18

.94 I 11.1' I ti.ll 26Jll I 3f,!S I 21.'7 I 2f.lS2 192.5 H8M II.U I

.'1l I 9.4. 1 21.e. 2.&.S1 1211.82 I II.n I 15.IB 318.2 1-319.6 II." I

.94 I MI I 13.73 2.1.10 I 3.... 2 I 12.65 I 13.1S 341.2 1-339.4 II." 1

.'11 11.141I IM7 1 26.9' I 31." I 13.2' I 1l.B~ ~.2 1-367.2 I .91 I

12'11 :II I $,f' I I.B'1 I 2.1t I
1311 3ll I ~.9' I 1.8a I 2.11 I
1311 46 I 8.'16 I I.u I 2.12 I
1321 59 I 11.93 I 1.81 , 2.19 I
III I "I 3.1# I 3.32 I 3.67 t
.341 II. I 6,11 I 3.32 I 3.U I
1351 III I B.!4 I 3.32 I $.68 I
1361 13! I It.!! i 3.35 I 3.68 I
1371176 1 l.1f I 1.'fJ I S.31 I
1301 m I '.II I Mil I 5.211 I
1m 222 I 8.91 I 4.01 I 5.:14 I
11112SS I ll." I 1.83 I :S.2S I
HI I 2eB I 3.1f I 6.57 I 7.'~
142132: I 6." I 6.59 I 7.11
lUI m I 8.91 I 6.57 I MI
1441m I 11.97 I 6.55 I 7.J2

Table .(.2 (cone) Measured results from full
series of tests on experimental
tower
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11 Ii I 2.97 I I.Bl , 2.!4 I .BB I 11.72 15.B9 I ~3.e' I 37.91 2B.44 I 2B.79 I 52.9 I -14,4 I
21 IB I 5.B9 I 2.17 ( 2.49 I .87 I 6.Bl 12.91 I 33.BI • II,)! I 21.34 I 23.S1 I 152.9 I -43.6 I
31 144 I B.76 I I.BI I 2.96 I .BB i 7,13 11.32 I 32,8B I !I.U f 14.92 I 16.72 I 155.9 I '42.1 I
41 m I 12.tl I 1.19 I 2.B3 f .08 I 7.36 18.62 I 32.78 I ,'.9B I 12,32 I Il.t2 I 166.3 I -44.B I
51 29 I 2.96 I 3.37 I 3.72 I .91 I 11.74 15.91 I 3B.19 I 32,94 I 27.51 121.76 I 52.S I -13.3 I
61 54 I 6.95 I 3.39 I ' 78 I .91 I 6.62 12.51 I 29.B3 I 37,56 12M. I 21.3' I lSI,' I -36,S I
il 132 I 8.95 I ~,35 I 3,72 I ,91 f 7.91 12,64 I 29091 I 3i,4I I 15,69 I 16.94 I 214.3 I -55.B I
BI 21. I 11.91 I 3.32 I 3.68 I .If I 1.35 1I.9' I 29.17 I .,,81 I 13.43 11M3 I 232.B I -oM I
91 31 I 3.25 I 4,34 I 4,B3 I .91 I 8.54 13.71 I 2'1.63 I 3B.'3 I 26.61 I 31.51 I 1M I -14.1 I
III 6. I 5.98 I 4.B5 I 5.27 I .92 I 6.81 12.BB I 26.99 I 32.12 I 2'.11 I 21.15 I 152.8 I -3B.l I
III 132 I 9.35 I 4.Bl I 5.26 I .92 I 1.fl 12.39 I 26:U 132.66 I 15.19 I 19.19 1213.5 I -57.1 I
121 271 12.71 I 4.55 I 5.'2 I .91 I H.lS I IhoIl I 29.59 I 36.19 J IMl i 21.,1 1216,' J -68.8 J
131 54 2.99 I 6.41 6.91 .93 8.31 13.49 I 2~.'6 3MI 2M! I 26.69 I 64.7 I -1i.1 I
141 15 6.BI I 6.43 6.91 .93 1.S6 14.26 I 25.94 32.24 2f.26 I 22.21 I 163,4 I ·31.1 I
151122 9.IB I 6.39 6.91 .93 7.2, 13.94 I 26.66 33.76 t:.14 I IB.14 I 259.7 I ·61.2 I
161 2.3 11.9'; I 6.52 6.9B .93 a.t6 13.47 I 25.43 3M8 14.B2 f 19.22 I 274.2 I -13.5 I
111 II 2.98 I 2.21 2.21 I." IS.9S 33.22 I MB 16.2B 21.42 21.12 I 75.4 I 26.1 I
IBI 48 5.92 I 2.17 2.28 .99 43.16 35.99 I IM4 11.94 32.46 32,56 f 217.9 I 68.5 I
III 115 B.94 I 2.15 2.11 .99 42.23 35.54 11MB 17.85 3~.B5 35.91 I 263.2 I 91.2 I
281 m 11.92 I 2.14 2.15 I.it 42.43 36.95 I 11.610 11.56 37.32 37.32 I 28B.31 95.4 I
211 2. 2.9b I 3.74 3,14 I." 3B,75 32.15 f 9.35 15,91 17.tS 18.45 I 05.9 I 31.1 I
221 51 5.94 I 3.69 3.71 .99 43.18 33.26 f 11.39 17.39 28.19 28.19 I 2lB.7 I 65.5 I
231 128 9.83 I J.66 3.bO .91 42.38 32.611 1f.38 17.11 33.57 33.57 f 384.4 I 121.' I
241 276 11.92 1 3.69 3.69 I I.ff 42,52 34,81 I 9.91 16.15 35.46 35.46 I m.t I 146.4 I
251 ~4 2,98 I 5.2B 5.28 I I.U 43.48 34.22 I IM7 17.12 17.62 17.93 I 122.2 I 46.5 I
261 61 I 6.e4 I 5.23 5.24 I 1.1~ 41.35 31.B8 I tf.t2 11.51 24.18 24.1B I 216.9 I 93.1 I
211 !21 I 9,16 I 5.11 5.IB I .9Q 41.54 31.19 I 11.11 19.42 31.94 131." I i31.1 I 141.e I
291 229 I II.B4 I 5.32 5.35 I ,99 11.41 31.41 I 11.42 11M3 32.B8 I 32.95 I 517.9 I m.7 I
291 55 I 2,96 I 1.15 1.19 f l.tI 41.51 n.16 I 9.32 I 16.47 16.14 I 11.16 I 14M I 53.B I
lfI 15 I 5.11 I i.i5 1,931 I." 4I.4B 29.36 I 1M2 I 17,44 I 23.28 I 23.28 I 316.1 I m.7 I
311 122 I 9.S3 I 6.96 6.98 I I." 41.51 21,66 I ,'.If I 19,25 I 28.15 I 2B.15 I 467.6 I 158.5 I
321212 I It.B4 I 1.13 7.10 I 1.11 41.39 29.19 I 11.44 I 17.14 I 31.51 131.56 I 519.2 f 197.9 I

Table 4.3 Corrected results from full series of
tests on experimental tower
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331 27 1 2.92 I.S9 I 2.13 I .09 9.91 I 21.67 I 33.38 I 37.58 ,1.57 1 21.27 I 131.2 I -l8.7
311 39 I 5.75 1.87 I 2.11 I .B9 9.17 I 15.79 I 32.28 1 37.58 13,42 I H.'2 I 162.2 I -45.5
351 35 I a.a. 1.79 I 2.11 1 .89 9.20 I 13.97 I 32.99 I 36.76 II.B7 I 12.16 I 171.9 I -49.4
361 49 I 11.84 1.17 1.99 1 .S9 9.94 1 13.11 I 32.11 1 37.29 12.89 I 13.26 I 151.5 I -43.1
311 15 I 2.95 3.33 3.72 1 .99 9.81 1 23.25 I 31.28 1 36.29 21.97 I 22.72 I 164.9 I -45.9
381 B3 1 5.71 3.35 3.18 I .91 0.92 I 17.751 29.711 35.11 !5.2i I 15.73 I 217,4 I -i!.9
311 97 I 9.2£ 3.33 3.66 : .91 7.65 I 13.69 I 79.28 I 33.91 11.99 I 13.49 I 230.5 I -65.9
481 116 I 1I.8B 3.31 3.78 I .98 1t.55 I 15.15 I 3i.l5 I 36.'B 14.33 I 14.63 I m.2 1 -.2.2
III H7 I 2.97 I.B6 5.33 .91 9.64 I 21.14 I 29.36 I 33.96 22.14 I 22.84 I 177.6 I -17.:
421 164 I 5.8, 1.90 5.32 .92 B.16 I 18.76 I 2B.14 I 3M4 IM6 I IL.16 I 255.2 I -67.1
m IBB I 9.32 1.92 5.21 .92 7.66 I 15.11 • 27.51 I 32.94 12.21 I 13.21 I 29M I -76.3
HI 219 I 1l.93 1.91 5.32 .92 12.~1 I 17.12 26.96 I 33,'6 15,34 I 15.77 I m.2 I -57,3
451 251 I 2,89 6.57 M7 .93 9.63 I 21.78 27.69 1 31.a. 21.73 I 22.50 18B.1 I -48.9
161 ~33 I 5.91 6.61 ;.19 .93 7.95 I 21.27 26.85 I 31.83 15.72 I 16.B7 316.5 I -9'"
471 321 I 9.n 6.51 6.9B .93 11.95 I 19.33 25.9J I 32.47 15.'9 I 15.36 281.B -66,4 I
4BI 369 I 12.11 6.~f" 6.9. .93 12.29 I IUJ 25.93 1 32.56 14.59 I 15.12 292.9 -68,6 1
191 311 2.92 I ;.£1 r 2.25 .98 1 42.71 I 27.11 12.19 19.24 31.al I 31.BI 194.' 61.7 I
511 32 I 5.72 Loll I 2.11 .99 1 39.33 129.74 12.89 11.56 35.fl I 35.84 239.5 7B.4 1
511 Ifl B.92 2.15 I 2.1B .99 I 41.11 33.11 11.71 I' 61 3B.'I I 3B,14 297.4 91.1 I
521 51 1 11.56 2.12 I 2.14 .99 I 11.99 36.48 12.17 lB_t.' 37.53 I 37053 291.9 93.4 ,
531 791 2.96 3.74 I 3.78 , .99 I 13.t2 22.93 !l.67 IB.9! 2B.61 I 28.61 m.6 86.9 I
511 BI I 5.74 3.71 13,73 I .99 I 39.44 25.66 !l.&2 16.94 32.20 I 32.28 342.7 111.2 I
551 991 9.7B 3.77 I 3.eS I .99 I 11.68 29.B2 II.9B 1],91 35.75 I ,5.75 131.6 131.11
~6' !ll , 11.63 3.68 I 3.72 I .99 I 42.U 33.35 11.95 IB.25 36.i5 I 36.85 442.9 116.5 I
571 155 I 2.97 5.1S I S.U , .99 I 43.59 19.61 11.56 18.66 26,31 I 26.31 316.9 m,B 1
591 161 I 5.73 5.38 I 5.H I I,ll 13M3 22.39 11.11 16,!! 29.59 I 29.59 111.5 131.9 I
591 IB7 I B.76 5.35 I 5.3B I 1.11 I 3B.56 25,63 !l.62 IB.32 32.IB I 32.tB 111.5 162.5 I
681 216 I 11.45 5.4S I 5.42 I 1.61 I 41.93 3M3 !l,n IB.17 31,73 I 3~.73 595.5 196,7 I
611 25i I 2.98 7.13 I 7.12 I 1.11 I 43.95 16.73 1I.l4 IB.l9 24.61 , 24.61 , 341.4 m.91
621 2B1 I 5.74 7.21 I 7.12 I 1.11 I 3B.95 19.57 1'.73 15.13 27.67 I 27.~7 I 478.3 151.3 I
6~1 31B I B.BS I 7.19 I MB I 1." I 39.69 23.15 II.B3 19.22 31.9B I ll.aS 1 ~l.2 2IU.B 1
611 l5t 1 !l.5S I 6.96 , 6.95 1 1.91 I II.BI 27.17 11.89 18.39 34,22 I 34.22 I 731.4 m,6 I

Table 4.3 (Cont) Corrected results from full
seriQs of tests on experimental
tower
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651 46 I 2.87 I 1.96 2,28 I .B9 I 12.22 1 23.89 I 32.11 1 ;;5.61 I 17.69 I lB.46 I 114.6 I -4M
661 45 I 5.84 I I.S1 2.!3 I ,B9 1 9.71 1 16.91 I 33.f9 I 33.34 r 11.11 1 11.91 I IBi.! I -54.B I
611 52 I 8.81 1 1.78 2.91 1 .8B I 11.12 I 15.SI I 33.51 I 37.33 I 11.5' I 12.2B I 171.7 I -51.2 I
681 .7 I 11.73 I 1.79 2.111 .Ba 1 11.561 14.12 I 33.35 1 3•• 75 I 11.01 1 12.11 I 177.6 I -51,7 I
691 LIB I 2.97 I 3.41 3.75 I .91 I 12.22 r 25.76 r 29.67 I 33.29 r 19,48 I 19.9B 1 167.9 I -47., I
791 132 I 5.37 I 3.36 3.71 1 .91 1 9.18 1 21.04 I 3I.2b I 34.21 I 12.14 I 12.44 I 261.b I -11.1 I
III 152 I B.99 I 3.35 3.73 I .91 1 11,111 17.31 I 3i.63 1 35.68 1 1I.~5 1 11.85 1 m.1 1 -74.9 1
721 177 I 11.86 I 3.35 3.72 1 .91 1 8.61 1 14.37 I 31.86 1 35.49 I 9.94 I 10.24 I 291.1 I -79.8 I
731231 I 2.91 I 4.97 5.38 1 .92 I 12.1~ 1 26•.14 I 27.91 I 31.59 28,46 I 29.a4 I m.l I -46.1 I
741 259 I 5.B9 I 4.93 5.34 1 .92 1 9.66 1 21.3; I 27.77 132.i1 13.1. i 13.46 1 294.2 1 -7B.3 I
7512941 8.8314.94 13.311 .92 I 8.3B 1 17.92 I 28.78 I 31.58 11.421 '1,12 m.4 1-11'.l I
761 341 I 11.91 I 4.BB 1 5.32 .9~ 1 8.22 1 15.16 ie.99 I 31..71 9.91 I 1f.49 367.9 l-lii.3 I
771 m I 2.99 I 6.bI 17.12 .95 1 1i.43 1 23.23 24.U I 29.11 lB.51 I lB.58 163.B I -35.7 I
781 m I 5.93 I 6.62 7.13 .Ill 9.72 1 21.15 25.33130.11 14.151 14.45 281.7 I -7j,l I

191 514 I M2 I 1.59 7.17 .93 I 9.15 1 19.iI 26.71 I 32.33 12.22 I 12.67 3b9.S! -9I..S I
BSI 556 I 11.14 I 6.3B 6.B5 .93 I 9.29 I 16.79 27.11 I 32.46 11.491 11.99 381.3 I -96.7 I
BII 47 I 2.9112.21 2,23 ,99 I 41,5, I 23.74 12.18 I 17.78 33.17 I 33.87 213.2 I 6v.B I
821 53 I 5.81 I 2021 2.24 .99 I 42.27 I 28.86 11.5' I 19.13 JMB 13MB 341.3 I 111.2 I
831 51 I 8.7B 1 2.15 2.18 .99 I 41.5' 13MI 11.41 I 18.BI 39.34 I 39.31 325.9 I 189.2 ,
B41 151 11.82 I 2.13 2.17 ,98 I 41.76 135.32 13.351,1.41 ".32 I 48.32 m.e I 112.1 I
B51 128 I 2.95 I 3,/2 3.75 .99 1 41.29 I IS.49 11.84 I 17.73 31.15 I 31.95 2Bl.B I YI.J I
861 134 I 5,9, I 3.71 3.74 .99 1 42.45 I 23.91 11.11 I IB.58 I 36.61 I 36,64 413.9 I 157.9 !
671 151 I 9.76 i 3.71 3.74 .99 1 11.91 I l7.39 11.17 I 18.58 3UI I lUI 518.4 I 173.1 I
BBI 177 I 11.72 ,3.69 3.75 1 .98 I 11.85 131.31 IM9 I 19,92 39.28 I 39.28 541.b I 181.7 '
891 229 I 2099 I 5.31 5.33 1 I." I 41.54 I 15.57 11.93 I I7.6B 27.52 I 27.52 3:2.e I 189.: I
9SI 259 I 5.98 I 5,33 5.37 I l.tO I 42.45 I 21.17 11.18 I IB.56 33.94 I 33.94 516.S I ISB.I ,
911 294 I 8.16 I 5.36 5.37 I 1.11 I 41.42 I 23.81 11.69 I 1B.25 36,21 I 36.~1 66U 1 m.t I
921 313 I l1.es I 5.32 5.37 I .99 I 42.12 I 27.96 12.76 1 19.51 36.f6 1 3B.i! m.5 I 241.9 I
931 3BI I 3.12 I 1.12 6.99 I I." I II.Sf I 13.96 11.55 I 17.52 25.18 I 25.18 35M I 119.4 I
941 m I 5.BB I 7.17 7.13 I I." I 42.42 11M3 11013 I 17.95 31012 1 31 •. 1 617.5 I m.B I

951 494 I B.RS 1 7.11 I 7.15 I I.ft I 41.49 I 21.66 11.36 I 17.36 33.66 I. 33.66 m.1 i :47.B I
961529 I 11.79 I 6.75 I 6.76 I 1.1f I 12." I 26.48 12.77 I 19.14 ;f,!1 I 36.11 BBl.! I Zb6.6 I

Table ~.3 (c~nt) corrected results from fUll
series of tests on experimental
tower
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971 IS I 2.86 I 1,94 I 2.26 I .88 I 9.S7 I 21.79 I 33.51 I 31,73 I 21.29 I 21.n I 131.8 I -38.1 I
901 22 I 5.19 I 1.12 I 2.16 I .89 I S.77 I 15.61 I 32.95 I 36.61 I 14.63 I 15.43 I 16B.7 I -49.4 I
991 29 I B.98 I 1.91 I 2.13 I .B9 I 11.36 I 14.2B I 3M9 I 36.72 I 13,f3 I 13.51 I 149,6 I -II •• I
1m 42 I 11.58 I 1.92 I 2.16 I .SB I IU9 I 14.43 I 33•• 7 I 37.57 I IS.U I 15.93 I 114.7 I -51.3 I
1011 54 I 2.B9 I 3.39 I 3.78 I .B9 I 9•• 2 I 22.54 I 31.16 I 37.31 I 22.22 I 23.11 I lU.5 I -42.9 I
1921 &s I 5.96 I 3.33 I 3.72 I .B9 I Il.lB I 21.31 31.48 I , ••• 5 11M2 I 19.&2 I 213.5 I -5 •• 3 I
Ifll 7' I 9.15 I 3.23 I 3.62 I ,S9 I 12.16 I 18.19 31.59 I 36,44 I 16.69 I 17.14 I 232.11 -65.3 I
1f41 87 I 11.57 I 3.34 I 3.H I .89 I 11.94 I 15.96 31.97 I 31•• 2 I 11.4e I 16.91 I 241.9 I -71.1 I
1151 114 I 2.91 I 4.93 I 5.42 I .91 I 9.59 I 23.37 2M3 I 35.33 I 22.17 2M7 I 172.1 I -4203 I
If.1 !2S I 5.93 I 4.98 I 5.45 I .91 I 9.23 I 19.14 2B.61 I 3M6 I 17.44 18.49 I 231.2 I -65.7 I
1171 1411 e.93 I 4.91 I 5.29 I .93 I 13.12 I 11.75 25.49 I 32.64 I 16.78 17.46 I 176•• I -3B.7 I
IiBI 10. I 11.Bl I 4.92 I 5.31 I .93 I 12.U I 16.25 25.93! 32.5B I 16.48 17.23 I 192.2 I -41.7 I
1f!1 221 I l.1I I 6.8, I 7.41 I .92 I 11.12 I 25,f1 28.12 I 33.49 I 22.21 22.59 I 191.1 I -45.1 I
II§I 2JI I 5,'·1 I •• 62 I 7.17 I .92 I 11.33 I 21.49 27.81 I 33.56 I 19.25 2'.7B I 259.7 I -67.2 I
1111 261 I 8."B I 6.7' I 7,23 I .93 I ll.le I lB.97 26.84 I 33.3~ I 1!.74 18.14 I 287.6 I -71.3 I
till mlt; •• 5 I 6.B' I 7.28 I .93 I 11.57 I 16.B3 25.61 I 32.2r I 16.2' 17.~s I 26f.6 I -.1.4 I
1131 18 I 2.91 I 2.15 I 2.19 I .9B I 41.26 I 28.21 12." I 21.25 I 31.35 31.35 I 165.4 I ~•• I I
1141 22 I 5.B4 I 2016 I 2.19 I .99 I 41.62 I 31.42 !l.43 I 19.51 I 35.92 3U$ I m.9 1 86.6 I
1151 Zq I M' I 2.13 I 2.17 I .9B I 4"'4 I 33.91 I 12.67 I 19.97 I 31.la 37.l8 I m.8 I 92.6 I
1161 42 I 11.89 I 2012 I 2.16 I .9B I 41.54 1 31.22 I 12.43 I 19.94 I 37.l' 37.39 I m.6 I n.1 I
1111 52 I 2.97 I 3•• 1 13.78 I .99 I 42.75 I 24.44 I 11.96 11M2 I 27.38 21.38 I 235.3 I 7B.5 I
1181 6' I 5.S4 I 3.74 I s.n I .99 I 41.8' I 27.12 I If.78 I 17.96 I 32.97 32.97 I 372.8 I 123.2 I
1191 711 8.94 I 3.69 I 3.H I .99 I 41.41 I 3'.27 I IMI I 19.76 I 34.47 34.11 I 396.1 I 132.9 I
1211 B9 I 11.j4 I 3.19 I 3.7S I .99 I 41.58 I 33.25 I 11.a6 I 19.45 I 35.47 35.47 I 429.1 I 143.6 I
1211 liB I 2.98 I 5.33 I 5.34 I 1.11 I 42.16 I 21.64 11Mb I 17.58 I 25.14 2S.14 1 283.9 I 95.3 I
1221 123 I 5.B8 I 5.34 I 5.36 I I.U I 41.92 I 24.13 I 11,67 I 17.89 I 3e.13 1 31.73 I 4~3.1 I 149.9 I
1231 142 I 8.98 I 5.27 I 5.31 I .99 I 39.93 I 27.34 I !t.!5 I 19.31 I 32,35 I 32.35 I 412.3 I 165.' I
1241 lb7 I 11.71 I 5.35 I 5.39 I .99 I 41.63 I 3M8 I lI.bi I 19.41134.111 34." I 565.8 I 189.5 I
1251 197 I 3.&8 I 7.i. I 7.13 I 1.13 I 42.&5 I 17.i1 I 11.58 I 17.48 I 23.68 I 23•• 8 I 331.1 I 112.2 I
12.1 221 I 5.94 I 7.89 I 1.IS I 1.'1 I 11.99 I 21.23 I 1i.17 I 17.;' I 28.93 I 2B.93 I 532.3 I 175.8 I
1271 25J I 8.9S I 7.14 I 7.14 I 1.11 I 39.38 I 24.19 I 11.'8 1 18.83 1 3,.77 I 3'.77 1 ~91.5 I 19P I
12BI 291 I 11.74 I 7.111 7.11 I 1.11 I 41.71 I 27.75 I 11.32 I 19.22 I 33.28 I 33.2B I m.B I 23B.l I

Table 4.3 (Cant) Corrected results from full
series of tests on experimental
tower
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1291 J4 1 2.94 I 1.~3 I 2.14 1 .96 I 11.91 21.58 I 31.87 I 32.35 17.93 l 18.21 I 135.f -41.1 I
1311 38 1 5.81 I 1.91 I 2.15 I .B9 I 9.52 16.68 I 32.45 I 35.28 !I.51 11.91 I 119.1 -52.3 I
1311 U 1 B.B4 1 1.92 1 2.15 I .9' I 9.13 13.96 1 32.52 I 33.57 1MB 1I.4B 1 186.5 -55.! I
1321 59 I It.BI I I.B7 1 2.11 I .B9 11MB 15.43 I 32.61 I 36.65 13.15 13.55 I 16B.6 -48.3 I
1311 9' 1 2.93 I 3.39 I 3.16 I .91 I IMS 25.21 I 31.65 I 31.11 21.li 29.48 I 188.3 -51.5 I
1341 IIf I 5,91 I 3,3B I 3.12: ,91 ~,4f 19.29 I ".18 I 32.88 13,11 13.51 125M -11,5 I
1351 1I4 I 8,86 I 3,35 I 3,11 I ,91 9.19 16,46 1 3Ml I 34.f9 1I,H 11.99 I 218.9 -/9.2 I
1361 136 I 11,12 I 3.<1 , 3.15 I .91 11.31 16.21 I 29.87 132.91 13.36 13.69 I m.3 -68.8 I
1311 176 1 2.91 I 4.95 I 5.39 I .92 11.99 25.59 I 28,38 I 32048 28.41 2i.89 I 186.8 -49.1 I
1381 194 1 5.94 I 4,93 5.33 I .92 9.37 21,~ 28.15 I 31.55 H.1t 1M3 I 291.2 -81.6 I
1391 m I 8.8S I 4,B6 5,35 I .91 9.39 11.73 2B.21 I 37.35 12.22 1~.63 I 314.7 -74.6'
lUI 255 I II.B8 I ~,85 5.28 1 ,92 IM8 1 16.92 2B.31 I 32.78 13.31 13,77 I 3ft.3 -81.8 I
1411 lSD I 3.11 I 6.5B 7.el 1 .94 16.91 I 25.12 26.29 1 3i.66 12!.S6 2Ml 1 IBM -44.5 1
1421 321 1 5,99 1 6.6' 1.12 I .9~ 9.41 1 21.79 26,5B 1 28.B3 1 14.69 I 15.17 I 319.9 "BB;J I
1431 m I B.95 I 6.57 1.11 I .94 9.04 1 IB.13 26.IB I 31.62 I 12.65 I 1•• i5 I m.9 -B6,1 I
1441 m II.B8 1 6.69 7.11 I .93 11.72 I 17.B3 26.94 I 31.84 I 13.16 1 13.BI 136M -93.3 I
1451 35 2.92 I 2.15 2,18 I .99 36,5B 23.31 12.15 I lB,69 1 31,31 1 31.31 I 167.4 55.5 1
1461 39 5.93 I 2,11 2.16 1 .99 36.92 2M6 II.Bl I I1.B9 1 3l,4e 1 34.48 I 229, I 15,3 I
1471 4~ 9,92 I 2.13 2.14 1 .99 37.61 31.tI 11,17 1 17.29 I 36.13 I 3... 3 I 259.9 B5.4'
1181 59 II.B8 I 2.IB 2.11 I .99 34.93 31,15 11.39 I 11.1f I 33.53 I 33.53 I 212.4 1 69.3 I
1491 9. 2.94 I 3.69 3.72 I .99 3M7 18.Bl I 11.57 I 18.23 1 27.31 I 27.37 1 229.9 1 76.:,
15fl 1~2 5.97 I 3,7' 3,74 1 .99 37.36 24.19 I 1I.8a I 18.14 I 32.41 I 32.41 1342.9 I 113.3 I
1511 115 B.94 I 3.71 3.72' ,99 3B.83 27.3b 1 11.11 I 17.B3 , 34.79 I 34.19 1 415.1 I 136,9 I
1521 137 11.91 I 3.68 3.71 I .99 34.78 28.81 I lI.b1 I 17.99 I 32.59 I 32.59 I JIB,1 , 114.5 I
1531 113 2.95 I 5.33 S.36 1 1.11 31.41 IS.99 1 1I,6f I 18.11 1 25.16 I 25.16 121M 1 91,3 I
1541 195 5.9B I 5.29 5,32 I .99 37.69 21.15 1 1I.9t I 18.51 I 31.67 I 38.67 I 429.' I 142.1 I
1551 m B.95 , S.U 5.lI 1 I." 3B.29 24,2B 1 u.n I ID.fS I 33.49 1 33.49 1 513.6 , 119.6 I
IShl 2hl I 11.99 1 5,34 I S.3h I I.BI 34.21 I 25,29 J 11.&1 1 18.26 I 31.34 I ;1.;;; ; 459.7 1 151.9 I
1511 m I 2.94 I 1.11 I 7.le I I.U 37.71 I 14.34 I 12.84 I IB.'1 I 23.43 I 23.43 I 294.e , 111.2 I
1581 37B I 5,99 I 7.19 I 1.IB I 1.91 I 37,77 I IB.51 I 11.85 I IB.25 I 2B.S1 I 29.S1 I 495•• I 163.9 I
15?1 m I B.93 I 1.19 I 7.B6 I I.U 1 38.51 I 21.82 I 1I.11 I 18.14 I 31.81 I 31.91 I m.I I 212,9 I
1611 444 1 11.97 I 1.19 , l.e7 I 1.i' I 33.18 I 23.11 I tt.46 I 18.21 I 29.97 I 29.81 I 549,9 I 181.B I

Table 4.3 (Cont) Corrected results from full
series of tests on experimental
tower
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5 VERIFICATION OF THE COMPREHENSIVE THEORETICAL
MODEL AND EXAMINATION OF THB FUNDAMENTAL
MECHANISMS OF BEAT AND MASS TRANSFER USING
THE EXPERIMENTAL DATA

5.1 Introduction

Chapter 4 presents empirical data from a series of
tests on five direct-contact heat exchangers. For each
heat exchanger both cold water/hot air and hot water/
cold air tests were carried out. Chapter 3 presents a
computer model wh Lch can sLmu Lat;e heat exchznqe r per-
formance on the basis of a knowledge of the ileA value
and inlet flow and temperature conditions. This
chapter investigates the computer simulation of the
performance of the test heat exchangers so as to match
the empirical data and thus check on verification of
the comprehensive theoretical model.

In addition, this also enables important conclusions to
be drawn regarding the areas of uncertainty 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 z
in (Pr/Sc)Z in the analogy equation between heat and
mass transfer? Second. what is the most suitable
correlation equation for the diffusion coefficient?
(Recall that there is conflicting information given in
a number of reputable texts on values of the diffusion
coefficient.) These two issues are not independent
since the value of the diffusion coefficient is im-
plicitly contained in the ratio (Pr/Sc). Third, how
successfUL is the numerical approach to fogging in
modelling the real situation? The final question, is,
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what is the difference in the value of the transfe. co-
efficient for water cooling (evaporation) and water
heating (condensation) in otherwise identical situa-
tions? This question is exami.ned ~n detail in Appendix
J by comparing the evaporation and condensation situa-
tions (for identical geometry and flow conditions).

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

In Chapter 2 some of the fundamerrta l, aspects of heat
and mass transfer were considerea. The well known
analogy, based on the similarity between convective
heat and mass transfer, was dra~n. This is now dis-
cussed in more detail.

The existence of the analogy was first shown by
Nusselt(55) in 1916 (through the postulation of a
Reynolds flow) and by Lewisi76) in 1922 who independ-
ently arrived at a similar conclusion. Since then a
considerable amount of experimental wCd:k and nume rous
theoretical boundary layer stu~ies have been carried
out. This work has generally supported the contention
that similar relationships may be used for the correla~
tion of heat transfer and mass transfer data and has
resulted in refinements which have made the analogy
practically usable. For example, one of the best
established experimental arrangements, similar in some
ways to our present geometry, is turbulent flow in
pipes and a considerable amount of related information
is available. Deissler(53) surveyed the relevant
dati on heat and mass transfer and demonstrated that
f or the same Reynolds number, the heat transfer data
and the mass transfer data fell on similar curveS given
by:
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Ire /pVc (5.1)

a Re·b Sc·z (5.2)

[The subscripts hand m to the Stanton number refer to
heat transfer and mass transfer data correlations re-
spectively ]

The two transfer coefficients are then related through:

(Pr/Sc) Z (5.3)

The well accepted correlations for heat transfer data
indicate that the value of z in Equation 5.1 should be
0,67. However, Deissler's(53) comparison of all the
experimental data on turbulent pipe flow indicated that
there are systematic deviations from Equations 5.1 and
5.2 that are related to i.:hevalue of the Pr and Sc
numbers. Spalding(67) points out that this observa-
tion merely signifies that the data cannot be repre-
sented totally in the simple form of Equation 5.1 and
5.2 with z = 0,67. In fact the indications are that l

shvuld be nearer to 0,5 when Pr is near unity and to
0,75 when Pr is large. To complicate matters even
further, these data also innicate a dependency of the
exponent z on Reynolds number.

Situations involving laminar boundary layer flow over a
surface are also similar in some ways to our present
geometry (compared to turbulent pipe flow they r~pre-
sent the other limit of possible flow regime). These
flow sLcuat.Lons are often amenable to detailed mathema-
tical analysis, and theoretical boundary layer
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studies(S4) show that, for a uniform main stream
velocity, the value of z ~ 0,67 describes the trends
well fur Pr and Sc numbers greater than 0,5, but at
smaller values the appropriate ex~onent changes to
z = 0,50. (Unlike the turbulent pipe flow this is not
influenced by changes in Reynolds number.) For the
present study typical values of Pr and Sc are 0,73 and
0,61 respectively. Clearly no <::inglevalue of z is
always correct(67). Cnilton and colburn(77)/ more
than fifty years ago, on the basis of relatively few
data, recommended the exponent of z = 0,~7. As a
general recommendation this appears to have stood the
test of time.

Based on the set of dat& generated as part of this
present work, opportunity now exists to examine this
issue from a fresh point of view. Advantage can be
taken of the current set of data for both heat transfer
and mass transfer measurements, for situations which
are exactly relevant to the specific applications of
cooling towers and direct-contact air coolers.

The experimental data is now examined and the applic-
able value of z calculate~ for each test. If z is con-
sidered to be a variable in Equation 5.3, then once the
convective heat transfer coefficient is known, the
value of the mass transfer coefficient becomes depend-
ent on z, increasing with an increased value of z,
Since both the heat transfer and the mass transfer were
measured fOl each test it is possible to determine a
unique value of z for each test.

This was done by using the computer model to simulate
the experimental op~rating conditions for each test by
adjusting the ove raLl,value of !rcA until the modelled
total heat transfer was the same as the measured re-
sult, and then adjusting the value of z until the
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modelled total mass transf~r was thE same as the meas-
ured result. This was done iteratively until both the
measured heat transfer and the measured mass transfer
were matched by the simulator. Hp.nce unique values of
fleAand Z vze re 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 calculated 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 remaining 140 values (about 90 per
cent) were examined further and the statistical analy-
sis of these data indicated a mean value of z of 0,65
with a standard deviation of 0,37. (This indicates
that the appropriate value of z is not significantly
different from 0,67.)

A similar statistical analysis was done to compare the
cold water I hot air tests with the hot water / cold
air tests. For 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 z is 0,67 (standard deviation,
0,05).

The mean value of z does not change significantly be-
tween t two sets of condition~ and it appears that
its value is not affected by the direction of mass
transfer (i.e. evaporation or condensation). It is
interesting to note that the standard deviation in the
value of z is higher for the cold water/hot air testj
than for the hot water/cold air tests. One ~ossible
explanation lies in the fact that, for the Gold water/
hot aLr tests, the ratio of latent to total heat trans-
fer was considerably lower (56 per cent compared to 86
per cent). The modelled mass transfer rat;e wou l.dbe
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more sensitive to the value of z for the situation
where the 1.atent heat forms a smaller part of the total
(recall that the model is initially forced to produce
the measured total heat flow rate).

The values of z were exawined for each set of tests
corresponding to a different geometry. Recall that
there were a total of five heat exchangers examined:
one spray sys+em and four packing arrangements. The
mean value of z did not vary significantly for the
different geometries. The values of z for different
water and air flowrates were also compared and no
statistical evidence of any trends or significantly
different values of z were apparent.

Another way to ex ~his issue is to fix the value
of z at 0,67 and use the computer progr~~ to simulate
performance and predict the amount of mass transfer. A
comparison of the measured and predicted masS transfer
rates can be made and, if the correct value of z is be-
ing used, the simulated mass transfer and the actual
mass transfer would be identical. The ratio of
measured to simulated mass transfer was calculated. Of
th~ 160 values, 140 were ~ithin three per cent of
unity. The mean of the 140 values of the ratio is
1,0005 and the stancard deviation 0,7 per cent. Again,
a similar analysis was done for each of the different
geometries, the different temperature conditions and
the different flow conditions. No significant ntat-
istical deviation from a rat;.o of unity was obae rvad
for any of these groups of data. clearly, a value of
z = 0,67 allows the mass transfer to be accurately
modelled. However, the statistical significance of
this sort of analysis should be considered. It may be
argued that, since the simulator is being forced to
give the measured total heat transfer by determining
the relevant value of ileA, the modelled mass transfer
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rate would be insensitive to changes in z. 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 tl,2 latent heat contri-
bution varies from 56 per cent to a maximum of 86 per
cent and hence the conclusions are considered real and
significant.

From this section it can b2 concluded that ior the
range of situations 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 th~ change in
packing configuration. There was also no evidence that
changes in Reynolds number, water flow (or air veloc-
ity) affected its value.

5.3 Validity of correlation equation for the
diffusion coefficient

Having confirmed the value of z = 0,67, a brief comment
can now be made on· . selection of the correlation
equation for th~ dif._sion coefficient.

Recall that the dimensionless ratio, Pr/Sc, is dire~+.ly
proportional to the diffusion coeffi':ient, D, and tHat
Pr/Sc f s typically equal to a value of about 1,2 (see
Chapter 2). Thus, ad a fir~t order estimate, a 15 per
cent increase in the selected value of the diffusion
coefficient would be equivale~t to changing the value
of z in the previous analysis to 1,25. A 15 per cent
decrease in the diffusion coefficient would be equiva-
lent to having a value of z = 0,01.

Thus, direct parallels can be drawn to the previous
section. 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 exactness of the simulation for z = 0,67
indicates an accurate choice of correlation for the
diffusion coefficient. Certainly a combination of a
value of z = 0,67 and the chosen diffusion coefficient
equation allow th~ experimental data to be accurately
simulated.

5.4 Simulation of experimental data and determin-
ation of overall heat transfer coefficients

Having established the above, the measured data can now
oe analysed further using the simulator. The computer
p roq ram was used to simulate the experimental operating
cond Itions by adjusting the input parameter, ileA, until
the si~ularp.d overall total heat transfer was the same
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 yield the measured total
heat transfer but was left to its own devices in con-
trolling the split between the latent and sensible
components. The simulator predicted the mass transfer
rate, outlet air condition, outlet water temperature,
and outlet \'/aterflowrate. The amount of fogging was
also quantified when the model predicted this to occur.

Table 5.1 gives specific examples to highlight the re-
sults for two tests, NOR. 42 antj 58 (the sar.. examples
used earlier when dl~ sing the output from the simu-
lator)" It should ·,t<.:>dthat for Test 42, where the
ratio of latent he, to t~ta. 3aat transfer was 65 per
cent, the difference between the ~easured and predicted
mas s transfer was about 1 per cent. For Test 58, the
difference between the measured and predicted mass
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transfer was negligible. In this second case the simu-
lator predicted a fO:J flow of about 7 per cent of the
total mas s transfer. Note also that in this case the
ratio of latent to total heat flow waa 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 information on the modelled mass
transfer rate, the ratio of latent ~o total heat flow,
the amount of fogging predicted to have taken place
wi thin the heat exchanger, and the values of ileA.

5.5 Validity of supersaturation or fogging
algorithm

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

fog appe~rs instantaneously with supersaturationr

• heat and mass transfer formulations and the transfer
coefficients remain unchanged by foggingr

air, water vapou. and fog exist as a homogeneous
mixture at a uniform t.emperacu re r

fog droplets pi3.SSthrough the heat exchanger packing
as part of the air stream but are eliminated in the
specially selected demister pads.

By comparing the modelled data with the measured data a
comment can now be made on the validity of these sim-
plifications. There are a total of 79 tests (out of
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the 160) for which the simulator predicts that fogging
occurred. These tests W0re mostly the ones in which
hot water was be~ng cooled by cold air (evaporation).
However, the model was in no way constrained to this
and fogging waS also predicted for a few of the tests
in which condensation took place.

The amount of fogging predicted to have taken place is
listed in Table 5.2. It should be noted that a
significant amount of the total mass transfer may
eventuate as fog. Where substantial eupe rsa+u rat.ion
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 tr.ansfer.

In order to judge the accuracy of the algorithm for
fogging, a comparison can again be made between the
measured mass transfer and that predicted by the simul-
ator. AttentiJn is focused now only on the tests in
which fogging took place. The ratio of measured to
simulated mass transfer rates for the 79 tests has a
mean of 1,0003 and standard deviation of 0,19 per
cent. Hence, the mass transfer rate in these tests is
extremely well predicted and this reflacts favour.ably
on the algorithm used for fogging.

It is perhaps surprising just how high a proportion of
the total mass transfer can result as fog; this must
be considered as one of the specific findings of this
study.

Clearly, the algorithm works well but it would be in-
teresting to try to meaSUre this fogged flow directly.
In the series of tests descr i.bed in the present work
the mist eliminators were designed to strip the air
completely of the fog droplets and this was achieved
veri effectively. Thus it was not possible to measure
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the amount of fog directly. A further series of ex-
periments to examine the fogging l?henomena were initi-
ated under the author I s direction at a large surface
mine air cooler(S?) as well as at the heat transfer
test facility at the University of Stellenbosch. How-
ever, no spe~ific conclusions have yet been drawn.

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

As described above, values of the overall heat transfer
coefficient, "e'At 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, equivalent 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 rass trans-
fer to be examined directl.y and in isolation to the
flow and geometry variables.

This aspect of the investigation is considered a very
important product of this research. However it must be
regaraed as a side issue to the main thrust of the
work, namely the development of an improved method of
~nalysis of overall heat exchanger performance. In
order not to dilute the main arguments related to the
primary goal, the detailed discussion of this issue has
been incorporated as Appendix J. This does not detract
from its general importance; Appendix J incluaes some
novel observations, raises some important fundamelital
issues and identifies needs for further research. ~he
reader is strongly advised to give this appendix a~le
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 (Prjsc)Z in the
analogy equation between heat and mass transfer is
Z = 0,67. This value, in c~njunction with the ~hosen
relationship for the diffusion coefficient, allows
the experimental data to be accurately modelled;

• the algorithm used to describe the effects of fogging
within the computer simulator produces extremp.ly
accurate results;

the proportion of the total mass transfer that car
-ssult as fog can be as high as 9 p~r crat;

• based on confirmation of the above, the computer pro-
gram was used to simulate the experimental results
and hence calculate values of the overall heat trans-
fer coefficient, ileA. 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 between the
overall transfer coefficient for the evaporation
tests and that for the condensation tests can be
made. This is an important side issue of this re-
search and is dLscus aed in Appendix J.

It can be concluded that the devel'pment of the compre-
hensive theoretical model is successful. This simu-
lator can be considered as an independent product of
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this res~arch that will be useful to other research-
ers. However as an engineering tool for the practicing
field engineer it is unwieldly and over-sophisticated.
Attention is now turned to using the simulator to
develop a simplified method of performance analysis
(see Chapter 7). Before this is done it is necessary
to examine axisting simplified methods and to highlight
their limitations (see Chapter 6).



Table 5.1 Measured and Simu1ated Res111ts for Test Nos. 42 and 58

Test No. 42 Test No. 58
No fog Fogging

Measur.::d Pred;cted Measured Predicted

Air flow rate (kg/s) I 4,88 4,88 5,38 5,38
Inlet air temp (wb/db °C) 28,04/33,04 18,04/33,04 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 1 8,46 8,46 39,03 39,03

Overall heat transfer * (kW) 255,19 255,19 411,51 411,50
Ov'-'!rallmass transfer (g/s) 67,06 67,70 131,87 131,87
Outlet air temp (wb/db CC) 15,96/16,49 15,963/16,777129,59/29159 29,588/29,588
Outlet water temp ( °Cl 18,76 18,756 22,39 22,387
Fog flow leaving packing (g/s) 0,00 0,00 i Unkno~n 8,64

Ratio Latent heat/Total heat transier 65% I 83%

o
en

* Note the simulation for prediction was controlled to match the measured value.
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'l'able5.2 Balanced experimental data and the
modelled information
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'rA})l.5.2 (Cont) Balanged experimental data and
the modelled information
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Tabla 5.2 (Cont) Balance4 axperimental data and
the modelled information
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Table 5.% (Cant) Balanced experimental data and
the mOdell.d information
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6 A CRITICAL EXAMINATION OF THE ACCURACY AND
LIMITATIONS OF THE MERKEL METHOD

6.1 Introduction

This chapter presents d detailed examination of the
Merkel approach, which is otherwise termed the
'standard method' of cooling tower performance analy-
sis. This method is used to aualyse 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 tlie method.

Two complementary issues are involved in designing heat
exchangers and rating their thermal performance. The
first is the description of thermal performance in
terms of the imposed process condi~ions and 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 description of the desi.gn
of the unit itself. The second part is a description
of the design features related to the basic geometry
and flow considerations which fix the nature and amount
of contact surface provided and the thermodynamic Drop-
erties of the fluid streams. These two parts are norm-
ally dealt with as two separate issues. It must be
understood that in examining the accuracy of the Merkel
method each of these parts has its OWn simplifications;
it is thus difficult to assess independently the
effects of each part on the overall inaccuracy.
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6.2 Merkel method of cooling tower analysis

The Merkel or 'standard method' of cooling tower analy-
sis is presented in many texts, the most common being
the ASHRAE Handbooks(10,89), British Standard
4485(9) and the Cooling Tower Institute (CTI)
procedures(59).

The basic ~::~:~,'=lapproach to analysing the thermal per-
formance of dir '':)ntactair-water heat exchangers
was developed f01 ,..·ter cooling towers. In 1925
Merkel(12) developed a simplified equation describing
the total heat transfer from a ,vet surface. By making
a r.urnber of approximations wh ich , as will be seen,
sacrifice accuracy, he showed that the sensible and
latent heat transfer may be considered as a single
overall process in which the driving force is approxi-
mated to the difference between thp. enthalpy of the
saturated air at the wet-bulb temperature, and the
enthalpy of the film of saturated air surroullding the
water surface.

(6.1)

This enthalpy driving force is the widely accepted
basis for direct-contact water-air heat exchanger
theory and most lI;;thodsof predicting thermal perform-
ance are based on this approach. ~ierkel's sequence of
logic and the development of the simplified equation is
well covered in the literature(10,11,26,47). It is
summarized 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 watf~ flow due to
evaporation or condensation) and to the change of state
of the air stream gives:

niw Cw dtw
m~ dia (6.2)

This applies to any small ele ,t of surface area with-
in a heat exchanger. The est jlished practice is to
assume that the overall coefficient, Km' has an average
and constant value across the entire heat exchanger.
Integrating bet;'1eenLu Le t, and outlet states, then,
gives:

(6.3)

and

(6.4)

In hormal practice, Equation 6.3 is invariably used.
Note that the enthalpy 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 Equation 6.3 in combina-
tion with an energy baLance equation; the standard
procedure is embodied in the two equations below:

(6.5)

(6.6)
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The right-hand side of Equation 6.6 is dependent on the
process conditions imposea 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-air mass flowrates and the baro-
metric pressure are known. The mathematic reo •
for calculating the integral is such that ex, t i'"

.rsh Ip
Iy-

tical solutions have not been possible; thus, £ - i-
cal and graphical techniques have been used. Curves
for certain selected design parameters have been maue
available by the Cooling Tower Institute (CTI) in a
handbook that contains some 20 000 curves(59) and by
Kelly(9B). Some typical examples are given in Figure
6.1. Obviously there are an infinite number of pro=ess
conditions that could form a cooling specification.

These curves are only valid for water ~ooling duties at
sea-level barometric pressure. Changes in barometric
pr~ssure and whether air or water is being cooled 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,
KmA/mw1 on the left-hand side of Equation 6.6 is known
as the 'characteristic' of a particular heat exchanger
and is determined by the design features which f.ix the
nature and the amount u- ?ntact surface provided, the
relati ve velocity of th,= air stream to the water sur-
face and the thermodynamic conditions of the air and
water streams. It is extremely difficult to quantify
this group of parameters by caLculation from basic
principles and Hs maqn.itude can only really be deter-
mined by experimentation, through Equation 6.6.
Nottage and Boelter(91) attempted to calculate the
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effects of some design parameters for counterflow spray
filled units, but did not advocate any general theory.

Bearing in miMi that the value of the characteristic
varies with water flow, air flow, inlet temperature
conditions and barometric pressure, field engineers and
manufacturers are faced with a major problem when pre-
dicting and representing performance for an entire
range of conditions and equipment.

The approach is entirely empirical and representation
usually takes the form of a series of plots correlating
the characteristic {<mA/mw against the wat.er-iaLr flow
rati.o. The established procedure is to correlate
empirical data in the following forms(24,92,93,102),
although it must be noced that apart from dimensional
analysis(S3) there is no fundamental logic behind
these correlations:

(6.7)

(6.8)

The common but simplistic practice is to ignore the
effect of tE:iI1peratureconditions, barometric pressure
and even air velocity, and to use a single curve for
each piece of equipment(24,89). A typical set of
characteristic CUrves is given in Figure 6.3. This
approach, in conjunction with the use of bl'2 Merkel
equation leads to well known errors, particJlarly at
high water temperatures above 40 ·c(48,65).

A design selection obviously involves the choice of the
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required value of the cnaracteristic to satisfy the
desired process conditions as given, for example, in
Figure 6.1.

The practical limitations of this method, particularly
with regard to field application, are perhaps ohvious.
Furthermore, this approach is inaccurate and the
present set of data are examined below in this manner
as a demonstration.

6.3 Correlation ~r experimental data

The values of KmA/m'w have been calculated numerically
and are listed in Table 6.1 along with the other rele-
vant test information.

~.3.1 Results in terms of KmA/mw = a{mw/ma)n

The most con~only used correlation is given by:

(6.9)

The experimental results are shown in Figures 6.4.a to
6.8.a. Curve fitting routines hdve beer. used to d~ter-
mine the best values of a and n as well as the cor=ela-
tion coefficients, and these are given in Table 6.2.
These values are generally in keeping with what was
expected (92) .

For the spray configuration with no packing (Test Nos.
1-32) there is clearly no correlation evident. In
fact, the value of the exponent; n ·tenos to zero. How-
ever, for the sake of completion the information has
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been plotted in Figure 6.4.a with a value of n = 1.

For the packed configurations some correlation exists,
but it is poor. The absolute error in predicting
KmA/m\q through this correlation is on average 12 per
cent, with maximum values grea·l:erthan 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 inaccurate. It must again
be recalled that this approach is purely empirical and
has no fUndamental basis.

Why, then, has this approach been s? widely adopted?
The main reason is that there is not a large operating
range over which industrial water cooling towers ar~
normally used. Ho~.,ever,for the present study the full
range of operating possibilities in mining applications
are being examined; hence the scatter.

It is interesting to note that from a statistical point
no real difference can be identified for the hot water
and cold water cases.

Although there is very little comparative data publish-
ed, Kametani at al(105) tested a small counterflow
packed tower for inlet water conditions of 40 ·C and
inlet air temperatures of 20 ·C wet-bulb, 24 DC dry-
bulb. This informa.tion they compared to the operation
of the same tower with inlet water temperatur.es between
6 and 15 ·C and inlet air temperatures of 24 ·C wet-
bulb and 29 DC dry-bulb. The correlation was done
according to Equation 6.9. 'rhe index n WaS found to be
the same (0,55) for both sets of conditions, however
tpe value of the term, at was fo~nd to be 10 per cent
higher for tne hot water appli~ation.
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6.3.2 Results in terms of KmA/mw = a mwn . mam

To account for the effect of air velocities, the normal
correlation (Section 6.3.1) is sometimes modified to
the form:

(6.lD)

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.B.b.

As was to be expected, the correlation for individual
sets of tests has improved slightly. The absolute
error in predicting KmA/ffiwthrough these equations is,
on average, 10 per cent, but with maximum values still
greater than SO per cent.

It is inter~sting to note that from a statistical point
of view different correlations exist for the hot water
and cold water cases. HoW':!ver,thi::.;reflects very bad-
lyon the widespread prd.ct~,ceof us inq a single correl-
ation for a wide range of thermodynamic conditions.

6.4 Assumptions and limitations of the Merkel
equation

As mentioned earlier, Merkel's sequence of logic and
the development of the simplified equation is well
covered in the literature. However, the equations used
in the present work are, as a set, probably unique
(this is mainly due to the use of Spalding's approach
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to mass transfer); hence the complete sequence of
logic is examined below. Each of the assumptions in-
volved are considered in term.

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

he ) ( iaw - iaO)s
Cava",

(6.11)

Describing this total heat transfer in terms of the
basic heat and mass transfer formulations, in a re-
lationship which may be considered as exact (or which
at least presents the best possibility), gives:

(6.12)

substituting for the mass transfer terms, this equation
becomes:

ho [ tw - tdb + (.\w/oavf)(pr/So) 21's In (1 + B) J (6.13)

where

B ( Wvw - Wi.al ) / ( I - Wvw ) (6.I4)

It is from the basic Equation 6.13 that Merkel's
approximation can be developed through a series of
seven sequential approximations. The first approxima-
tion to b~ 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 Wvw is small
compared to unity (typically 0,02 with a maximum value
of 0,10), then:

B
(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 air-
water vapour mixture is not significantly different
from the density of the pure uir component alone.

Typically the di.:ierence is 2 per cent, but it can be
as much as 11 per cent. Based on tnis assumption two
further simplications are possible. First, the true
specific humidity terms (Wv) may 0e replacud by appar-
ent specific humidity t~rms (W). Second, the thermal
capacity of moist air per mass of moist air, Cav' may
be replaced by the thermnl capacity term of moist air
per mass of dry air, cava-

The fourth approximation is that the rati~
(Pr/Sc)2/3, which is sometimes known as the Lewis
Number, is unity. In reality the value is 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 approximation is that the value of the latent
heat of vaporbation (at t.he water surface condition),
AW, remains constant at 2501 kJ/kg irrespective of
temperature changes. This value actually decreases by

5 per cent as the water surface temperature varies from
o to 50 ·C.

Equation 6.13 may nO~1 be written as:

(6.17)

which may be rearranged to produce:

~i ( ~ ) [ ( 0aval tw + ). Ww ) - ( caval tdb + ,l.,W., )] ( 6 • 1 8 )
Cavaf

The term, cavaf' is the specific heat of moist air at
the average of the water surface and air temperature::,
(film condition).

Th~ 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 assumed
to be equal to the sp~cific heat at the film condi-
tion. ThllS, it is assumed that:

Cavaw := caval ( = cavf ) (6.19)

Over the range of conditions being considered, cava
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 speo i.f Lc heat terms at the water
surface condition or the bulk air condition is 9 per
cent, while a typical value is 2 per cent.

Equation 6.18 may now be written as:

qi ( !2_) [ ( C.vaw tw + >. Ww ) - ( Cav.'" tdb + x Woo ) ] (6.20)
CaVnQl

The specific heat of moist air is given by Equation
A.l0 which is repeated below:

1005 + 1840 W (6.21)

Substituting this and the value of (2501 kJ/kg) into
Equation 6.20 produces:

ho )(_
CavaQ)

1005' tw + H'w ( 2501 + 1,84 tw )~10s (6.22)
- 1005 tdb - W"" ( 2501 + 1,84 tdb )~10' ]

The enthalpy of moist air is given by Eqllation A.12
which is repeated below:

1005 tdb + W ( 2501 + 1,84 tdb ) )(1.03 (6.23)

Thus, Equation 6.22 simplifies to:

(6.24)
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The seventh and final ~pproximation is that the enthal-
py of saturated air at the wet-bulb temperature
adequately describes the actual enthalpy content of the
air as it flows through the heat exchanger. Typically
the enthalpy difference in Equation 6.24 is likely to
vary by lp.ss than 1 per cent because of this assump-
tion. However, for dry air conditions with close
approach temperatures this error could be large on the
air entry side of heat exchangers.

Equation 6.24 then simplifies to:

(6.25)

This is in fact t.he MerKel e~uation, which is normally
wr it.t.enin terms of an overall transfer coefficient as:

(6.26)

Merkel's simplific·tion involves a total of seven
sequential approximations, each of which may have an
error of about up to .± 10 per cent. Some 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 statistical ~dsis. An assessment
of the errer in Equation 6.25 involves a comparison
with the more accurate version, namely Equation 6.13
which, when rearranged in the same form as Equation
6.25, is written as:

II,q•
u

) [ cava", ( tw - ttlb + A B ') ] (6.27)
Cava'"
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Thus, a statistical accuracy assessment simply involves
the oompa riaon bet';;~~entl~e drLvJ I1g force terms (the
right -hand side ce r.n) in l!lquadons 6.25 and 6.27. The
statistical plane over which the error has been
examined covers the full range of air and water con-
ditions under consideration and was covered in steps of
10 kPa in barometric pressure and of 5 °c for each 0f

the water and air temperatures except the wet-bulb
temperature, which was covered in 1 °C steps because cf
the strong dependence of heat flow on this parameter.
This runounted to a total of more than 10 000 sets of
conditions.

The results are presented in the form of a correlation
between the value of the enthalpy difference drivi~g
force and the real value of the driving force as calcu-
lated from the basic heat and mass transfer formula-
tions. This plot is shown in Figure 6.9; each point
on this figure corresponds to one set of conditions.

This figure gives an overall indication 0f the accuracy
of Merkel's equation and the elctent of the absolute
errors involved. In order to give more lnformation
about the distribution of the inaccuracies, the distri-
bution of the error as a percentage of the true value
has also been presented in Figure 6.9. Two aspects
~hould be noted. First, there is a bias toward
negative errors (this means that the heat cra.is rer
predicted using an :.,thalpy difference would generally
be higher than the true value). Second, the errors are
not sIDc,11an] Merkel's equation departs significantly
from the exact formulation; for example, if errors of
± 3 per cent are to be acceptable then only 50 per cent
of all the conditions considered would qualify. The
range of values covered the region where the drivir:g
force is zero and some of the larger et .ors may be
attributed to the divisIon by small numbers. However,
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all these large differenc~1 must not be considered in-
significant. 'i'heyin 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 ull range of
conditions beir"gconsidered i there was no weighting
for conditions and processes that are more likely to
occur than others. aowever, the conclusion that the
Merkel equation is generally lacking in accuracy re-
mains valid.

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

Firsi:, the value of the overa t.L transfer coefficient KIn

is given as he ICavaco ' a fact that Ls seldom used in
practice and a detail that i.sgenerally lost. (It is
assumed ~hat the transfer coefficient has an average
and constant value throughout the entire heat
exchanger.)

Second, ,erkel's equation departs significantly f'rom
the exact formulation and, in practice, the empirical
~nformation is extrapolated to v~rious conditions
usually without taking account uf the specific condi-
tions prevailing when the 'characteristi?' was origin-
ally established. The 'characteristic' value used
through the Merkel equation is obtained from a correla-
tion of experi.mental data and, in reusing this inform~'
tion, t.here woul.donly be perfect agreement for process
conditions identical to the original measurements.
Extrapolation or interpolation to any other conditions
would involve errors.
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Third, associated with t'1e Merkel equation and its sub-
sequent use, is the fact that the energy balance equa-
tions ignore the effects of evaporation or condensation
f10wrates. The error involved in this assumption is
typi.cally 3 per cent, but can be considerably higher
(see Section 7.3).

'.rherec; significance in the inc'ccuracy of Merkel's
equation lies in how the ov~ral1 heat transfer in a
heat exchanger may be predicted (recall that the above
is only applicable to an elemental surface area). This
aspect is apparent from the analysis considered earlier
whe re the performance of a ful.l heat exchanger is
examined. Clearly, any overall method of analysis
based on th~ inaccuracies shown above will be inherent-
ly inaccurate.

A number of other detailed studies(13,70,94,95) aimed
at quantifying the accuracy of the Merkel equation have
"..en undertaken. Erens (90) concludes that aI l, these
studies are in general agreement with each other and
that the error is typically between 10 and 15 per cent.

6.5 Summary

This chapter has examined the 'standard' cooling tower
methods of analysis based on the Merkel equation, \'lhich
are shown to give a poor correlation of the experi-
mental data. The details of.the development of the
Merkel equation highlight the limitations of the
approach and its lack of versatility in being able to
deal ~it' both water cooLing and air cooling applica-
tions over a 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 relationship 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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Tabla 6.1 (COllt) 2xperimental date (includinq
values of ~/~)
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921 343 I 1I.se I 5.32 I 42.12 I 27.96 I 12.76 I 722.5 116.98 I 1.26 I
931 3BI I 3.f2 I 7.'2 I 41.6~ I 13.96 I 11.55 135M 113.U I 4.44 I
9414341 5.8S I 7.17 I 42.i2 I ".95 I 11.13 I 617.5 116.09 I 2.82 I
951 494 I S.BS I 7.11 I 41.~9 I a.46 I 18.36 I 753.0 IIB.l4 1 1.94 I
~61 m I 1l.79 I 6.75 I 42.1. 1 26.4(\ I 12.77 I SSM 116.94 I 1.3. I................-~----- -..-..-..-..- --- - - ----..-..- ..

Table 6.1 (Cont) Experimental data (including
va,lues Qf ~/m..)
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971 18 I 2.86 I 1.94 I 9057 I ~'.29 I 33 51 I 131.8 I 2.37 I .8~ I
981 22 I 5.79 I 1.92 I 8.i7 I 15,6g I 32.95 I 168.7 I 3,89 I .65 I
991 29 I 8.98 I 1.91 I 11.36 I \4.28 I 31i.B9 I 1~9,6 I 4.93 I .52 I
IISI 42 I 11.56 I 1.92 I IfoB9 I 14.43 I 33.67 I 174.7 I 4.11 I .34 I
lUI 54 I 2.89 I 3.38 I 9.62 I 22.54 I 31.16 I 161.5 I 3.45 I 1.15 I
1121 6f I 5.96 I 3.33 I 13,38 I 21.3~ I 31.48 I 283.5 I 5.71 I .91 I
1.31 7' I 9.15 I 3.23 I 12.16 I 18.89 I 31.59 I 232.1 I 6.61 I .69 I
11141 87 I 11,57 I 3.34 I 11.94 I 15.96 I 31.97 I 247.9 I 6.11 I .~1 I
U~: 114 I 2.91 I 4.93 I 9059 I 23.37 I 2M3 I 172.1 I 4.';; r 1.52 I
II 128 I 5.93I 4.98 I 9.23I 19.14 I 28.61 I 251.2 I 7.15 I 1.17 I

,,,,71 14e I 8.93 I 4.91 I 13.12 I 17.75 I 25.49 I 176.' I 9.43 I .VI I
UBI 166 I 11.81 I 4.92 I 12.43 I 16.25 I 25.93 I 192.2 I 7.98 I .65 I
1191 221 I 3.14 I 6.65 I 11.12 , 25.ft I 28.12 I 19,4.1 I 6.69 I 2. If I
lUI m I 5.V7 I 6.62 I 11,33 I 21,49 I 27.91 I 259.7 I 8.92 I 1.42 ,
1111 261 I 8.78 I 6.7' I 11.39 I 18.97 I 26.84 I 187.6 111.17 , 1.22 I
1121 m I u.ss I 6.a, 111.57 116.83 I 25.6f I 26J.6 11'.77 I .89 I--..----.....-.........--..---..-........--...-..~...,.---...-.--- ..---- ....--_ ......._ ...._---
1131 IS I 2.9. I 2.t~ I 41.26 I 26.2' I 12,6. I 165.4 1 2.35 I .76 I
1141 22 I 5.S4 I 2.16 I 41.62 I 31.42 I 11.43 126M I UB I ,62 I
1151 29 I 9.9' I 2.13 I 41.96 I 33.91 I 12.67 I 275.8 I 4.14 I .46 I
1161 42 I 11.8. I 2.12 I 41.54 I 3~.22 I 12.43 I 276.6 I 3.99 1 .29 I
.171 52 I 2097 I 3.67 I 42.75 I 24.44 I 1t.96 I 235.3 I 3.31 I 1.'7 I
1181 61 I 5.94 I 3.74 I 41.61 I 27.12 I Ig.18 I m.B I 5.92 I .94 I
1191 71 I 8.94 I 3.69 I 4t.41 I 31.27 I 12.f1 I 3%.2 I 6.61 I .66 I
1211 09 I 11.74 I 3.71 I 41.3B I 33.25 I 11.86 I 429.1 I 6.12 I .45 I
1211 118 I 2098 1 5.33 I 42,76 I 2'.64 I 1f.66 I 293.9 I 4.',0 I 1.53 I
1221 123 I 5.BB I 5.34 I 41.~2 I 24.13 I h.67 I 453.1 I 7,5B i 1.221
1231 142 I Me 1 5.27 I 39.93 I 27.34 I 11.45 I 492.3 I 9.56 I .88 I
1241 167 I 11.78 I 5.35 I 41.63 13MB I 11.65 I 565.8 I 9.21 I .63 I
1251 197 I 3.U I 1.86 I 42.65 I 17.19 11MB I 331.1 I 6.BI I 2.28 I
1261221 I 5.94 I 7.'9 I 41.99 I 21.23 I 1'.11 1532,3 1 9.73 I 1.59 I
1271 253 I 8.99 I 7,14 I 39.38 I 24.19 I 11.'9 I 591.5 111.61 I 1.22 I
1281 291 1 11,74 I 7.11 I 41.7' I 27.75 I lI.n I m.B 111.35 I .99 I
.......... ., - - __ _- - "' __ ..-_ ..

Table 6.1 (Cont) Experimental data (including
values of Kr;A/~)
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ml 34 1 2.Q4 1 1.~3 1 IMI I 21.58 I ~1.87 I 135.' I 3.55 I 1.16 I
1311 38' 5.87 1 1.92 1 9.52 1 1~.6B I 32.45 I m.7 , 6.33 I .99 I
1311 46 I 8.84 I 1.92 I 9.§3 I 13.96 , 32.52 1 196.S I 6.56 1 .69 Itn, 59 I 11.BI I 1.87 11MB I 15.43 I 32.61 I 169.6 i b.bB I .51 I
1331 98 I 2.93 I 3.39 , IM5 I 25.21 I 31.65 I 18'.3 I 5.44 I 1.76 I
1341 1811 5.9j I 3.38 I 9.48 I 19.29 I 3'.18 I 25',3 , 9.13 , 1.44 I
1351 114 I 8.06 I 3.35' 9,Sq I 16.46 I 38.87 1 278.9 111.3i I l.iS 1
1361 IJ6 I 11.12 , 3.41 1 11.37 1 16.24 I 29.87 I 243.3 I 9.86 1 .79 I
1311 170 I 2.91 I 4.95 I 1~.9a 1 25.59 1 28.39 I lB6.8 I 7.52 1 2.39 I
1381 194 I 5.94' 4.93' 9.31 t 2'.75 I 26.15 I 291.2 111.85 I 1.89 1
13912221 a.BS I 4.86' 9.39117.73' 29.27 I 314.7 il3.72 , 1.44 I
1411 255 I II.BB I 4.85 11MB I )6.92 I 28.31 I 381.3 113.34 I 1.85 I
1411 28B I 3.u I 6.56 111.91 125.12 I 26.29 I 193•• 111.76 I 3.36 I
1421 321 1 5.99 I 6.6. I 9.41 I 21.79 I 26.59 1 318.9 115.51 I 2.45 I
1431 315 I 8.9S I 6.51 I 9.94 I 18.73 I 2&•• 8 I;m I)S.58 I 1.94 I
1441 439 I 11.8a I 6,61 I ".72 I 11.83 I 26,94 I m.B 119.27 I 1.42 I

1451 35 I 2.92 I 2.15 I 3b.SB I 2J.31 I 12.15 I Ib1,4 1 4.31 I I.U I
1461 39 I 5.93 I 2.14 I 36.92 I 28.86 I 11.87 I 229.1 I 6.39 I .94 I
1471 46 I 9.92 I 2.ll1 37.611 ~!.jl I 11.17 I 259.9 I 6.99 I .65 I
1481 59 I H.SS I 2.18 I 34.83 I 31.75 I 11.39 121M I 6.39 I .45 I
1491 9' I 2.94 I 3.69 I 37.'1 I lB.87 I 11.~7 I 229.9 I 6.53 I 2.IS I
15S1 112 1 5.97 I 3.7' I 37.36 I 24.99 I H.se I 342.9 I 9.26 I J.H I
isu 115 I 8.94 I 3.71 I 39.13 I 27.36 I 11.17 I 415.1 111.65 I 1.86 I
1521 m I 11.91 I 3.68 I 34.78 I 29.17 I 11.67 I 348.1 ",.29 I .76 I
!531 U3 I 2.95 I 5.33 I 37.41 I 15.99 I 11.61 I 27M I M5 I 3.19 I
1541 19~ I 5.98 I ~.29 I 37.6B I 21.'5 I 1I,9f I 429.f 112.28 I 1.96 I
1551 222 I ."~ I 5.~' I 3B.29 I 24.28 I 11.11 , 543.6 114.31 I 1.47 I
1561 261 I 11.89 I S.14 I 34.21 I 25.29 I 11.67 I 459.1 114.7' I \.12 I
1571 267 I 2.94 I 1.11 I 37.11 I 14.34 I 12.14 I 294.1 111.% I 4.19 I
1591 328 I S.9a I 7.19 I 31.71 I !B.SS 1 11.95 f 495.' 115.52 I 2.54 !
1591 376 I 9.93 17.19 I 3a.5! I 21.62 I lI.!1 1m •• 117.12 I 1.81 I
16.1 444 I 11.91 I 1.19 ! 33.78 I 23.17 I 11.46 i 549.9 IIJ.1S I 1.38 I---..-..--.~----.-..--- - -.- -- - -..- - --..-- - -- -- ...

Table 6.1 (Cant) Experimuntal dat~ (including
valuu of x;A/'IAw)



Table 6.2 Statistics of correlation of ~~t data with stanaard method of characterization

KmA/mw = a (mw/maln KmA/mw = a lnwnmam
HOT/COLD

R2 R2TEST NOS FLUTE DEPTH mm WATER a n a n m

1- 32 SPRAY ONLY B o T H 0,00 0.104 0,356 0,510 0,80
1- 16 SPRAY ONLY COLD 0,00 0,107 0,361 0,546 0,89

17- 32 SPRAY ONLY HOT 0,00 0,095 0,346 0,521 0,90

33- 64 12 600 BOT B 1,~03 -0,680 0,85 C.891 -0,555 0,841 0,93
33- 48 12 600 COLD 1,416 -0,605 0,80 0,791 -0,441 0,814 0,95
49- 64 12 600 HOT 1,390 -0,777 0,89 0,972 -0,682 0,903 0,94

65- 96 12 1 200 B o T B 2..292 -0,731 0,93 1,895 -0,679 0,799 0,94
65- 80 12 1 200 COLD 2,226 -0,677 D,92 1,639 -0,589 0,783 0,95
81- 95 12 1 200 HOT 2,354 -0,794 0,97 2,184 -0,774 0,821 0,97
:-97- 128 19 600 B o T B 1,201 -0,670 0.92 0.911 -0,594 0,766 0,95
97- 112 19 600 COLD 1,220 -0,623 0,94 0,984 -0,563 0,698 0,97

113- 1..:8 19 60!) BOT 1,183 -0,725 0,91 0,809 -0,626 0,861 0,96

129- 160 19 1 200 B o T B 2,011 -0,744 0.94 1,493 -0,663 0,849 0,97
129- 14.; 19 1 200 COLD 1,962 -0,680 0,91 1,338 -0,573 0,816 0,97
145- 160 1n 1 200 HOT 2,052 -0,809 0,98 1,638 -0,750 0,889 0,99
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7. A SIMPLIFIED THEORETICAL MODEL (PERFORMANCE
EQUATION) FOR SIMULATING BEAT AND MASS TRANSFER
IN A COUNTERFLOW DIRECT-CONTACT WATER-AIR BEAT
EXCHANGER

7.1 Introduction

Having discussed the shortcomings of the established
method of analysis, attention is now turned to the
specific development of a new, accurate but simple per-
formance equation. Up to this stage the thesis has
concentrated on producing the tools needed to develop
su~h a simplified theoretical performance equation.
The verified comprehensive theoretical model, the
carefully assessed bank of expe~imental data and the
selected procedures for determining heat and mass
transfer at an elemental wet surface, are now all used
in the development of the new performance equation.

In order to achieve this there are two further require-
ments: first, a simplified equation to ~escribe the
total heat flow from a wet surface and, se~ond, simpli-
fied equations to describe the change of energy state
of the air and water stre~ms.

These are developed in S~~tions 7.2 and 7.3; Section
7.4 then deals with the algebraic development of the
performance equation; and Section 7.5 defi~ 's
procedures for the selection of parameters ithin the
performance equation.
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7.2 Development of an improved simplified equation
to describe total heat transfer from a we't
surface

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

It was mentioned earlier that the value of the driving
force for total heat transfer is almost independent of
dry-bulb temperature for a constant wet-bul!) "empera-
ture. Historically, in analysing the performance of
direct~contact water-air heat exchangers, the effect of
the dry-bulb temperature is usually ignored and the air
is considered to be saturated at its '!let-bulbten:lpera-
ture. This is required by virtue of Merkel's simpli-
fied equation, since it is impossible to identify the
individual magnitudes of the sensible and latent heat
transfer and, hence, to track the exact condition of
the air t~rough the heat exchanger.

The following analysis quantifies the error in calcula-
ting the total heat transfer from a wet aur f ace 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
conditions at the wet-bulb temperature, to the actual
val~e over the range of conditions b~ing considered.
The statistical analysis was similar to that carried
out to examine the error in the Merkel equation.
Again, the range of conditions being considered was
covered in steps of 10 kPa in barometric pressure and
of 5 'c for each of the temperatures except the wet-
bulb temperature, which was covered in 1 ·C steps
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 results are presented in the form of a correlation
graph between the value of the driving force, under
saturated conditions, against its real v~lue. This
plot is shown in Figure 7.1 and gives some indication
of the absolute errors involved. In order to examd ne
the distribution of the errors, the error as a percent-
age of the true value has been considered and a distri-
bution of these values is also presented in Figure
7.1. Errors of up to ± 10 per cent enclose about 90
per cent of the points while 46 per cent of the points
have errors of less than ± 1 per cent. Again it must
be argued that, since the range of values cover the
region where the driving force is zero, most of the
large percentage errors are due to division by a number
close to zero. This is supported by the fact 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 describing the total heat flow from
a wet surface. This indicates that thp driving force
may well be described in terms of - parameter that is
not a strong function of dry-bulb temperature. Such a
parameter is the sigma heat content and this is
examined further below. Note, however, that any para-
meter that is used to describe the driving force and
that ignores dry-bulb variations at constant wet-bulb
temperature could never have an accuracy better than
that ref~ected in Figure 7.1.

7.2.2 Sigma heat driving force

Previous sections have shown that the use of the Merkel
equation (or enthalpy driving force equation) can re-
sult in significant errors and that the driving force
is not a strong function of dry-bulb temperature varia-
tions for the same wet-bulb temperature.
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±20% 98.1%

-20 -15 -10 -5 o
Error in %'

5 10 15 20

Figure 7.1 Distrioution nf errors involved in calcu-
lating the driving force for .total heat
flo"" while assuming saturated conditions
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Sigma heat content is a parameter closely related to
the enthalpy of moist air and differences in sigma heat
between two air conditions will not be far different
from enthalpy differences. Furthermore, the sigma heat
is a unique fun~t;~n of wet-bulb temperature only \at a
Jiven barometric pressure).

Because of the importance of sigma energy to this
present work, the basic logic behind the adiabatic
saturation process and the sigma energy concept is dis-
cussed below. The concept of sigma heat content arises
out of a consideration of the adiabatic saturation pro-
cess. The adiabatic saturation process is shown
sch.matically in Figure 7.2: on the basis of a unit
flowrat~ of air and using the uontrol volume surround-
ing the air stream, the steady flow energy equation
produces:

(7.1)

(7.2)

Applying a mass balance gives:

(7.3)

and hence

130 - W Cw 'twb ) out (7.4)
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The energy terlTtthat remains exactly constant in the
adiabatic saturation process is given in Equation 7.4.
This term was called sigma heat by Carrier(31) in
1911, in order not to confuse it 1'lithtotal heat or
enthalpy. The sigma heat ontent is the enthalpy of
moist air minus the enthalpy of the water vapour con-
tent calculated as if the water vapour existed as
Liqu.id water at the wet-bulb temperature. Although ttle
overall process is adiabatic, the enthalpy of the air
remains only approximately constant. Thus, if the
sigma heat (and not enthalpy) remains co~stant in the
processes under consideration (involving changes of
mo Lstiure content) then it is certai:. that there has
been no heat transfer. By virtue of this fact, 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 uniqup.
function of wet-bulb temperature at a given barometric
pressure. (In fact the adiabatic saturation process
defines the thermodynamic wot-bulb temperature.) The
understanding afforded by the relationship between
sigma energy and the wet-bulb temperature is extremely
useful since it provides valua 'nsight in explaining
the overall per formance tre:'lds 'his relationship is
shown graphically in Figure 7.3.

Whillier(18) initially showed that a sigma heat
difference may also be used to describe approximately
the driving for..:efor th total heat transfer from a
wet surface. This logic is taken to its conclusion
here and, as will be seen later, the sigma heat para-
meter is of considerable value to the hypotheses
presented in this thesis.

What is also most important, is that sigma heat may be
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Figure 7.2 Schematic of adiab«tic saturation proceSfl
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Figure 7.3 Sigma energy of air for the range of
conditions under consideration



152

conven i.errcLy and accurately used to descr Lbe, the over-
all energy balance between the water and air streams;
this is discussed in Section 7.3.

7.2.3 New improved total heat transfer approximation

The eKact equivalent of the Merkel equation when using
sigma energy in place of entha:py is qiven as:

(7.5)

The accuracy of this equation has been studied in the
same way Merkel's equation was examined earlier, and
details are given in Appendix K. It is shown that
Equation 7.5 is 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 difference effects a marginal
improvement in the accuracy of the approximation.

The accuracy of the app roxLmat.Lon 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 mass trans-
fer approach (see Cha.pt.er6) indicates that the
specific heat term used in Equation 7.5 \'Iollldbe better
described in terms of the specific heat of the moist
air calculated at the film condition. This observa-
tion, combined with the fact that the new sigma heat
driving force appears to have SOme merit, led to the
exand.nation of the following approximation to the total
hedt transfer from a wet surface being examined:

(7.6)
Caval·
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The film temperature referred to by f* is not strictly
speaking the mean of the air 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:

If.

% (7. "1)

writing this in a form similar to Equation 7.6 gives:

(7.8)

To assess the accuracy of the new approximation
(Equation 7.6), the right-hand bracketed terms of
Equations 7.6 and 7.S have been compared. Again, this
has been done statistically over th~ full range of air
a~d wat~r conditions under ex~mination, using more than
10 000 sets of conditions. The results are presented
in the form of a correlation plot between the two terms
in Figure 7.4. This figure should be compared to
Figure 6.9 which shows the accuracy of the original
Merkel equation. Clearly, the spread in the data is
reduced, but the data deviates more from the line of
identity.

A linear regression analysis, forcing the fit through
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Figure 7.4 Correlation of the new improved approximate
equation against the exact formulation and
distribution of erro r when {i = 1t 096



155

the origin, was conducted on the data shown in Figure
7.4. This produced the following correlation (regres-
sion coefficient 0,9998):

1,096 ( z..., ._ a, ) (7. :.l)

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

f3 ( (7.10)

The accuracy of this equation has been examined with
the term, ~ I having a value of 1,096; a distribution
of the differences from the true values is also given
in :Figure 7.4. Cle~lrly, the accuracv of this equation
is considerably better than that of the Merkel equa-
tion. Equation 7.10 should be considered as a state-
mtlnt of a much improved approximation to the total heat
flow formulation.

If the term, (:J, was to be considered as a constant in
Equation 7.10, then over the full range of conditions
the best estimate of it would be 1,096. However, in
this present work the t.erm has not been constrained to
take on a single value. Where specific sets of condi-
tions are being considereo, more accurate values of the
term may be calculated. This is done by equating
Equation 7.10 to the exact formulation for total heat
transfer (Equation 7.7) and thus defining the term,
which would apply to a specific set of conditions, as:

f3 Caval. ( i:w - tdb + .\ B')
(Ew-2:a,)

(7.11)
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Note that this term is dimansionless, also that
Equation 7.10 becomes exact if its value is calculated
from Equation 7.11.

Note on the numerical value of the term, ~.

The value of this term is always close 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
simply calculated using the reJ.ationshipc given earlier
(further details are given in Appendix L ).

Equation 7.10 is used to approximate total heat flow in
the developmant of the overall performance equation in
the rest of this study. As will be seen later the
term, ~ , will be combined with another parameter to
form the ratio a/~. However,it is still of interest to
see how the numerical value of the individual term, /3 r

as calculated from Equation 7.11, varies over the range
of conditions.

The t.erm, fJ, is essentially the ratio of tY10 driving
force terms, the numerator (the more accurate) and the
denominator (the approximation) and because the range
of conditions under consideration covers the situation
where the8e driving forces may be zero, its value may
be between zero and infinity. The infinite caSG being
when the air wet-bulb temperat-lre is equal to the ~later
temperature. This aspect, which is basically a mathe-
matical instability, is worth noting at this stage, but
it is shown later that this doE's not have any practical
significance since unrealistic values only occur when
the driving force for total heat t::-ansfer is unrealis-
tically small.
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Values of ~ for the situation where the air is saturat-
ed (which approximates ~losely to the general condition
existing in a direLt-cu,tact ~~at exchanger) are pre-
sented in Figure 7.5. T.'. cap ;·,eseen that the value of
the term for saturated ai r c~·rditions varies between
1,06 and 1,14. Values of ~ £0- situations where the
air is nor. 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 given by Equation
7.i1 are applicable to a diffGrential 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
transfer dri,ing force significantly. The sigma heat
parameter is then introduced and it is noted that in an
adiabatic saturation process it is the sigma heat con-
tent of the moist air, and not its enthalpy, that re-
mains exactly cons+anc , Furthermore, the sigma energy
is a unique function of ~et-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 is ~ased on a sigma heat driving
force difference and a more appropriate definition of
the specific heat term for the mass transfer stream.
The new approximation represents a significant improve-
ment in accuracy over the ~.'idelyused Merkel equation.

A specific conclusion of this c~aptcr has thus far been
the following relationship:

{3 ( (7.12)
Cavaf'
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The concept of sigma heat is of considerable vaLc.s to
the hypothesis preFented in this work, and ..iswill be
seen in Section 7.3, in ad~ition to describing the heat
flow driving force, it may also be used to describe the
change in energy content of a moist air stream and thus
describe the energy balance between the water and air
streams.

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

The rigorous forms of the energy balance equations for
the air and wa~er streams, across the element of a wet
heat exchanger, are such that analytical mar ipulation
is difficult and derivation of ~ useful overall per-
formance equation impossible. This section discusses
the development of simplified equations that are suit-
able for analytical manipulation and final solution.

7.3.1 Energy balance equations across an element of
direct-contact heat exchanger

The commonly used differential form of the energy flow
equation is given below (note that the mass flow term
is included within the differential to account for mass
transfer) •

dq - dw d [ ni (7.13)

When no work is being done and changes in kinetic
energy and elevation can be ileglected, as is applicable
in this case, (for a detailed argument see Chapter 4),
the equation is simplified to:

dq = d (ni i) (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
oZ dry air which remains constant irrespective of any
moisture transfer):

(7.15)

For the water stream (in a constant pressure process)
Equation 7.14 becomes:

(7.16)

The thermal capacity of liquid water, CWI may be con-
sldeLed to have a constant value of 4187 J/kg K. This
value chanqes 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 wat.er stream
(ignoring second order differential terms) is given by:

(7.17)

consider the small element of direct-contaQt counter-
flow heat exchanger illustrated in Figure 7.6. Sen-
sible heat is being transfe:red from the water surface
to the air stream (defined as positive heat transfer).
water vapour is being transferred from the water sur-
face to the air stream (defined as positive mass trans-
fer). An enthalpy balance for the two streams, across
the control volume produces:

(7.18)

(7.I9)
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As discussed, under certain circumstances the air ~ay
become supersaturated and fogged and the form of these
equ vcLcns altered slightly, The fogging effect is
considered in detail in Chapter 3 and fogged flow is
accounted for in the computer model. This aspect does
not effect the present argument.

7.3.2 Simplified energy balance equation

Combining Equations 7.18 and 7.19 produces the r~lly
rigorous energy balance between the water and air
streams.

(7.20)

In practice this equation is usually simplified by
ignoring the term, X.

An In.p roved alternative is to make use of sigma energy
to describe the energy state of the air stream. Using
sigma energy terms the full heat balance equation may
be written as:

(7.21)

where
Y l1rriw Cw two + rna Ow ( Wi twbl - Ww twbo )

The simplified form of this equation then ignores the
term, Y.
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The values of X and Y have been calculated for the full
set of experimental data presented in Chapter 4. The
relevant statistics of a comparison of X and Yare
given in Table 7.1. Clearly an improved simplified
energy balanQe eSJation would be given by Equation 7.21
with the term Y ignored.

(7.22)

The above discussion demonstrates the advantage of
using sigma energy in the simplified heat balance equa-
tion. However, for the present study the inaccuracy in
using the simplified Equation 7.22 has not been ignored
and as will be seen later a somewhat improved approach
given by Equation 7.23 below is used 1n the present
work.

(7.23)

7.3.3 Simplified equation for the change of energy
state of the air stream

There are a h~mber of advantages for using changes in
sigma heat content r.sche r than changes in enthalpy to
descrije the overell energy change of the air stream.
Apart f.om ':heimp. )ved accuracy in the simplified
equation, there is a distinct advantage in using sigma
heat rather than enthalpy, first, because the sigma
heat of an air-water vapour mixture depends on the wet-
b~lb temperature and barometric pressure only, whereas
enthalpy depends also on the dry-bulb temperature; and
second, as was seen in Section 7.2, because the use of
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a sigma; ~t difference for the driving force in the
simplified equation describing the total heat flow from
a wet surface (Equation 7.12) constitutes a relatively
accurate simp:.ified approach.

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

(7.24)

Equation 7.24 should not be considered as an approxima-
tion but rather as a definition of the term, !1.. In-
accuracies only emerge when use is made of approxi.nate
values of the term. Note that this term is dimension-
less and may also be expressed as:

ct (7.25)

Note on the numerical value of the term, a.

The above definition is applicable to a differential
control volume. As will be i3een later, a is combined
with the term, {3, in the ratio a//3 and another term, 'Y ,

in the ratio al'Y. Use is also made of (a/'Y}i and
(~/'Y}o' which are applicable across finite sizes of
heat exchange surface. Soweve r I' it is still of
interest to see how the numerical value of the individ-
ual term varies over the range of conditions under
consideration.
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The enthalpy of an nir-water vapour mixture can be ex-
pressed as a function of barometric pressure, dry-bulb
temperature and wet-bulb temperature. Thus, for a con-
stant pressure process an incremental change in en-
thalpy is given as:

(7.26)

Variations in wet-bulb and d"y-bul:) temperatures are
not independent but will depend on the actual proc~ss
involved.

The sigma heat content of an air-water vapour mixture
is a function of barometric prassure and wet-bulb tem-
perature only. For a constant pressure process an in-
cremental change in sigma energy is given as:

d:E (7.28)

Because of the complexity of the form of the equations
it is not possible to express the term, a, as a simple
anal]tical function. It is, however, a relatively sim-
ple matter to calculate numerically its value for
different process changes of the air stream.

When saturated air comes into direct contact with a
water surface and heat and mass transfer take place,
th~ ~cess ~hange of the air stream is such that it
beCOli,":'"supersaturated and fogged. This is the case
whether the water surface is being heated or cooled.
Thus, once air 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
occurs the mechanisms involved can be accurately des-
cribed by assuming the fog is carried along in the air
stream in the form of small water droplets. Thus, the
important issue in the present argument is that satu-
rated air remains saturated and hence fogging per se
does not affect the value of a.

The value of the term for the situation where the air
is saturated (which closely approximates the most
commonly occurring cond.itions existing in a direct-
contact heat exchanger) is dependent on the air temper-
ature and pressure only since the aj I' condition \.,.111
remain saturated irrespective of the wat.er temper'
ature. Values of a for air that is saturated are given
in Figure 7.7. For these conditions the variation in a

with temperature is almost linear, varying from 1,01 at
o ·C to 1,11 at 50 ·C. Note that the val.ue for satu-
rated air is always greater than 1,0. Furth~r de~mils
and a listing of the computer program used to calculate
tJ:""sevalues is given in Appendix M. Values of .hLs
term for situations where the air is not saturated can-
not be presented as conc.i.aeLy as those for saturated
conditions. ~!ore information is given in Appendix M.

It should be noted that the values of a given above are
applicable to an infinitesimal differentia; volume of
direct-contact heat exchanger. Consideration is given
later to finite changes in process conditions.

The term, a, is essentially tho ratio of the two terms
which describe a change in energy content; these
changes in energy content may be positive, negative or
zero. Thus, the value of a may be between zero and
infini ty, the infinite case being 'when the process
change of the air stream takes pI "I.CE! at constant wet-
bulb temperature. Typically the val.ue of a is close to
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unity, but the possibility of it having infinite or
zero values should be noted. It will be seen later
tha~ this does not have any practical significance
since unrealistic values occur only When the driving
for~e for total heat transfer is unrealistically small.

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

Equations 7. '17 and 7.19 describe the change of energy
state of the water stream. The term on the far right-
hand side of these equations accounts for the net
evaporation or condensation that takes place. It
represents only a small fraction of the total b~at
transfer ana 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 simplified equation is
used:

dq'w (7.29~

Equation 7.29 should not be considered as an approxi-
mation but rather as a definition of the term, 'Y. In-
accuracies occur only when approximate values of this
term are used. Note that this term is dimensionless.

Note on the numerical value of the term, 'Y.

As will be Seen later the term, 'Y , is combined in the
ratio ali and it is this ratio that is of significance
in the SUbsequent analysis. Use is also made of two
terms r (al'Y) i and (0:/,,),) 0' which are applicable across
finite ~izes of heat exchange surface. However, it is
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still of academic Irrceresc to examine the numerical
vaLue of the Lnd ivLd-re.L term, '1.

Through Equations 7.17 and 7.29 this term is given as:

(7.30)

Combining the basic relationships for heat and mass
transfer with Equation 7.30 allows the term to be cal-
culated from a knowledge of the water surface tempera-
ture, the condition of the air and the barometric
pressure. This is discussed in Appendix N. It should
be noted that fogging does not affect the value of '1.

It can be seen from Equation 7.30 that, as the term dtw
approaches zero, the value of "(tends ho infinity.
This fact is worth noting at this stage, but ,t will be
seen later that this does not have any practical sig-
nificance, since unrealistiQ values cccur only when the
driving force for total heat transfer is unrealis-
tically small. 'rhe values of the term for the situa-
tion where the air is saturated are given in Figure
7.S. These values are practioally independent of
changes in barometric pressure and water-air flow
ratio. The value of r var Les from 1,00 to 1,09 over
the range of conditionl'l, i{lcreasing with both air
temperature and ','idtertemperature. Note that for satu-
rated air the va'l.uewill aJ'/1aysbe greater than 1,0,
since dm'w and dtw will ,_.i.wayshave the same sign.

Values cf 1 for situations where the air is not satu-
rated cannot be presented as concisely as those for
saturated conditions; however, further information is
giVen in Appendix N.
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It should be noted that these values are applicable to
a differential volume of the neat exchanger. Consider-
ation is given later to representative values for
finite changes in ~rocess conditions.

7.3.5 Summary

This section has defined simplifip.d eqL\ations for des-
cribing the cha~ge of enthalpy of the air and water
streams. The simplified equations for the air and
water streams are given below:

dcta (7.31)

dqw
(7.32)

The two terms a and "I are defined as:

a (7.33)

(7.34)

The values of these terms are close to unity. VaJ.ues
for conditions where the air is saturated are presented
here and further details for non-saturated conditions
are given in Appendices M and N. Independently, the
values of these two parameters are not relev~nt since
tney are combined with other parameters in subsequent
manipulation.
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The simplified form of the equations describing the
changed energy state of the two streams is used in the
next section, in combination with the simplified equa-
tion for the total heat transfer at a wet surface
(see Section 7.2), to derive the overall direct-contact
heat exchanger performance equation.

7.4 Development of a theoretical performance
equation

7.4.1 Review of conventional (non direct-contact)
heat exchang~r practice

In a large proportion of heat exchangers there is no
direct contact bEtween the interacting fluids and the
total thermal capac Ley of each fluid, Le. the product
of the maSs flowrate and the specific 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 is documented
in many standard texts(50,51,52). A modification to
the normal NTU method has been developed in the course
of this work and is presented below to show a sequence
of logic which will be referred to later in drawing
analogies between the direct-contact and the non
direct-contact case.

A diagram of a section of a non direct-contact counter-
flow water-air heat exchanger is shown in Figure 7.S.
The heat transfer rate across an element of heat ex-
changer surface is given by:

(7.35)
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Figure 7.9 Elemental section of a non direct-conta.ct
counterflow heat exchanger
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The term, U, is the overall heat transfer coefficient
which describes the combined effect of the thermal
resistances in the water film adjacent to the separat-
ing surface, in the separating wall and in the air film
adjacent to the wall surface. These resistances are
described by thermal conductivity data, or, in the case
of the film co-efficients, in terms of correlation
equati0ns for the N~sselt or Stanton numbers for forced
convection situations.

The heat flow caUSes a change in the 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 potential energy, be described
by:

(7.36)

Energy balances between the water and air streams
a~ross the counterflow heat exchanger from the air in-
let side (water outlet side) to the section being con-
sidered, produce:

(7.37)

An energy balance between the two streams across the
entire heat exchanger producr5:

(7.38)



175

These equations are normally combined to produce the
familiar 'Effectiveness - NTU' equation(50) given
below;

1 - e

NTU ( 1 _ cm;n

cmax
E (7.39)

1 - ) e
NTU( 1 _ Cm!n

Crr.ax

This equation introduces the three so-called heat ex-
changer parameters.
Cmin-C--- Thermal capacity ratio, wt.ere Cmin is the thermal
~ax capacity (W/K) of the fluid with the lower ther-

mal capacity, Cmax is that of the fluid with the
higher thermal capacity.

NTU - Number of transfer units, which is the design
characteristic or thermal 'size' of the heat ex-
changer given by NTU = UA/Cmin'

E - Effectiveness, which is the ratio of the change
in lemperature of the fluid with the lower ther-
mal capacity to the difference between the fluid
inlet temperatures.

The familiar 'Effectiveness - NTU' approach is shown
graphically in Figure 7.10. This form of the relation-
ship is often clumsy in its application (by virtue of
having to determine which fluid gives Cmin and having
to inve,rt the factor Cmin/Cmax from time to time).
More importantly, it is not Suit.tble for the specifio::
manipulation which is required in Section 4.2.1. Thus
a new form of this relationship has been developed
below.
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Cmin is the thermal capacity of the fluid
with the lower thermal capacity
(W/kg K)

C max is the thermal capacity of the fluid
with the higher thermal capacity
(W/kg K)

NTU UA/Cmln
-I-----.-j Temp. change of fluid with lower

thermal capacity
E = -----------------------Difference bstween fluid inlet

temp.

o~------~------_.---
1,0 2,0 3,0 4,0

Number of transfer units (NTU)

Figure 7. 10 Performance of non direct-contact counter-

flow heat exchangers (E vs NTU)

5,0



177

Combining Equations 7.35, 7.36 and 7.37 gives:

U dA dtdb
m' Ca J1 + J2 tdba

where

J1 two - m~ca tdbj

m:,pw

J2 tn~ca
1m'wcw

(7,40)

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

- UA/m~c.( 1 _ m~c.)
l-e rrC"c;. (7.41 )

- e

Writing Equation 7.41 in terms of the somewhat modified
heat exchanger parameters gives:

1 - e - N (1 - l/R)
(7.42)

R _ e - N (1 - l/R)

Equation 7.42 is shown plotted in Figure 7.11 and it is
in this form that the relationship will be referred to
in much more detail later.

The three new heat exchanger parameters 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 = Ill~wCw/rriaca

N design characteristic or thermal size of the heat
exchanger based on air flowrate, N = UA/maca

EW ",ater effectiveness, the ratio of the change in
temperature of the water to the difference be-
tween the inlet water and inlet air temperatures,
Ew = (twi - cwo)/(twi - tabi)

The differeDce between Equation 7.41 and the normal
'Effectiveness - NTU' equation quoted in standard texts
should be stressed. The thermal capacity ratio is
usually defined so that it is always less than unity,
with the numerator referring to the fluid with the
smaller thermal capacity. In Equatjon 7.41 the thermal
capacity ratio is given as the ratio of the thermal
capacity of the water stream to that of the air stream,
irrespective of which is the larger. The effectiveness
(or efficiency) normally refers to the fluid l'liththe
lower thermal capacity. In Equation 7.41, the water
efficiency is used under all circumstances. The Nu~ber
of Transfer Units is normally based on the fluid with
the lower thermal capaci t:,. Howeve x , in this present
applicaticn the design parameter N will always be based
on the thermal capacity of the air stream.

7.4.2 Development of a performance equation for the
direct-contact case

The basis of this development is three equations which
evolve from a consideration of an elemental surface of
a direct-contact water-air heat exchanger as shown in
Figure 7,12.
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Figure 7.12 Elemental section of a direct-contact
counterflow heat exchanger
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The first equation describes the total heat transfer
(sensible and latent) from the air-water interface and,
as dis.cussed earlier r this is best described as:

dcj he ( tw - tdb + x 13' ) dA (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 across the incremental area. The equa-
tion describing the change of energy content of the air
stream is given as:

Cic:i (7.44 }

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

dcj (7.45)

The essence of tne development of an overall perform-
ance equation is the solution of th0se three equations
simultaneously and their subsequent integration over
the entire heat exchanger. In order to generate a
solution (along the lines analogous to the non direct-
contact heat exchanger) a numbe r 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 of the various parameters to
evolve.
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As seen earlier in Sections 7.2 and 7.3, the three
basic equations can be simplified and rewritten as:

dq f3 (7.46)
caval"

dq (7.47)

dq (7.48)

The logic in writing the equations in this form is that
the parameters CIl, f3 and r are reasonably constant over
the range of air and water conditIons being considered,
and each has a value cloGe to unity. It is also pos-
sible , with the equations in this form, to follow a
similar sequence of logic to that set out in Section
7.4.1 for the simpler non direct-contact case.

combining Equations 7.47 and 7.48 and integrating to
create an energy balance between the air inlet / water
outlet boundary and an intermediate point of a counter-
flow heat exchanger, produces:

(7.49)

The subscript, i, in Qi and 1i refers to the fact that
the energy balance has been taken between the air inlet
and an intermediate position in the heat exchanger. In
a similar manner an overall heat balance across the en-
tire heat e'rhanger produces:

(7.50)
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It is important to note that finite differences and not
single point values an: involved in Equations 7.49 and
7.50. In fact, these equations should be considered
as defining the terms Q i I Q 0 I 1 i and '10'

Before progressing with the d~velopment of this logic
it is necessary to make a last important definition. A
pseudo-specific heat term, c~l1 for saturated air based
on sigma energy;

c·a (I:-a)/'twb (7.51)

where

At the water surface c....
heat is given as:

_~on, this pseudo-specific

(7.52)

The pseudo-specific heat term for saturated air depends
only on the temperature and the barometric pressure.
The constant, a, in Equation '1.51 is the value of the
sigma energy content at 0 ·C and is dependent on baro-
metric pressure only. The terms may be calculated from
the psychrometric equations given in Appendix A. fhe
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 7.4S, for tw'
and re-arranging produces;

(7.53)
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Equating Equations 7.46 and 7.47 gives:

m~ (al (3) Cavar'
(7.54)

substituting Equation 7.53 into Equation 7.54 gives:

d~ (7.55)
m~ (alf3) cavar'

where
J3 a + c:w two _ ( a

'Y

1

To make tb~ integration of Equation 7.55 analytically
possible we now define (a/y)i, [(alP) cavaf"l, c~w as
repre~entative mean values of these terms over the
limits of the integral. These mean representative
values and the implications of this assumption are dis-
cussed later. At this stage the reader is asked to
accept the validity of the use of these mean represen-
tative terms, obviously provided that correc~ly chosen
value< are utilized. It must also be noted that the
value of the film coefficient, he, must remain constant
for the integration to be possible. This also iuiers
that a representative mean value of the film coeffi-
cient is used.

Integrating Equation 7, <ross the entire heat ex-
changer, between inlet d outle. itt conditions (see
Appendix 0)/ yields:
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E •
w

1 - e - N· (1 - l/R")

(1 - J + JR") _ e - N' (1 - l/R*)
(7.57)

where
R" = [ niw Ow l/r m~ c~w (a!-r) ,

hc;A I ( m~ (rtl (3) caval· ]

( "tw, - two ) I ( "tw, - ( c:,
=

E *w

J (ah)f I (ah) 0

Note that in the interests of simplicity the tbar'
notation, referring to representative mean values, has
been dropped. However, it must be undorstQod that the
representative mean values are always implied when re-
ferring to the overall performance equation.

At this stage it is possible to make an initial state-
ment of a performance hypothesis on the basis of
Equation 7.57. However, the equation can only be ex-
pected to de~cribe performance trends accurately if
appropriate values of (aI1)il [(alP) Cavaf"], caw are
used to represt::ntthese parameters throughout the heat
ex.changer process (and if the f Hm coeff icient, lie I re-
mains fairly constant: throughout the heat exchanger).

Note that the concept: of the pseudo-specific heat as
presented thus fat is not really an assumption but
rather a definitlon. The assumptions come l.atl"rwhen a
simple way of calculating this term from a knowledge of
the inlet process conditions, is presented. The most
important issue is that a single representative value
will be used for a singlF! set of process conditions.

Equation 7.57 is ex.tremely useful in that it supplies
an explanation of the ;touping of the various terms
and, as will be seen, '::hisis an important achievement
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of the present work.

Equation 7.57 represents the new performance equation
in its full form. In fact, bearing in mind the defini-
tions of the var Lous terms like ai' '1i' fJ and c~i\~and
the definition of representative mean values, the equa-
tion may be considered rigorous. However, it is still
of limited practical use in i~s present form and
attention is now turned to refining the equation and
examining the selection of representative mean values
of the various parameters.

7.5 Refinement of performance equation and procedure
for selecting parameter values

In determining appropriate values of the pseudo-
specific heat caw' [(alP) Cavaf*Jf (a/~)i and (a/~)o'
it is necessary to understand how these vary with water
temperature, air temperature and barometric pressure.
Clearly, of major importance is 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 simulator developed earlier. Recall that the
simulator, which has proved to ~imia the test heat
exchangers very well, determines the heat anc mass
transfer rates from a knowledge of the ileA term, the
inlet temperature conditions and the flowrates. Thi8
is achieved by dividing the heat exchanger into small
sections and then solving the applicable differential
equations numerically and sequentiallY from inlet to
outlet conditions. Thus, all the internal conditions
as well as end states may be predicted for both hypo~
theti~al situations and for real test data.
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7.5.1 Initial simplification of performance equation

An initial simplification, and perhaps an obvious One,
applies to:

J (7.58)

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

As seen from the development of the overall performdnce
relationship, the infinitesimal differential values (or
point values) of a/~ have no relevance. Rather, it is
the values relating to a finite section of the heat ex-
changer (from the air inlet boundary condition) that
are applicable. For these finite differences and for
any point within the heat exchanger:

(cr!-r) , (7. '59)

J ("tw -"two) (lio-:E,)

("tw,-"two) (:Ea-:EJ>"
(7.60)

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, not surprisingly, to
vary negligibly from unity, having an over.all mean
value of 0,997 (standard deviation ~ 0,008). It is
thus proposecl that a universal value of 1,000 be
adopted.
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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 Leas 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 roade between the two
types of tests, it is of little relevance because the
l'aat exchanger effectiveness is only affected neg-
ligibly by the term, J.

Thus, the term in the overall performance equat Lc n that
contains J may be modified by equating J to unity as
follows:

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

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

d 1 - J + JR" ) __ R' - 1
d J

(7.62)

The overall Equation 7.57 can then be ~ritten in a
simpler form as:

E "w

- N" (1 - l/R")
1 - e (7.63 )

N"n* - e- (1 - l/R')

The similarity bet\>leenthis and Equation 7.41 (wh)ch
evolved from the non-direct contact theory) is obvious,
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with the so-called heat exchanger parameters now being
given as:

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

R' (7.64)

N* design characteristic or thermal size of direct-
contact heat exchanger based on air flowrate

N* "oA I [ m~ (-:xl (J) cava'" ] ('7.65)

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

•
Ew :.: (t.vl - two ) I ( twl - c:1 twb1

caw
(7.66)

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

Ew == (twl - two '/( twl - tWbl ) (7.67 )
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7.5.2 Initial examination of parameters in performance
equation for selected hypothetical conditions

Six hypothetical situations are initially examined.
The conditions were chosen to cover the f~ll range of
temperature conditions as well as some typical water
cooling duties. The specified conditions and results
are summarized ~n Table 7.3 and the variations of each
of the relevant parameters within the hypothetical heat
exchanger are plotted in Figures 7.14 a-f.

A study of these figu:'es clearly indicates that the
terms (a/r)i and [(alP) cavaf*l do not vary signifi-
cantly across the heat exchanger for anyone 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 variations on either side of these mean values
are small indicates the probable acceptabili~y of using
single preselected values of these two terms in the
practical application of the overall performance equa-
tion. This becomes fully apparent later.

The variation of the pseudo-specific heat term for air,
caw' over the full range of conditions being considered
in this study is given in Figure 7.13. The value
varies from 1,6 to 6,2 kJ/kgK. With this w~de varia-
tion it is clear that no single universal value may be
used. However, the variation ac ross a. single heat
exchanger for lypical operating conditions would be
considerably smaller and this is evident from Figures
7.14 a-f. The appropriate representative values of tne
pseudo-specific heat term for the six hypothetical runs
have been calculated and are indicated in Table 7.3 and
Figures 7.14 a-f. These values are determined through
the solution of Equation 7.63 using the arithmetic mean
values of "./r) i and [(alP) cavaf* J. Note that the
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representative values of c~w are roughly at the mid-
point of the heat exchanger. This evidence indicates
that the use of a single value or the pseudo-specific
heat term would be possible for a single set of process
conditions. Thus, the error in using a si:1gle rep re»
sentative value in integrating Equation 7.55 is prob-
ably acceptable. This becomes fully apparent later.

7.5.3 E~amination of parameters in performance equa-
tion for the experimental data

For illustrative purposes Tests No. 42 and 58 have
again been considered and the relevant parameters and
their variations are shown in Figures 7.15 a-b. ~lso
shown are the arithmetic values of (a/1l i and
[ (o./{J) cavaf*] 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 (al1)i, [(a/{J) cavaf*] and caw
have been examined for the full set of test data and
each is considered in turn bel.ov,

Experimental values of (a./1)i

The Lnd i vLdua'l,terms a and ...,, which are applicable to
elemental points within the heat exchanger, Were dis-
cllssed in Section 7.3. The values of the ratio (0./1)
are given in Figure 7.16, The clear dist Lnot.Lon be-
tween water cooling and air cooling applications is of
particular importance. Note also the representation of
Test Nos 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 :

m~ICW (tw-two)
m~(Z:;-.EI)

(7.68)

From a practical point of view the value of this ratio
can only really be examined with a complete set of heat
exchanger data. The variation of the term (a/~)i be-
tween inlet and outlet of the heat exchangers for each
test is shown in Table 7.4 along with the arithmetic
mean values. It should be notea that for the cold
water tests the value of the term decreases between air
inlet and outlet, and for the hot wat~r tests this
trend is reversed. For the cold water tests the varia-
tion in the value for anyone test is not greater than
1,3 per cent. For the hot water tests the variation in
the value is not greater than 2,6 per cent. Thus, the
earlier conclusion is confirmed that (a/~)i does not
vary significantly for anyone test. This logic can
now be taken to its conclusion with an ex-amination of
all the test data. The database consisted of 10 values
per test for each of the 160 tests and the relevant
statistics 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 (s.d. 1,5 %) •

The selection of single representative values is dis-
cussed later in combination with the selection of
values for the other parameters. However, at this
stage note that the preferred value for the coid water
tests would be higher than that for th2 hot water



198

10 20 30 40 50

Water temperature (°0)

Figure 7.16 Values of (a/r)for water in contact
with saturated air, note for all
practical pu~poses these values are
independant of barometric pressure
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tests. Note also tft.t this is exactly what is indi-
cated by the shaded areas depicted in Figure 7.16.

Experimental values of [(alP) Cavaf*]

The individual terms a and p were discussed in sections
"T • 2 and 7.3. The value of the rat io (a/B) is dependent
lIthe air condition, water tempe""'1.turec:>ndbarometric
pressure. For saturated conditir J the value of (alP)
varies from 0,927 to 0,987, which is a smaller
fractional variation than occurs in either of the
individual terms a or p. Thus the variations from
unity in either term are self compensating to a certain
extent since they are combined in a ratio. The
variation of (a/fi)for sat~rated conditions is shown in
Figure 7.17. Howev~r the values of (alP)are not, in
themselves, of major importance, since it is the term
[ (alp} cavaf*l that is used in the overall equation.

Recall that by definition:

(7.69)

Caval. ( tw - tdb + >. B' )
(l::w-I:.,)

(7.70)

The combined term for an element of heat exchanger is
given as:

-'VI - Eo ) [ Aia )

[ ~] [" 'tw - tdb + x B' ]
(7.71)

This term is the product of two ratios combining the
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Figure 7.17 Values of the ratio a/~ for saturated
air. at 100 kPa
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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 this combined term are given in
Figure 7.18 for saturated air.

The variation of the term between nlet and outlet and
the arithmetic mean values are shown in Table 7.5 for
each test. It should be noted that for the cold water
tests the value of the term decreases between the air
inlet and the air outlet, bu~ for the hot water tests
this trend is reversed. (In fact the slope of the
lines of air temperature, water temperature and
[(alf3) cavaf* 1, as drawn in Figures 7.14 and 7.15, are
all similar.) For the cold water tests the variation
of the value ~or anyone test is not greater than six
per cE'nt. For the hot water tests the variation. of the
valUe ;.5 not greater than 11 per cent. Thus tbe
earlier conclusion th"t [(a.lf3) Cavaf*] "es not \fdry
significantly for anyone test is confir ...ed. (The
acceptability of this will be fully confirmed later.)

The value of this ten" does not vary significantly when
considered on a statistical basis for all tests over
the full range of operating conditions. The database
examined consisted of 10 values across the heat ex-
changer for each of the 160 tests. The relevant
statistics are as follows:

Cold water tests: mean 0,988 (s.d. 1,5 %)
(s vd , 3,0 %)
(s.d. 2,5 %) •

Hot water tests: mean 0,997
All tests combined: mean 0,993

The mean value of anyone 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 there is no evLderioe bhat; a
differentation can be made between cold water and hot
water tests in the selection of appropriate values of
[(a/f3) cavaf*]' This is further illustrat.ed in Figure
7.18.

Experimental valueR of the specific heat term for
saturated air

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

(7.72)

The specific heat term of particular interest applies
to saturated air at the water interface temperature.
This is given as:

(7.73)

The sigma energy content is shown plotted against tem-
perature in Figure 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 1') ·C is
depicted and certain key values of the pseudv·~pecific
heat term shown. Since the terrl is applicable to the
water surface temperature, the representative value can
be expected to fall withi.n the shaded area in Figure
7.19. This may also be l.llustrated ua i.nq a plot of the
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pseudo-specific heat term against temperature; this
is also shown in Figure 7.19.

Turning now to the experimental dat.a , for each of the
tests, the arithmetic mean values 'aoro~s the heat ex-
changer of the terms (air) i and [(a.IP) cavaf*] have
been ce.Lcr.Latied , Based on these values, and through
the solu';ion of Equation 7.63, the appropriate
represen~ative value of the pseudo-specific heat term,...
caw' has been calculated for each test. Table 7.6
lists these representative values along with some of
the basic test information. A careful study of this
information in combination with Figure 7.13 reveals
that the values of caw are all between the inlet and
outlet water conditions. 'rhe set of data in Table 7.6
satisfy the overall performance equation (Equation
7.63) with no anomalies. It can be tentatively con-
cluded from this that the 3.ssumptions made in integrat-

the basic equation (Equation 7.55) are acceptable.

However, for the performance equation to be of practi-
cal benefit the user must be able to predict perform-
ance from a knowledge of the input process conditions
(and preferably the teChnique should not be itera-
tive). This requires a procedure for determining the
mean representative values of (air) i, [(alP) cavaf* 1
and caw without necessarily having a knowledge of the
outlet conditions.

7.5.4 selection of appropriate sets of values of
(o:/'r) it [(rxl{3) Cavaf*] and caw

In selecting the appropriate values of these terms to
be used in practice, it must be stressed that the
method must remain simple, fr.om a practical point of
view, without comp.omising the r~quired accuracy. For
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instance, tables and charts of values of these para-
meters for different sets of conditions are considered
impractical.

Based on the evidence presented above and the large
simulated data base used to check the overall equation
(see Appendix P), it is apparent that the use of a
single universal value of [(alP) cavaf*J would be
acceptable. Obviously a value of utiity is indicated.
However, note that the units of this t~rm are those of
specific heat - kJ/kg K. It is anticipated that if a
value of unity is used, its dimensionality would soon
be lost to the user and confusion would be created ~n
its application (note that the design characteristic N*
is dimensionless). The obvious solution is to assign
l (alP) cavaf*J the value of the specific heat of pure
air, ca = 1,005 kJ/kg K.

Also, based on this evidence it is apparent that the
USe of global values for the term (a/1) i would be
acceptable. For acceptable accuracy it was found that
different values should be used for water cooling and
air cooling applications. These values are:

(ah)i'" 1,00 for water cooling
= 1,05 for air cooling

The appropriate value of the pseudo-specific heat term
will be between its value at the water inlet tempera-
ture and its value at the air inlet wet-bulb tempera-
ture, thus:

caw = L c;wl + (1 - L) c~ (7.74)

L 0 to 1
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Values 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 ratio of the thermal
capac i.t.y of the water stream to th(~ 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 exchangers vlith
a high value of the design characteristic. Thus, it is
to be exper.:tedthat the value of L could be predicted
from a knowledge of the thermal capacity ratio and the
design characteristic. To avoid using an iterative
procedur~ in estimating L, an approximate thermal
capac Ley ratio term is not'!introducea. Use is made of
the par amet er employed in Whillier I s ('I!i) work which
is defined, between inlet water and inle~ air condi-
tions, as :

~ Cw ( twl - tal

rna (;1 - ~al )
(7.75

To enable the prediction of L, the following relation-
ship is now examined :

L = f ( z , N' ) (7.76)

Based on the universal values selected for
[(a//)) Cavaf* 1 and (a/y) it a set of values of caw was
calculated for each of the tests through the solution
of Equation 7.63. Values of L we re then calculated
through Equation 7.74 and the appropriate relationship
for Equation 7.76 determined (see Appendix Q). rhe re-
lationship is shown graphically in Figure 7.20, and
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z

Fi~lrQ 1.20 Value of L for varyinq'water-air flow
ratios and different values of the
design characteristic u*
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through Figure 7.20 and Equation 7.74 the represent-
ative value of caw may now be determined from a know-
ledge of the inlet process conditions and the design
characteristics.

7.5.5 Final specification of performance equation

It is now possible to make the final refinements to the
performance equation and to specify the procedures re-
lated to its use.

The performance equation is given as:

E •w
- N*1 - e (1 - l/R*)

N*R* - e- (1 - l/R*)
(7.77)

where

R* (m:,..,cw)/ (mac~w)

0,95 (m~cw)/(m~c~w)

for water cooling
for co~,r cooling

A procedure for using the equation is best described on
the basis of sulving the following problem:

'rhe inlet flowrates and temperature
conditions are specified for a certain
direct-contact heat exchanger which is
cooling water and is charaterized by a
known hcA value. What is the outlet
water temperature?
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(i) Det.ermfne the value of N* = hcA/u1aca'

(ii) Determine the value of Z from Equation 7.75.

(iii) From Z and N* determine appropriate value of L
from Figure 7.20. Then calculate caw from the
inlet temperature conditions (Equation 7.74).

(iv) Determine the thermal capacity ratio R* =
(niwcw)/ (m'acaw) •

(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
obvious stage is to check its accuracy against the
experimental data and tl~eperformance of the
comprehensive theoretical model.
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-Error in enthalpy Error in sigma energy
approximation approximation
(t(~rm x) % (term y) %

abs. abs.
mean mean ::nin max (J mean mean min max (J

Cold water +2,0 2,0 +0,9 +3,1 0,5 -2,7 2,7 +4,0 -1,8 0,5
tests

Hot water +3,9 3,9 +2,0 +5,8 0,9 -1,4 1,6 -2,6 +1,9 0,6
tests

All tests +3,0 3,0 +0,9 +5,8 1,2 -2,0 2,1 -4,0 +J.,9 0,8

Table 7.1 ')",parisonof simplified energy balance using enthalpy
,·••d that using sigma energy
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331 I I I.m I l.eS8 I.m I I.m I I.m I I.m I 1.603, I 1.802 I I.Ut I I.m I I 1.864 I
341 I I 1.111 'I.m 1.197 I l.fe6 1 I.m I I.m I I.m 1 l.m 1 1.U! I I.m 1 1 1.864 I
351 I I I.m I I.m 1.817 I I.m I.m, I.m 1.I.m I 1.101I I.m I l.m I 1l.m I
361 I I 1.'11 I I.m I.m 1 1.1tS I.m 1 I.m I I,m I 1."1 I I.m I.m I I I.U4 I
371 I I 1.516 ! I.US I.m 1 1."4 I.m I 1.113 I I.m 1 1.1181 I.UI I.m I I I.m 1
~~I e I I.m I I.m I.m 1 I.m I.m I 1.113 1 l.m 1 I.m 1.t11 I.m i I 1.114 I
','. a I 1.IU I I.m I.m I I.ns 1.114 1 I.m I 1.112 I I.m I.UI I.m I I I.m ,
4l 'I 1.119 i 1.117 I.m I l,ft5 1.114 I l.m I I.m ! 1.ff! I.ff! I.m 1 (I.m 1

, 1 1.114 1 1.814 I.m 1 l.m 1.113 1 l.m 1 1.182 1 I.fli 1.'" I.m 1 1 1.193 1
~~; M1 1.119 1 1.117 I I.m 1 I.IIS 1.114 1 I.m 1 I.m 1 l.m 1.111 I.m I 1 I.m 1
431 • 1 I.m ( 1.817 I 1.116 1 1.'15 l.m I l.m I I.m I 1.'81 I.m I.'" 1 I 1.114 1
W I I 1.116I I.m 1 I.U4 I 1.113 I.m I I.m I l.m I I.m 1.111 1... t I I 1.~e2 1
451 f I .883 ( I.m I 1.113 I I.m I 1.183 I I.m I I.m 1'1.881 1.111 I.lf8 I I 1.192 I
461 I 1 1.'86 1 l,e'6 1 I.US 1 I.m 1 1.114'1 I.m 1 1.192 I I.m I.U! I.m I 1 I.m I
471 • I 1.115 I 1.U4 1 1.114 I 1.'13 I 1.813 1 I.m I Uti I I.m 1.181 I.'if 1 1 I.m 1
481 I 1 1.18S 1 I.m 1 I.m 1 I.m 1 I.m 1 I.m 1 I.m 1 1.181 I.m I.'ff 1 I I.m 1----~-----......------------ ..-------- ...---------- ...----
491 .978 1 .991 I .984 I .9~ I .989 1 .991 I, .993 1 .995 1 .998 1 I.'" I .989 15.' .9711 .962 1 .986 1 .989 I .991 i .993 1 .995 1 .9911 .9991 I.m 1 .991 1
511 .975 1 .931 I .986 I .999 I .992 1 .994 1 .996 1 .997 1 .999 I I.m I .991 1
521 .ml .981 1 .9B5 I .989 1 .ml .9q4 1 .996 1 .ml .mll.illt .991 I
531 .979 I .982 1 .904 1 .986 1 .9S8 1 .99' I .mr,.9951 .9971 I.m 1 .989 1
541 .978 1 .982 1 .U85 1 .997 1 .9911 .992 1 .994 1 .9901 .999 1 I.m 1 .m,
551 .m I .979 1 .983 1 .986 I .;09 1 .992 1 .9q4 1 .996 I .990: I.m 1 .989 1
561 .975 I .9S. 1 .984 1 .987 I .9911 .ml .995 i .9971 .9981 I.m I .998 1
511 .901 1 .ml .985 1 .ml .YBB1 .999 1 .992 1 .994 I .997 1 I.m 1 .9911
SSI .ml .982 I .985 I .987 1 .989 1 ,991 1 .993 I .9951 .999 1 I.m 1 .996 1
591 .979 1 .981 1 .985 I .m 1 .ml .992 1 .994 1 .996 I .9981 I,m 1 .ml
6~1 ,9161 .981 I .984 I .907 1 ,989 1 .992 1 .994 I .996 1 .998 I I.m 1 .989 1
611 .991 I .q8~ 1 .985 I .9ah 1 ,gea ' .qqe I .9911 .ml .99611.8681 .989 !
621 .981 1 .983 I .985 1 .987 1 .989 . .m I .993 J .99S 1 .9971 I.m 1 .99111
631 .m , .981 I .984 I .986 1 ,989 • .991 1 .9931 .995 1 .9981 I.m I .989 ,
641 .976 I .ml .983 I .906 I .989 ,Q91 1 .993 1 .996 1 .998 i I.ue I .989 1........... - _- _ - -..- - - -..- ~ - ---- ..- - -- -..

Table 7.2 (Cent) Variation of the t.r~ J across
and within the heat exchangers
for eacb test
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651 I I.m I I.m I 1.867 I I.m 1 I.US 1 1.884 1 1.103 1 1.092 I I.m 1 I.m I I I I.m I
661 I I.m I I.m I I.m ' 1.005 , l.te4 I I.m I I.m I I.UI , I.m 1 !.m , I I 1.694 ,
671 I I.m I I.JlS 1 1.665 1 I.m I 1.192 1 l.fiSI I LUI I I.m I I.m I I.m I I 1 1.193 I
6BI I i.uz I I.m 1 I.m 1 1,U4 , 1.163 I I.m 1 I.fil I I.ISI I I.m r I.m 1 , 1 I.m I
691 r Uib I I.m I 1.105 1 1.115 1 1.114 1 I.m I I.m I I.m I I.lfl I.m I I I 1.113 I
711 l.fU I I.US, I.m I I.m I I.m I I.m I I.m I l.m I I.m I.ut I • I I.m I
711 I.m 1 I.IIB 1 I.m 1 I.m 1 l.m I 1.1;2 I I.m 1 I.m I 1.188 I.m 1 I 1 l.m I
721 1.111 1 I.ua I I.m I 1.185 I I.m 1 1.112 I I.'" I l.m I I.'" I.'" I a 1 l.m I
731 1.114 I I."" 1 l.m I I.m I I.m 1 I.m 1 1.112 I I.m I 1.8f1 I.m 1 I 1 1.113 I
741 I.SIB I I.m I 1.166 I I.m I I.m I I.m I I.m I I.m '1.111 I.m I I 1 l.m I
7S1 1.111 1 1.118 I I.m I 1.815 I l.en 1 10m I 1.162 I LUI 1 l.m I.m 1 I I 1.114 I
761 I.U! 1 1."9 1 1."6 I I.US I l.m I 1.812 I 1.162 I 1.1t! I I.m l.m 1 I I 1.164 I
771 l.m 1 1.113 I 1.613 1 1.113 I I.m I I.m 1 1.812 1 1.1f! 1 I"SI 'j.m I • I 1.882 ,
781 l.fe6 1 I.USI 1.185 I I.SB4 1 I.m I I,m I I.m , I,m I I.lil I.m I • I 1.103 I
791 I.m ! I.fjb 1 I.•m 1 I.m I I.m I 1.812 I I.m 1 I.'il 1 I.m 1.1i1 I I 1 l.m I
8f! 1.118 ! l.m , I.m , 1.114 I 1.113 t I.m ( t.1it I 1.m I l,~ii" l.m 1 • ( l.m 1-_ ..----------------. --------------_---.--- ..
81, .m, .981 1 .983 I .986 ! .988 1 • 991 , .993 1 .995 , .998 1 I.'" I .989 ,
821 .9131 .m' .984 , .m I ,999 I .993 , .995 1 .997 I .998 ( 1.'U I .991 I
831 .9161 .983 , .988 I .991 I .994 I .996 I .m : .999 I .999 I 1.6S~ 1 .992 I
841 .917 1 .984 1 .988 I .991 I .994 I .ml .9911 .999 1 .9991 I.m I .992 I
051 .978 1 .gel I .983 I .985 I .987 I .989 1 .991 1 .9941 .m II.if' I .988 I
~bl .972 I ml .901 I .ml .ml .991 I .ml .9951 .997I I••,. I .967 I
871 .9731 ,98' I .994 I .987 I .99' I .993 1 .995 I .997 I .998I I.m I .991I
eSI .975I ,981 I .985 I .989 1 .992 I .ml .996 I .997 1 .999 I I.m 1 .991I
891 .9811 .982 1 .983 I .ml .987 I .989 1 .991 I .993 I .9961I.'" I .969 1
9~1 .9731 .ml .9atI .983 I .985 1 .980 I .991 1 .993 I .996 11.1691 .987 1
911 .9731 .979 I .982 I .985 1 .988 1 .m I .993I .995 I .m I I.m I .968 1
921 .9741 .979 1 .964 1 .907 1 .9911 .992I .994 I .996I .998 I I.m I .989 I
931 .988I .993 1 .984 1 .m ' ,907 I .989 1 .991 I .993I .m I I.eseI •ge9 1
941 .ml .978 1 .981 1 .983 1 .985 1 .980 I •99~ . .993 I .996I I.m 1 1 .997 I
951 .m: .979 I .991 1 .994 I .986 1 .989 1 .992 1 .994 I .997 I I.m 1 c 1 •ge7 I
961 .975 1 .9191 .993 1 .996 1 .989 1 .991 1 .993 I .996I .998 1 I.m 1 I 1 •QS9 1

Table 7.2 (cont) variation of the ttbrlll J across
and within the ht~t ~xchangers
for each test
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911 I 1.1tS I I.m 1 I.m 1 l.m I I.m I 1.183I I.m I I.m I I.m I l.seGI II.ml
981 I i.u: I I.m I I.seaI t.m I I.SiSI I.m I 1.813 I I.m I I.m IUdS 1 r i.sss :
991 II.m I.m I l.fl6 I I.U5 I I.m I l.e63I 1.102I I.m I 1.118I l.m I 11.1041
Uti I 1.111 t.m I I.m I I.m I I.m I I.m I 1.112I I.m I I.U! I I.ua I I I.m I
1111 I I.tto I.e.sI I,m I 1.114I I.m I I.m I I.m I I.m I I.m I I.SeI1 I I.m 1
1~21 I I.tfe I.m I I.m I l.m I I.m I I.m I 1.1e2 I I.lfl I I.m I !.m I I I.m I
1131 II.m I.IIB I I.m I I.m I I.m I I.m I I.m I l.tiI I I.ffl I I.m I II.ml
li41 II.m I.m I I.m I I.m I 1."4 I 1.113I I.m I 1,If! I l.fIt I I.m I I 1.194 1
1151 110m l.ff4 I 1.183I I.gt3 I 1.193I I.m I 1.182I I..UI I I.m I t.fU I I 1.'~2 I
1161 I t.m 1.116I 1.115I l.m I 1.6113I I.m 1 I.m I 1."1 I I.m 1·1.'0. 1 11.1831
1871 I I.m I.m I I.m I 1.112 I l.m I 1.9111 I 1.t11I I.m I l.m I I.m I 11.1821
1881 II.m I.m 11.153 I l.m I 1.8112I l.m I I.m I 1.1i! I I.... I I.SOIII II.ml
1691 I I.m 1.113I 1.813I I.m I l.m I l.m I t.m I 1.151I I,m I I.m I I 1.092I
lUi I I.m I I.m I I.m I 1.163 I l.sn3I 1,1162 I I.m I I.UI I I.U! I l.seei I 1.162 I
1111 I 1.115I l.f~ I I.m I 1.ttl I 1.113 1 1.1"2 I 1.11621 I.Ut 1 I.Uf 1 I.m I 11.1831
lJ21 I 1.ff5 I 1.114 I I.m I I.m I I.m 1I.m I 1.111 I l.m I 1.'" I 1.811I 11.1121.--------_ ..-----_ .._------------------ ..._- ...-------------~-----
1131 II I .9saI .982I .~85 I .ml .ml .9921 :.:94 i .996 I .998 I I.m 1 .9911
1141 I I .974I •9a~I .984 I .987I .998I .9'12 1 .ml .996I .998 I I.m 1 .991 I
1151 a I .9161 .981 I .986I .989I .992I .994I .996I .997I .999I I.m .9911
1161 I .97'SI .981I .985 I .989 I .992I .9941 .9961 .991 I .999 1 I.U! .9H I
1171 1 .96f 1 .983 I .~I .9B7 I ,989 I .9911 .ml .995 I .9981 l.m .99' 1
1181 I .97'S I .9191 .993 I .m I .9B8 1 .991 1 .9~3 1 .9951 .~98 1 I.m .989 1
1191 I .ml .98g I .984 I .987 I .999 1 .9911 .995 I .997I .998 I l.m .9911
1211 1 .97'S ! .9611 .984 I .997 1 .9981 .993I .ml .997 1 .9911 I I.m .ml
1211 1 .982 I .984 1 .965 I .997 I .ml .9911 .9931 .ml .997 1 I.m .99' 1
1221 1 .ml .99t 1 .9831 .ml .98B 1 .99' I .992 I .995 I .9971 l.fU .989 !
1231 I .ml .99' ! .994 I .987 I .989 1 .992I .994 I .996 1 .999 I I.m .99f I
1241 1 .975 I .ml .983 I .987 I .999 1 .9921 •99~ I .996 I .9981 l.eu .989I
1251 I •Q92 I .984 1 .985 I .987 I .989 I .9Rf I .9921 .~'4 1 .997 I I.see1 .ml
1261 1 .F; 1 .m I .m 1 .985 1 .987 1 .989 1 .992 1 .994 1 .99711.8961 .998 1
1271 1 .~'7 I .981 1 .984 I .996 1 .989 1 .991 I .9931 .996I .999 1 I.m 1 .989 1
1281 I .°15I .9791 .983I .996 1 "BB 1 .991 i .9931 .991. 1 .998 11.189 1 .989 1

T&ble 7.2 (Cont) Variation Q~ the term J across
and within the heat exchangers
for each test
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1291 I,m I I,m I 1,807 I I,m I 1,'~ I I,m 1 1,803 1 1.882 I 1,1ft I I,SBII 1 I 1 I,m 1
1381 I,m I I,m 1 I,m 1 I,m 1 I,m 1 I,m 1 t.ssz I.L,9S1 1 I,sse 1 l,ess 1 I I I,m I
1311 I,m 1 1.116I 1.SB71 I,m 1 I,m 1 I.m 1 I,m 1 I,m 1 I,m 1 I,m 1 I 1 I,m 1
1321 1,811I l,il8 I I,m I I,U4 1.113 1 I.f1f2 1 I.eel I I,m 1 l.flG 1 I,m 1 I 1 I,m 1
1331 I,m 1 J.U6 I I,SIb1 I,m 1.114 I I,m I 1.183I I,m 1 1,"1 1 I.IIB 1 • I 1,1141
1341 I.m i I,m I I.m 1 1.114 1."4 I.m I 1.162'I I.m I I.m I 1.111I s I I.m 1
1351 I.Ut I I,m I I.m I 1.'05 l.m I.m I 1.182I 1.Sf! I I.'" 1 1.118I I 1.1141
1361 I.m I I,USI I.m 11.115 l.m I.m I I.m I 1."1 I l.m 1 I.... I I I.m 1
1371 l.ft5 I I,m I .,8141 I.m I.H3 I.m I I.m 1 I.m I l.fBI I 1.'" I 1 I.m I
13S1 I.m I l.fIB 1 I.m I 1.1<151.,.4 1.113I I.m 1 I.m 1 1.111 I 1.'H I I I.m I
1391 I.m I I.m 1 1.1151 l.m l.m I.m 1 I.m I l.fIt I l.m I I.SI9 I I 1.1e3 i
14'1 I.ns I I.m 11.115I 1.8114l.m I.m I l.m I I.m I l.m I 1.9S0 I I I.m I
1411 I I.m I I.m 1 I.m I l.m l.m I.m I I.m I I,m I I.m I I.m I 1 l.3e2 1
1421 I Less I I,m I 1,~e6 I 1,1115 1,114 I,m I (,S82 I 1.982 I I.SS! I I,BOII1 1 l.e64 1
1431 I I,m I I,m 1 I.m I 1,184 I.m I.m 1 I.m I (,811 I I.m I I,m! I I,m 1
!HI I I,m I I,m I I,m I I,m l.m 1.812 I I,B92 I I,m I l.m I I,m I I I,m I....--- ---_ ..__ .._-----.- ........_----- ..._ ....._-----------_ ....._------- _ ......... -_ ..-
1451 ,988 I ,903 I .98b I .98BI .m I ,992 I .994I .996 I .9981 I.m I ,991 I
1461 ,9791 .984 I ,987 I .9'If I .ml ,995I ,9901 ,998 I ,999 I I,m I ,992 I
1471 979 1 ,904 1 .989 1 .'191 1 ,ml .996 I .997I ,999 I ,999 I 1.fS9 1 ,9931
1~81 ,981 1 ,98b I ,ml ,993 I .995I .997 1 ,998 1 .999 I .999 I 1,'" I .ml
1491 ,981 1 ,983 I ,985 1 ,987I .989 I ,991I ,9931 ,995 I ,mll.1U1 .ml
1581 .978 1 ,982 I ,98S I .988 1 .991 1 ,992 I .994 1 .9961 .996 l'l,m I ,996I
1511 ,9771 ,982 I .~B6I ,989 I .991 I ,9931 ,ml ,997I .999 I I,m I .991 I
1521 .ml •98~ I ,?89 1 .991 { .994 I .995 t ,mt ,998 I ,999 I 1.161 t .ml
1531 .982 I .984I .986 1 .961 , .989 I .991 I ,ml ,9951 .997 1 1,'" 1 ,998 I
1541 ,978I ,982 1 .984 1 .987 I ,989 I .991 1 .ml ,995I ,99~ I l,teS 1 .99' 1
1551 ,976I .981 I ,904 I .987 1 ,m I ,992I ,994 I ,996I ,998 I l,fBi I ,99' I
1561 ,m! .985 I ,988I ,ml .993 1 .995 I .996 1 .998 I .999 I I,m I ,992 I
1571 .984 1 .995I ,987 1 ,988 I .m I ,991 1 ,992 I .9741 ,997 I I.BOe 1 .991 I
15S1 ,9791 ,982I ,984 I ,ml .986 1 ,996 1 ,9911 ,9951 .997 1 I,see 1 ,998 1
1591 ,9771 ,986 I ,983 1 ,986 I ,999 1 ,991 I ,9931 .995 1 ,99S I I,m 1 ,989 I
1651 .m 1 .984 1 ,9811 .996 1 ,9921 ,994 1 ,996 I ,9911 .999 II.Bet 1 ,992 I
............ ----_ .._ .._--_ - - _ _ ._ __ _-----------_. __ .._ __ --- - - ---- __ _ _-_ -

Table 7.2 (Cant) Variation of th~ term J across
an~ within the h.,t exchangers
for each test



Table 7.3 Performance of hypothetical heat exchanger under selected
temperature conditions (barometric pressure 100 kPa)

t~ in tf·~'r I Average
NrL~ Values

I
--~- ~.. ~ 0;- - - ~ '"r; III - ... ~

~
.... .... <, .? .? - '"3: '" '" 3: ~ > ..,
~ = = - = - d = M" - 0

.... >. .... -cc,
" ":0

... 0 ... >- ... :> « " ~
f! J! ..~rJ :> .Q .Q :> .Q .a " <, '<11 "r? :>.a .... :> '" .... :> '" c " - u p; z r.> ..,.

A 20 10 10 40 15 20 23,73 32,17 32,17 704 1,011 0,992 3,13 0,55 1,32 2,02 0,65 1,19

B 20 10 10 50 15 20 25,32 37,69137,69 1070 1,012 1,'"08 3,58 0,60 1,16 1,99 0,71 1,72
•

C 20 10 10 30 10 10 19,0;- 24,85 24,85 467 1,012 0,976 2,66 0,48 1,~6 2,05 0,=:5 1,13

D 20 10 10 10 30 30 22,46 16,5& 16,58 536 1,028 0,982 2,18 0,41 1,87 2,04 0,62 1,51

E 20 10 .0150 a a 23,43 35,91 35,91 126B 1,007 O,9!.'4 3,49 0,59 1,19 2,01 0,59 1,00

F 20 10 lOi 0 50 50 43,59 26,32 26,32 1:344 1,032 1,040 3,08 0,54 1,32 1,92 0,87 1,62

tv

-J

Note 1. These are the arithmetic meanvalues fer a11 the segments. of t:,e beat exchanger.

2. This value COmes from the solution of Equation 7.63 using the mean values of
(a/yli and (a/til cavaf". .

3. This term is deii,ed in Equation 7.67.
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II I 1.'54 I 1.'5S I I.m I 1.841 I 1.841 I 1.'46 I 1,8~5 I 1,145 I I.m I 1.944 I I I I.m 1
21 I.m I I.m I 1.848 1 1.147 1 1.146 1 1.145 1 1.144 1 1.143 I 1.142 I I.m . ~ I I.m I
31 1.148 I 1.146 I 1.144 I I.m I I.m 1 1.'41 1 1.139 1 1.139 I I.r.:a 1 1.137 1 I l.m 1
41 I.m I 1.146 I 1.144 1 1.142 1 1.141 1 1.141 I 1.139 1 I.m 1 1.137 I I.flo I I 1.141 1
51 1.142 I 1.142 I 1.142 I 1.141 I 1.841 1 1.1l41 I 1.841 I I.e~. I I.m I 1.84' I 1 1.14' 1
61 1.141 I I.m 1 1.14' 1 1.139 1 1.139 1 l.m 1 1.137 1 1.137 1 1.'36 1 1.'36 I I 1.938 1
71 I.m I 1.1481 1,1391 1.137I 1.130 1 1.130 1 1.135 I 1.134 1 1.'33 I 1.1321 1 I.m I
81 I.m I 1.146 I I •• JB I 1.'=, 1 1.136 I 1.835 I 1.134 I 1.133 I 1.132 1 1.'32 I I 1.'36 I
~I 1.1'39 I 1.139 I 1.139 I l.m , 1.139 I I.'~B I 1.'~B I 1.138 I 1.138 I l.i3S I I 1.'36 I
III 1.831 I 1.'30 I I.m I 1.13~ 1 1.135 I 1.134 I l.tJ4 I 1.'33 I 1.'33 I 1.832 I I 1.134 I
III 1.034 1 1.133 I 1.1132 I 1.IS2 I 1.831 1 I.m 1 1•• 3. I 1.'29 I 1.'28 I 1.'28 1 1 1.831 1
12, 1.137 I 1.136 1 1.135 1 1.134 1 1.'33 I 1.'33 I 1.132 I 1.131 1 I.m 1 I.m I I 1.133 1
131 1.134 1 1.134 I 1.134 I 1.134 I l.m I 1.833 1 I.m 1 1.'33 I 1.133 1 I.m I I 1.033 I
141 I 1.833 I 1.132 1 1.132 I 1.'32 1 l.m 1 1.831 1 I.m 1 1.138 1 1.'3' 1 1..29 I I 1.831 I
lsi 1 1.833 1 1.133 1 1.832 I 1.132 ; 1.&31 I 1.'3' I 1.831 I 1.'29 1 1.129 I 1.820 1 1 1.831 I
161 1 1.832 1 1.131 1 I.m I 1.'29 1 1.129 1 1,'28 I 1.127 I 1.121 I 1.116 1 1.826 I I 1.829 I

...------- ......._---- ...--_ .........__ ....__ ......_ ...._--_ .._-_ .._---------------_ .._-_ .._ ..- --_ ......---
171 I I .978 1 .979 .931 I .992 I .993 1 .985 I .986 I .987 I .988 1 .'1981 .994 I
lal • I .9191 .m .987 I .ml .993 1 .~95 I .997 I .999 I I.m I l.te3 I .993 !
191 • I .988 I .986 .99' I .ml .997 I .999 1 1.1iI I I.m I 1.115 I I,M'7 I .996 I
2ft S I .98' I .'196 .991 I .994 1 .997 I I.m I 1.112 I 1.114 1 1.915 I I.m I .996 I
211 n I .977 I .979 .98' I .981 I .992 I .983 I .983 I .984 1 .985 I .986 I .982 I
221 1 .979 I .982 .9B~ I .ml .998 i .192 1 .994 1 .990 1 .999 I 1.'8' 1 .ml
231 I .982 I .987 .991 I .994 1 .997 I .999 I I.m 1 1.814 I I.m I I.m I .997 I
241 I .982 I .987 .991 I .995 I .998 I I.m ! 1.813 I I.m I I.m I l.m I .997 I
251 I .775 I .976 .977 I .978 I .979 I .989 I .981 I .982 1 .993 I .984 I .919 I
261 I .981 I .983 .985 I ,987 I .9B9 I .991 I .9931 .1951 .997 I .993 I .991 1
271 I .985 1 .989 .992 I .995 I .991 1 I.'" I 1.812 I 1.814 I I.m 1 l.fe8 1 .998 I
281 I .985 1 .989 .993 I .9901 .999 I I.m 1 I.m 1 I.m I I.m I 1.189 I j I ml
291 I .979 I .998 .968 I .ml .~~~ I .ml .994 I .985 I .986 I .987 I I I .ml
311 I .984 I .986 .98S I .989 I .991 I .993 I .994 I .996 I .997 I .999 I I I .992 I
311 I .995 I .988 I .ml .ml .995 I .9911 .999 1 I.m I 1.&&3I l.m 1 • I .m I
321 I .955 I .9R9 1 .992 I .995 I .997 I 1.118 I I.m I 1.114 I 1.816 I 1.088 I I I .998 I
.........._"'........"'..__... __________ .._..___.........._......_oi ......__ ..................__..___...._..__...___ ...______ ..............____..______..__

variations of thQ term (a/1)j .cross
and witbin the b~at exchangers foreach test
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331 1 l.m 1 1.139 1 1.139 1 l.m 1 1.136 I 1.135 1 I.m I 1.133 I 1.132 I 1.131 I B I 1.1136 I
141 I 1.943 1 I.m I 1.139 I 1.831 I 1.'36 I 1.'35 I I,m 1 1.133 I 1.132 I 1.131 I 1 I.m I
351 I 1.147 1 1.144 I I.m 1 1.148 1 1.'3S 1 1.831 1 1•• 36 1 1.135 1 1.'35 1 1.934 1 1 1.139 1
3QI 1 1.146 I 1,,43 I 1.141 I 1.141 1 1.'38 1 1.137 I 1.136 1 1.1135I 1.135 I 1.&34 I I 1.139 I
371 J 1.'33 I 1.132 I 1.'3' 1 l.i31 I l.m I 1.'29 I 1.129 1 1.128 I 1.'27 1 1.626 1 I 1.831 1
3S1 I 1.130 1 1.135 I 1.833 I 1.'32 1 1,131 1 1•• 3. 1 1.129 1 l.m 1 1.128 1 1.127 1 1 I.m I
391 I I,m 1 l.m I 1.136 I 1.135 I 1.134 I 1.133 I I.m I 1.131 I 1.138 I 1.'29 1 1 1.134 1
4fI I l.m I I,m I 1.'3h I l.n5 ! 1.033 1 1.132 I 1.132 1 1.131 I I,m I I.m I 1 1.034 I
411 1 1.12S I l.f28 I 1.'28 I l.m I 1.127 I 1.926 1 i.12b I 1.125 1 I.m I I.m 1 I 1.126 I
421 I 1.'34 I 1.'32 I 1.'31 I I.m 1 l.m 1 1.126 1 1.127 1 I.m I 1.125 1 1.'25 1 I 1.929 I
431 I 1.'34 I 1.'33 I 1.132 f 1.131 I 1.'29 I l.m 1 I.m I 1.127 I I.m I 1.126 I I 1.'29 1
441 I 1.'3' I 1.129 I 1.129 I 1.12, I I.m 1 1.126 I !.m I 1.125 I 1.'24 1 1.124· 1 I 1.126 I
451 1 1.125 1 1.'25 1 1.124 I I.m 1 1.124 1 1.123 1 I.m 1 1.122 1 1.122 1 I.m 1 1 1.123 1
4bl I 1.'2a 1 1.127 1 1.§27 1 1.026 1 1.125 I 1.124 I l.m I 1.123 1 I.m I 1.'21 I 1 1.125 1
471 1 I.m 1 1.125 1 1.'24 1 1.824 1 1.123 I 1.1123I 1.122 1 1.'21 1 1.821 I I.m 1 1 I.m I
4BI 1 1.827 1 1.126 I 1.125 I 1.125 1 I.m I I.m 1 I.m I 1.122 I 1.122 1 1.'22 I I 1.124 I--- __ _--_ - -_ -.- _ _ _ -_ - _-- -- _ _-
4~1 I: .992 I .995 1 .999 1.111 I I.m I I.m I I.US I I.m I 1.112 I 1.115 I I 1.194 1
511 I I .993 I .998 I 1.111 I 1.184 I 1.817 I I.m I I.m I 1.113 1 1.114 I I.m I I I.m 1
511 • I .VBS I .995 I .999 I 1.183 1 1.115 I 1.118 I 1.81(1 I i.l1I I 1.113 I 1.814 I I I.m I
~~I m I .9B3 I .909 1 .993 1 .997 I I.'" I I.m I I.m I J.U6 I I,m I I.m I I .999 I
531 I! .m I .990 I 1.1ft I I.m I I.m I 1.117 I I.m 1 1.111 I 1.~14 I I.m 1 I I.m I
541 • I .990 I .999 I 1.612 I 1.115 I 1."8 I 1.'11 I 1.112 I 1.'H I 1.116 1 1.'18 I I 1.119 1
551 I I .989 1 .m 1 .999 1 1.112 I I.m I I.m I I.m 1 1.812 I I·m 1 1.116 1 I 1.815 I
561 Ii I .986 1 .991 1 .995 I ,m I I.m I I.m I I.m I 1.188 I .. m I I.m I 1 I.efl I
571 I .999 I I.m I l.m I I.m 1 l.m I l.fiB I 1.811 I 1.113 1 1.815 1 1.019 1 I 1.898 1
581 1 .99( I 1.101 I I.m I I.m I I.m I 1.811 I 1.112 I 1.115 1 I.m I 1.119 1 j I l.m I
S91 .9~5 1 .999 I l.m I I.m I l.m 1 l.m I I.m 1 1.114 I 1.116 I l.fIB 1 ~ I I.UB I
611 I .99' I .994 I .998 1 1.111 1 I.m f I.m ! I.m I 1•• 11 I I.m 1 i.us I I 1 1."4 I
611 I I.U! I I.SD3 1 l.m I 1.116 1 I.IIB I l.m I 1.812 I I,m i I.m I !.m I B I 1.81B I
621 I I.m I I.m I l.m 1 I,JIB I I.m 1 1.112 I I.m I 1.116 I l.fIe I 1.'21 I 8 I Lill I
631 I .998 I I.m I 1."5 I I.m I I.m I 1.812 I I.m I I.m I 1.819 I 1.821 I I 1 I.m I
641 I .m I .m 1 I.'" I I.m 1 I.m I 1.619 I 1.112 I I.m I 1.m 1 I.m J • I I.m I

.... _4011 _ ..; _ .. _ _ __ _ _ _ M

'1'1lJ:>1.7.4 (C~ll1t) variations ot the term (anh
acrQS$ and within the heat
exehanqers tor ...oh test
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651 I 1.134 I 1.133 I 1.132 I I.m I 1.129 I 1.1128I 1.127 I l.e26 I I.m I 1.'25 I I I 1.829 I
661 I l.m 1 1.141 I 1.139 I 1.137 I 1.135 I 1.834 I 1.133 I 1.'32 I I.m 1 1.831 I II I 1.S~b I
671 1 I,m I l.m I 1.'38 I I,m 1 1.135 1 1.'34 I 1.133 I l.m 1 I.m 1 I.m 1 I I I,m I
6BI I 1.147 I 1.143 I 1.541 I I.m I 1.139 I 1.'36 I 1.136 1 1.'35 1 1.'35 I l.m I I I I.m I
691 I l.m I 1.120 I 1.'26 I 1.'25 I 1.124 I 1.124 I 1.123 I 1.122 I 1.'21 I 1.128 I • I 1.'24 I
711 I 1.134 I 1.132 I I.m I 1.129 I 1.127 I 1.126 1 1.'25 I I.m I 1.1124I 1.123 I r i I.m I
711 I 1.137 I 1.134 I I.m I I.m I 1.129 I 1.'28 ; 1.123 I 1.'27 I 1.827 I 1.126 1 I 1.138 [
721 I I.m I 1.'3B I 1.136 I 1.134 I 1.833 I 1.132 I l.i31 I I.m I I.m I 1.'29 I I 1.133 I
731 I 1.124 I l.m 1 t.m 1 l.m 1 1.123 I 1.122 1 1.121 I 1.'21 1 1.82' I I.m I I l.m I
741 I 1.129 I 1.1127I I.m I 1.125 I I.m I l.m I l.m I 1.121 1 l.m I 1.'21 1 1 1.123 i
751 I I. m 1 1.132 I 1.83' I 1.129 I 1.'27 I 1.826 I 1.'25 1 1.'25 I I.B24 I 1.124 I I l.m I
761 I 1.137 I 1.135 I 1.133 I 1.'31 I l.m I I.m I 1.128 I 1.821 I I.m I 1.820 I I I.m I
771 I I.m I 1.'21 I 1.121I 1.'21 1 1.121 I l.e2' 1 I.m I I.m I l.m 1 1.818 I I 1.128 I
781 I 1.824 I 1.124 I 1.123 I 1.122 I 1.122 I 1.121 I 1••2. I 1.128 I 1.819 1 1.118 1 I I.m I
791 I 1.128 I 1.127 1 1.126 I I.m I 1.124 I 1.123 I 1.122 I I.m I 1.'21 1 1.51.8 I I 1.523 I
SII I 1.831 I I.m I 1.'2B I 1.127 I 1.'26 I I.m I 1.824 I I.m I 1.823 I 1.123 I I 1.126 I

811 1 .m I 1.112 I 1.115 I I,"B I 1.'11 I l.el3 I 1.1115I 1.817 I 1.121 I 1.'22 I I r.sn I
B21 I .995 I 1.112 I 1.116 I I.m I 1.913 I 1.115 I I.m I 1.121 I 1.821 I 1.123 I 1 1.'12 I
831 I .~93 I 1.111 I I.m I I.m I i.u: I 1.113 I i.us I 1.'16 I 1.t17 I 1.818 I I I.m I
841 I .991 I .998 I I.m I I.m I 1.119 I I.m I 1.112 I I.m I 1.814 I I.m I I I.m I
&51 I 1.194 I l.m I I,m i i.u: i I.m 1 1.115 I l.m I 1.119 1 1.'22 I 1.126 I I 1.814 1
a61 1 .997 I 1.112 1 .•m 1 I.m I 1.113 1 I.m I l.fIB I 1.'21 1 i••23 I 1.126 I I 1.313 1
B71 I .995 I 1.882 I 1.1861 I.m I 1.113 I I.m I I.m I 1.119 I 1.821 I 1.123 I 1 r.uz I
B81 1.994 I 1.'" I I.m I 1.11191 1.'11 I 1.113 I r.us I I.m 1 I.IIB I I.m I I I.m I
891 ! 1.116 I 1.119 1 1.1111 1.112 I I.m ; r.us I I.m I 1.121 I 1.123 I I.m I I 1.115 1
9ft I I.rl! I I.m I I.m I 1.118 I I.m I i.fIb I 1.'13 I I.m 1 1.124 1 l.i28 I I 1.114 I
911~ 1 .998 1 l.f~3 I I.m 1 i.su I I.m 1 1.'15 I 1.119 I 1.'2g 1 I,m 1 1.'25 I I l.m I
921 • I .m I I.m I I.m I 1.189 I I.m I 1.115 I I,m I 1.819 I 1.'21 I 1.123 I I 1.112 I
931 I 1 I.m I I.m 1 I.m I 1.'12 I I.m I i.us I I.m I I.m I I.m I I.m I I 1.115 I
941 I 1 l.m I I.m I 1.118 I I.m I 1.813 I 1.115 1 1.817 I 1.12f1I 1.123 I 1.828 1 I I.m I
951 I 1 .~~B1 1.112 , 1.1151 1.168 , I.tli , 1.114 1 I.m I l.m 1 1.122 , 1.025 1 1 l.m 1
961 a I .997 1 1.U! 1 r.us 1 I.m I 1.811 , 1.813 I I.m I l.fIB I I.m 1 1,123 I I I.m I

____ __ _ _ .. __ 60 __ .. __ .. __ __ __ ...

Table 7.•4. (Cant) V~riations of t~8 term (a/1),
across and within the beat
exchangers tor eaoh test
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971 1 1.84i I I.m I 1.139 I 1.'39 1 1.137 I l.m 1 1.835 1 1.134 1.133 1 1.133 I f 1.11371
981 1 1.146 1 1,144 I I,m 1 I.m 1 1.'39 I.m I 1.836 I 1.135 1.835 I 1,'~'1 1 1.939 I
991 1 1.141 I 1.139 I 1.137 I 1.136 I 1.135 I.m I 1.'33 I l.m l.m I l.m I I I.m I
ISII I 1,848 I I.m I 1.'44 I 1.143 I 1.141 1.84' I I.m I 1.'38 1.137 I 1.137 I I 1.'41 I
1811 I l.m I 1.132 I 1.132 I l.m 1 1.831 l.m I l.m I l.f~3 1.'28 I 1.'27 I 1 1.138 I
lf21 I J.'35 I 1.134 1 1.133 I 1.~32 1 1.131 1.131 I 1.'29 I 1.'29 1.'28 I 1.127 1 I 1.131 I
1.31 I 1.139 1 1.138 1 l.m 1 1.135 I 1.134 I.m I 1.132 I 1.831 1.1311I l.m I I 1.134 I
1141 I 1.1143 I 1.'41 I l.f3Q I 1.'3B I 1.831 1.136 1 1.'35 I 1.134 1.133 1 1.133 I I 1.837 1
1'51 i I.m 1 1.127 I I.",' 1 1.127 I 1•• 26 1.120 1 1.'25 I 1.125 I 1.'24 1 1.124 I I 1.926 1
1861 I I.m I 1.131 I l.m I 1.11311 I.m 1.'28 1 1.127 I 1.127 I 1.126 1 1.825 I I 1.'26 I
li71 I 1.120 I I,m I 1.125 I .1.125 I 1.124 1.124 I 1.124 1 l.m I 1.123 I 1.122 I I l.m I
UBI I 1.'2'1 I 1.129 I 1.'28 1 1.127 I 1.121 1.126 I 1.'26 I 1.'25 I 1.'25 1 1.112S I 1 1.127 1
1.91 I 1.124 I 1.124 I 1.124 I 1.124 I 1.124 1.123 I l.m I 1.122 I I.m I l.i21 I I 1.123 I
1111 I 1.128 I 1.127 I 1.'27 I 1.026 I 1.126 1 1.125 I 1,125 1 1.824 I 1.~23 I 1.123 I 1 1.825 I
1111 I 1.128 I 1.'2B I 1.'27 I 1..i126 1 1,126 I 1.'25 1 1.124 1 l.m 1 1.123 1 l.m I I i.es I
1121 I !.129 I l.i2S I I,m 1 1..26 I I.m I 1.'25 I !.'25 I 1.124 1 1.124 I :.123 1 I 1.926 I._------ _ __ ,---- __ _-- , _ ..--_ -_ ...
1131 .991 I .994 I .996 I .999 I 1.t11 I I,m I l.m I l.m I I.m I 1.811 I 1 1.192 I
1141 .98& I .m I .991 I l.m 1 1.1113I 1.116 I I.m I l.m I 1.112 1 1.1l4 I I I.m I
!lSI .ge8 I .99'S I .998 1 1.1Il 1 1.114 I 1.186 I 1.118 I 1.111 I 1.1ll I J.m 1 I I.m I
1161 .993 I .989 I .994 I .991 I I,m I 1.112 I l.m 1 I.m I 1.117 I 1.119 I I .m I
!I11 .992 I "5 I .997 1 .999 I l.eII I l.m 1 l.m I l.m I l.m I 1.'12 I I 1.182 I
lIBI .991 I .i95 1 .999 1 1."1 1 I.m 1 l.m I l.m I 1.'11 I 1.m 1 1.'16 I f 1.614 I
1\91 .989 I .994 I .997 I 1.111 I I.m I 1.816 I 1.118 1 l.tII I l.m I i.us I I l.m I
1211 .985 I .99' I .994 I .997 I l.m I l.m I 1.1i5 I 1."7 1 l.m I I.m 1 I l.m I
1211 .996 I .998 I l.m I 1.112 I l.m I l.m 1 l.ue I l.m I l.m I 1.115 1 '1.195 I
\221 .993 I .'197 1 .m 1 I.m I 1.185 I l.m I I.m [ 1.112 I 1.'14 1 1.117 I I l.m I
12J1 .991 I .995 I .998 I l.m I I,m I l.m I l.na I 1.U! I 1.813 I t.us I I I.m I
1241 I .987 1 .992 I .995 I .999 1 I.m I I,m! 1.116 I 1.lIa I l.m I 1.'12 I I l.m I
1251 I 1.m I 1.112 I 1.1113I I.m 1 I.m I I.m I I.m 1 l.m I 1.115 1 1.'IB I I l.m I
1261 I .996 I .998! 1.111 I 1.113 I 1.116 I 1.118 I 1.811 I r.ua I 1.110 I 1.119 I I I,m )
1271 I .994 I .997 I 1.118 I 1.1113I 1.886 I 1.118 I I.m I 1.113 I i.us 1 1.117 I I I.m I
12al I .991 I .994 I .998 I 1.ff! I 1.114 I 1.116 I 1.118 I l.ill I 1.113 I l.m I I I.m I_ ,..._ _- -- --_ ....., _---_ - ---_ -..-

Ta))le 1.4 (cont) variations ot the term (~/r)i
aoross and within the heat
oxchangera for each test
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1291 1 1.038 1.037 I 1.835 1 I.m 1 1.133 I 1.132 I 1.131 1 1.831 1 1.11291 l.m I I 1.133 I
1381 1 I.m 1.14' I 1.'38 1 1.136 1 1.134 1 I.m 1 1.132 1 1.131 I I.m I 1.13' I 1 1.135 1
1311 1 1.841 1.144 1 1.141 I 1.139 1 1.138 I 1.'36 I I,m 1 1,~35 1 1.134 1 1,134 I I 1.138 I
1321 I I.m 1.141 I I.m 1 1.137 I 1.135 I I,m 1 1,134 I I,m 1 1.133 1 1.132 1 I 1,'36 1
ml 1 1.138 1.129 1 l.m I I.m 1 1.127 I 1.126 1 1.825 I 1,124 I 1,123 1 1.822 I I 1.126 1
1341 I 1.836 1.134 I I.m 1 l.m 1 l.m I 1.128 1 l.m I 1,826 1.126 I 1.125 I 1 1.831 1
IJ~ 1 I.m 1.138 I 1.135 I I.m I 1.132 I 1.831 I 1.131 I 1.129 1.129 1 1.'28 1 I 1.133 1
1.i61 I 1.839 1.137 1 1.835 1 I.m 1 1.832 1 I.m 1 I,m 1 1.138 1.129 1 1.'29 1 1 I.m 1
1371 1 1.825 1.'25 1 1.924 1 l.m I l.m I 1.'23 1 1.'22 I l.m 1.'21 1 1.128 1 1 1.123 I
1381 1 I.m I.m I 1.128 I 1.127 1 1.126 1 I.m 1 1.124 1 1.823 1.122 1 1.122 I 1 1.126 1
1391 1 I.m 1.'29 1 1.'28 1 1.126 1 1.'25 1 1.'25 I J.f2A 1 I.m 1,123 I 1.922 1 1 r.es 1
1411 I 1.134 1.132 I l.m I 1.1311I 1.829 I 1.128 1 1.'27 1 1.126 l.m 1 1.125 I I 1.129 1
1411 I 1.'22 I 1.122 I 1.822 1 1.822 I 1.822 I 1.'21 I 1.'1211 l.m 1.119 1 l.fll8 1 1 1.'21 1
1421 1 1.'27 I 1.~26 1 1.'25 1 l.m 1 1.'24 , 1.123 I 1.'22 I 1.121 1.121 1 l.m 1 I 1.'23 I
1431 1 1.'28 I 1.'27 1 1.126 I 1.'25 I 1.124 I 1.123 I 1.'22 1 1.122 1.121 1 1.'21 1 I 1.124 I
1441 1 1.131 1 l.m I 1.128 1 1.121 1 1.826 1 1,'25 1 l.m I 1.'24 1.'23 1 1.123 I 1 1.'26 1
....._- _-_ _--- __ _ _---_ -_ _-_ _ ..__ __ _ ..
1451 1 .99B 1 I.m I 1."4 1 1.117 I I.m I 1.1l! 1 1.113 1 1.115 I 1.'17 I I.m 1 I 1.111 I
1461 1.995 I I.m 1 1.114 1 I.m I I.m 1 I.m 1 1.513 1 1.'15 1 I.QI6 I l.m 1 I 1.619 1
1471 I ,992 1 .99DI I.m I 1.116 I 1.118 1 I.m I I,m 1 l.m 1 1.814 1 1.115 1 1 l.m 1
1481 I.m 1 .999 I I.m 1 1.115 1 l.e87 1 I.m 1 1."9 1 I.m 1 i.ru I 1,'12 1 I I.m I
1491 1 I.m I 1.114 1 I.m I I.IIB 1 I.Ott 1 I.m I 1.114 1 1.116 1 I.m 1 1.'21 1 1 1.~11 I
158i I .999 1 1.112 1 I.ns 1 1.118 1 I.m I 1.813 1 1.'15 1 I.m 1 I.m I 1,'211 1 1 I.m 1
1511 1 .994 I I.m 1 1.114 1 I.m 1 I.m 1 1.112 I 1.814 I r.ns 1 I.m I 1.010 1 I I,m 1
1521 I .994 1 .199 I I.m I 1.116 1 1.118 I 1.111 1 1.111 I I.m I 1.lm 1 1.'14 I 1 1.117 I
1531 I 1.815 I I.m I 1.110 1 I,m I 1.112 1 1.'13 I 1.115 I l.m 1 1.520 I 1.123 1 1 1.013 1
1541 I 1."1 I l.m 1 l.m 1 1.119 1 1.'11 1 1.114 I l.m I l.fIO 1 I.m I 1.123 I I 1.912 1
1551 1 ,991 I l.ttI I I.m 1 l.fIB I I,m 1 I.m 1 1.115 1 I.m 1 l.m I 1.121 1 ~ 1 I.m 1
1561 I .997 I I.m I l.m I I.m I 1.81191 1.'11 1 I.m ' '. fl4 1 1.116 1 I.m I • 1 1.1lIJ91
1571 1 I.m I I.m 1 I.ell 1 I.m 1 1.113 1 1.115 I 1.116 I I.m I 1.121 1 I,m I I I 1.114 1
1581 I I,m I I.m I I.m 1 l,fU I I.m 1 I.m I I,m 1 1.119 1 1.'21 1 1.124 1 I I 1.913 I
1591 1 .996 I I.m I !."5 1 I."a I I.m I 1.1113! 1.115 1 I.m 1 1.'21 1 1.'22 I • 1 I.m 1
16et I .m I I.m 1 I.m 1 I.m I 1.816 I 1.812 I I.m 1 1.115 1 I.m 1 l.fIB I I 1 I.m I

TabJ.• 'J.4 (Cont) variations of the term (a/'Y)j
across and within the heat
exchangers for each test
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II I l.m I 1.114 I 1.112 I 1."1 I .ml .ml .ml .994. I .993 I .991 I .998 I
21 II.mll.nll .997 I .993 I .989 I .9Bil I .983 I .981 1 ,918 I .916 I .989 1
31 11.m .994 I .9B9 1 .984 I ,98' I .9771 .974 1 .ml .9711 .968 I .981 I
41 1 .991 .99' I .984 I .979 1 ,9761 .m .9711 .968 1 .967 I .960 I .9771
51 1 .999 .9?8 I .997 I .996 I .995 f .994 .992 I .991 I .991 I .9B9 ! .994 I
61 1 .999 .996 1 .993 1 .991 I .988 I .986 .994 I .991 I .9B8 I .978 I .987 I
71 I .997 .9n I .ge8 I .985 I .9B! 1 .979 .976 1 .9141 .972 I .9711 .982 1
91 I .995 .999 1 .985 I .9BI I .979 I .975 .973 ! .971 I .978 I .968 I .978 I
91 11.113 1,111 I l.m I .999 I .9971 .996 .995 I .993 1 .992 I .991 1 .997 I
Itl I .993 .991 I .989 I .987 I .985 I .983 .992 1 .ml .979 I .9771 .ges I
111 I .912 .999 I .986 I .983 I .981 I .979 .977 I .975 1 .ml .972 I .981 1
121 11.111 .997 I .ml .ml .98? I .984 .982 I .98' I .9191 .9771 .997 I
131 I .'195 .994 I .993 I .992 I .991 f .991 .989 I .98G I .987 I .9ah I .991 I
141 I .995 I .993 I .991 I .989 I .988 I .986 .984 I .982 I .981 I .9791 .987 I
151 I I .996 I .993 I .9911 .987 I .984 I .982 I .908 I .9181 .9161 .9751 .984 I
161 I I .ml .99' I .987 I .984 I .982 I .98' I .978 I .976 I .974 I .973 I .982 I

171 .912 I .976 I .m I .994 I .988 I .991 1 .995 I .m I 1.113 I l.m I 1 .989 I
lal .984 I .994 I 1.114 1 I.m I 1.115 I 1.122 I I.m 1 1.137 I l.m I l.i51 1 1 1.819 I
191 .989 I l.m 1 l.m I 1.119 1 1.121 I I.m I 1.142 1 1.'49 1 I.m 1 1.'61 1 1 1.129 1
211 .995 I 1.115 I 1.117 I 1.127 I 1.'36 I I.SH I 1.'51 1 I.m I I.m I I.m I 1 1.136 f
211 .968 I .911 I .914 I .9'17 1 .98'! .9B3 1 .987 1 .991 I .m I .991 1 1 .992 I
221 .976 I .984 1 .991 I .9YS 1 1.115 1 l.m 1 1.114 1 1.821 I 1.'28 f 1.'36 I 1 1.116 1
2~1 .981 I .991 1 I.UI I 1."6 I l.m 1 1.122 f t.m I I.m I 1.145 I 1.'53 I I 1.'IB I
241 .995 1 .999 1 I.m 1 l.m I 1.123 I 1.131 I 1.139 1 1.146 I 1.153 I I.m 1 1 1.125 1
251 .973 1 .976 1 .979 1 .9B~ 1 .987 1 .991 1 .995 1 1.818 1 1.114 I I.m 1 I .998 I
261 .m I .916 1 .~a2 1 .991 1 .993 1 .999 1 1.185 I I.m 1 1.113 1 1.128 I 1 .995 1
271 .916 I .9B5 I .m I 1.t11 1 I • .,g 1 1.111 I 1.818 1 1.125 I 1.133 1 1of41 I 1 1.159 I
2S1 .919 I .999 I .999 1 I.m 1 I.IIB 1 I.m I 1.'25 1 J.m J I.m J 1.147 J J 1.114 I
291 .965 J .968 J .971 I .914 I .978 I .982 1 .996 I .99' I .995 f l.m I I .991 I
3'1 .96B I .973 I .978 I .993 I .988 I .994 1 I.m I i.8th I l.fea I 1.815 I J .991 I
311 .m J .978 r .985 r .992 t .m t 1.§'6 I 1.113 I 1.115 I 1.123 1 1.'31 I I I.Iel J
321 .m I .981 I .989 I .m I 1.815 I 1.IiB 1 1.815 I l.m 1 I.m I 1.'38 I I I l.fIb I_ _--_ -- _-_ - ---_ -_ "' _ _-- -_ _ _-_ ...

Table 7.S varia·tiOD of the tam. r (alB) CllVBf~]
aoro~s and witbin the beat exohangers
for ...oh test
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3~1 I 1,111 1 I,m 1 I,m I ,9961 .991 I .ml .984 1 .ml .978 1 .975 1 1 .991 1
'341 I .999 I .992 1 .986 1 .991 1 .9771 .ml .9121 .9181 .q~8 1 .967 I I .979 I
351 1 .995 I .987 I .9B~ 1 .ml .912 1 .969 1 .967 1 .966 1 .965 I .965 1 I .974 t
361 1 .995 1 .9aB I ,982 I .978 1 .975 I .972 I .9711 .969 I .m I .967 I 1 .976 1
371 11.81411.11911,11511."'1 .996 I .9921 .989 I .985 I .982 1 ,ml I .99~ I
391 11.ml .994 I .99' I .985 I .992 1 .979 I .976 I .973 I .971 I .9711 1 .982 I
391 1 .9921 .986 I .981 1 .ml .ml .971 I .969 I .967 I .966 1 .965 I 1 .975 1
411 1 .997 I .991 I .987 I .983 I .979 I sn : .975 1 .913 I .972 1 .971 I 1 .98i I
411 1 1.814 I I.m I I.m I I.m I .997 I .993 1 .989 I .986 1 .993 1 .979 1 I .9961
421 1 1.88' I .995 I .991 I .987 I .983 I .98' I .977 I .975 I .973 I .971 1 I .993 I
431 I .993 I .'18B I .983 I .979 I .976 I .9741 .972 I .9711 .96B I .967 I I .977 I
441 I .'196 I .994 I .m: .987 1 .904 I .982 I .92' I .979 I ,978 I .977 I I .985 I
451 I I,m I I.m I 1.117 I l.m I ,998 I .994 I .ml .986 I .982 I .979 I I .997 I
461 II.ml .997 I .ml .988 I .985 I .981 I .978 1 .ml .973 I .978 I I ,984 I
471 1 1.8'3 1 .9'1B I .ml .9B9 1 .986 I .993 I .98' I .978 I .976 I .975 I I .986 I
481 11.ml .995 I .991 I .987 I .984 I .982 I .9SS I ,978 I .9771 .976 I I .985 I

............................. _ ................................................... _ ..-_ ........ _ ......------ ....._ ....-....__ ............... -.................... -- .....------
491 .971 I .9B' I .988 I .996 1 1.814 1 1."S I 1.816 1 1.'25 1 1.1135 I I.W 1 1 l.m 1
511 .902 I .995 I 1.111 I 1.119 I 1.'11 1 1.524 1 1.131 I 1.137 1 1.143 1 1.84~ 1 1 1.119 I
511 .993 I 1.115 I l.m I 1.121 I 1.836 I I.m I 1.85' I 1.'55 I 1.'61 1 1.164 1 1 1.135 1
521 .997 1 I.m I I.m I 1.828 I I.m I 1.144 I 1.'51 I '.~57 1 1.'62 I 1.'66 f I 1.137 I
531 .959 I .966 I .973 I .981 I .9a1 I .995 I 1.,,4 I 1.'89 1 1.121 1 1.'36 1 I .993 1
541 .971 I .988 1 .~B9 1 .m 1 l.m I I.m 1 1.114 I 1.822 I I,m I 1.839 I I 1.1t5 1
551 .979 1 .991 I 1.11' I 1.119 1 l.m 1 1.120 I 1.934 I 1.142 I I.m 1 1.158 1 1 1.'21 1
561 .989 , l.ftl I I.m I 1.110 I 1.82~ I I.m ) 1.841 I I.m I 1.154 I 1.'bl I I 1.'27 I
571 .951 I .957 1 .963 1 .971 1 .976 1 .984 I .992 I 1.1182 I 1.111 1 1.836 1 I .983 I
591 .963 I .911 I sn 1 .994 I .99S 1 .994 i I.m I l.m 1 1.118 1 1.'29 I I .993 1
591 .971 1 .979 1 .98a I .m I l.m 1 l.m 1 1.014 I I.m 1 1.129 I 1.136 I I I.m 1
611 .919 I .991 I 1.111 1 1.116 I 1.114 I 1.'22 I I.m I 1.'38 I 1.147 I 1.'55 1 1 1.118 1
611 .937 1 .945 I .953 1 .961 1 .9/,7 I .974 I .982 I ,'/92 I 1.117 1 1.125 1 I .974 I
621 .957 I .964 I .971 I .916 1 .992 I .996 I .m I l.j~ 1 1.1199 I 1.122 1 1 .986 1
m .964 1 .913 I .982 I .991 1 .998 1 I.m 1 1.869 I 1.117 I 1.'27 1 1.839 1 1 I.m 1
641 .974 I .984 1 .994 1 .999 1 l.f187 1 I.m I 1.124 I 1.'33 1 l.m 1 1.853 1 I 1.113 1

.......... -- -1 ---_ _- - .. __ _- .. -_ _--_ --- ---- ---- .. ---- .. ---- - -- .. --" ~--- .. ----

Tabla 7.5 (cont) variation of th~ term [(alB)
Covet] aCrOBS and within the
heat exchangers tor. each tes' ~
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651 I 1 1.112 I I,m I .qqq I .ml .m 1 .985 I .981 f .978 1 .9761 •9tJ I .989 I
b61 I I .9931 .9P; I .9/9 I .973 ) .969 I .967 I .966 I .965 I .963 I .965 I .973 I
671 I I .9931 .983 I .ml .ml .ml ,9691 .ml .ml .971 I .973 I .9741
hal I I .ml .984 1 .WI .9131 .97' 1 .'1&8 I .967 I .967 I .967 I .96a 1 .973 I
691 • I 1.116 1 1.111 I 1.115 1 1.1" I .995 .991 I .987 1 .m I .979 I .976 I .994 I
711 ; I .999 I .991 I .985 I .988 I .976 .9131 .971 I .ml .968 I .967 I .978 I
111 I 1 .• 993 1 .987 I .981 I .9761 .973 .971 1 .97' I .969 I .969 I .969 1 .976 I
721 1 .9911 .993 1 .976 1 .9721 .969 .967' .ml .ml .966 1 .966 I .ml
73! 1 l.m I 1.116 I I.m I 1.815 I .999 .995 1 .99' I .986 1 .982 I .978 I .998 I
741 II.UtI .994 I .999 I .984 I .99' .976 I .974 1 .971 1 .969 I .96B I .981 I
751 I .992 I .904 I .979 I .9741 .971 .969 I .9611 .966 I .965 1 .965 I .973 I
761 I .ml .982 1 .9711 .9131 .971 .968 1 .966 I .966 I .965 I .965 I .972 I
771 I 1.136 I I.m I l.m I 1.1'4 I .997 .ml .997 I .983 I .979 I .975 I .999 i
791 I 1.114 I .m I .992 I .9ge I .983 .98' I .977 I .9741 .972 I .971 I .984 I
791 I .999 , .992 I .987 I .992 I .9T'I .m, .973 , .971 I .971 I .969 I .98' 1
e'l I .994 I .m I .99:; I .9191 .9161 .973 I .972 I .9711 .969 I .969 I .977 I

..... _ ......... '!" ... ________ ...... _ .. _ ...... __ ... __ ............... _ ........ _ ... .a.. __ .. _ ........ __ ............ __ .................. ___ ...... ___ ............... 1. __ .....

all I I .968 I sn I .906 I .994 I .998 I lo"l 1.114 I 1.123 1 I.m I 1.945 I I I l.a"4 I
821 I .997 1 1.112 1 I,m 1 1.825 1 1.135 1 I,i~ '1.152 1 l.m 1 l.m 1 I.m 1 a 1 1.136 I
831 I .999 1 1.113 I 1.'27 1 I.m I 1.145 I l.m 1 1.'55 1 1.'59 1 1.f61 I 1.'63 , I I 1.141 I
841 1 I.IIS 1 1.122 I 1.'35 I l.m 1 1,854 1 l.'b. 1 l.m 1 ! 1 l.m 1 I.m I , I 1.1:5.1
8S1 ,951 I .961 I .968 I .975 I .983 I .991 I .995 I 1 '.QI7 I 1.'36 I I 1 .91311I
861 I .969 1 .992 I .994 1 I.m 1 1.189 1 l.m I 1.521 I t.~. ..f5' 1 1.'64 I I I I.m I
971 .991 I .999 I I.m 1 1.116 I 1.125 I I.m I 1.'41 I l.m 1 1.'56 I 1.164 1 I I l.m I
881 .994 I 1.516 1 l.m I 1.'29 1 1.139 1 1.147 I 1.854 I 1.'6' 1 1.'66 1 1.172 I • I 1.138 I
091 .934 I .945 I .955 I .963 I .971 r .97] I .985 I .¥91 I I.m I 1.127 I • 1 ,975 I
9BI .957 I .968 I .978 I .997 1 .992 I l.m I 1.119 1 1.821 I 1.834 I 1.153 I • 1 I.m 1
911 .969 1 .982 I .9941 I.m 1 1.119 I I.m I I.m I 1.836 I 1.146 I 1.859 II 1 I.m I
92! .m I .997 I 1.115 1 1.115 I 1.124 I 1.133 , 1.142 1 1.85' I 1.'59 I l.j6B I • I 1.'28 I
931 .913 I .931 I .m I .953 I .961 I .969 I .916 I .985 I .995 I 1.129 I • I .964 I
941 .948 I .958 I .967 I .975 I .983 I .991 I .996 I l.m 1 l.f2' I l.m I I I .9B9 I
951 .961 I .972 I .981 I .991 I ,?9S I I.m I l.m I 1.'22 I I.m 1 l.iSi 1 ! I 1.112 I
961 .916 I .980: .998 I 1.814 I I.m I 1.821 1 1.'38 I 1.1139 1 1.85. 1 1.'bI 1 • 1 1.818 1

Table 7.5 (cont) variation of the tel.'1ll [(a/D)
Caval·] across and within the
heat exchangers for each test
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971 1 l.tIl 1 1.1ib I l.iiI 1 .996 1 .992 1 .988 1 .985 I .982 I .9791 .976 I • 1 .991 1
qBI 1 .9991 .992 1 .987 1 .982 1 .918 I .9141 .972 1 .969 I .968 J .966 I • 1 .979 I
991 1 .996 I .989 I .994 1 .979 1 .974 I .974 1 .972 I .971 1 .9111 .9b9 1 I 1 .978 1
1'" I .999 I .993 I .987 I .982 1 .979 1 .976 I .ml .971 I .ml .969 I d 1 .9a9 1
WI 1 I.m I 1.11t I 1.115 1 I.m 1 .997 I .ml .99' I .996 1 .983 1 .9Bf I 1 .996 1
1.21 1 l.m I 1.114 1 I.'" I .ml .992 I .988 I .985 1 .m! .9811 .978 I I .992 1
U31 11,8131 .997 1 .ml .98B I .984 I .981 I .ml .9761 .975 I .973 I I .985 1
1841 11.8111 .ml .ml .9061 .982 I .9191 .971 I .975 1 .9131 .972 I 1 .983 1
1951 1 1•• 15 1 1.t11 I I.m I I.m I .998 1 .ml .991 1 .967 I .984 I .981 1 I .997 1
1161 II.mf .9991 .994 f .9911 .987 1 .984 I .981 1 .978 I .976 I .974 1 I .991 I
1871 f l.ff2 I .99ft I .995 I .ml .ml .989 I .996 I .984 I .9~? I .981 I I .991 1
1161 I .99n ' .995 1 .992 1 .98'1 1 .987 1 .985 1 .983 I .982 I .;~G I .979 1 1 ,987 1
1i91 1 I •••• I.m 1 1.'11 I I.m I 1.151 I .9911 .ml .999 1 .985 I .981 I II.ml
lUI W I I.m I 1.164 1 I .... I .ml .993 I .989 1 .ml .983 1 .991 1 .97B 1 I .992 I
1111.1 l.m 1 .ml .ml .991 1 .98B 1 .985 I .982 I .989 1 .970 I .916 I I .98e I
1121 • I .999 1 .995 1 .~92 1 .989 1 .987 I .985 1 .982 1 .981 I .9191 .973 I 1 .987 I--_ ......... _ ....._ ................ _ .............._- .......__ ....--- ........._ ......-......... _ ..... _ .....-...._ ............... - .....-...._ ....- ....._ ......._ ......... -.....-...............
1131 sn I .988 I .9Ba I .995 1 I.m 1 1.811 I I,m 1 1.1121 I 1.128 1 1.137 1 I 1.115 I
1141 .983 I .m I 1.'03 I I.m I I.m 1 1.129 I 1.137 1 I.m I 1.'52 I 1.'59 1 1 1.1124 1
1151 .m I I."B 1 1.115 I 1.125 1 1.133 1 1.141 I I.m 1 1.152 I 1.'57 I I.m 1 1 1.133 1
1161 .997 I 1.112 I I.m 1 1.128 I 1.136 I 1.'43 I 1.1St 1 1.1155 1 1.160 1 1.164 I I I.m 1
1171 .961 I .968 I .974 I .991 1 .968 1 .995 I I.m 1 I.IIB 1 l.fIB I I.m 1 1 .'193 1
IIBI .971 I .981 I .991 I .999 1 1.183 1 1.111 I 1.119 I I.m 1 1.138 I 1.'48 I 1 I.II? I
1191 .9a, I .992 I 1.112 1 l.m 1 1.114 1 1.'22 I 1.129 1 1.136 1 1.143 1 1.'9 I 1 I.m I
12.1 .m I .m 1 I.m 1 1.114 I 1.'23 1 1.138 1 I.m 1 10.44 1 1.'5l I 1.'57 I 1 1.'25 I
1211 .951 1 .959 1 .964 I .971 I .971 I .984 I .992 1 l.fBI 1 1.118 I 1.124 I I .983 1
1221 .963 1 .911 I .919 I .961 I .995 I ,m I 1.117 I I.m 1 1.127 1 I.m 1 1 .999 1
1231 .m 1 .991 I .m I .m 1 I.m I I.m 1 1.'17 1 1.'25 I 1.132 I 1.141 1 I I.m I
1241 .919 1 .991 1 I.~" I 1.119 I I.m I 1.'21 I I.m 1 I.m 1 i.m I 1.'52 1 1 I.m I
1251 .941 I .947 I .954 1 .968 1 .967 1 .m 1 .981 1 .m 1 1,114 1 1.119 1 1 .914 1
1261 .955 I .963 1 .m 1 .977 I ,995 1 .993 1 .999 1 1.197 I I.m 1 I.m 1 I .99' I
1271 .963 I .972 1 .981 1 .988 1 .m 1 I.'" 1 I.m I 1.815 1 1.124 1 1.134 I 1 .998 I
1,91 .912 I .982 1 .m 1 I.U! 1 l.it5 I 1.113 I I.m 1 1.83' I 1.139 1 1.849 I I I.m !
.............. __ _ .. __ _ _ .. __ _ t'" _

'liable 7.5 (Cont) variation of the term [(alB)
emf·] across and within the
beat eXQh~ngers fo~ each test
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1291 II.ml .991 I .993 1 .988 I .984 1 .981 I .979 I .ml .973 I .971 I " '4 I
1311 I .99S 1 .996 1 .ge, 1 .975 I .971 1 .969 I .9671 .966 1 .965 I ,m 1 ~ I ') ~ 1
1311 1 .989 I .992 1 .97b ,972 I .968 ! .966 I .965 I .964 1 .964 1 .964 I I I .171 1
1321 1 .9?5 I .987 I .m .ml .974 I .9721 .971 1 .9711 .971 1 .972 1 • 1 .977 1
1331 I 1.114 I 1,9'9 I I,m .999 1 .995 1 .m( .986 I .V83 1 .9191 .976 I • I .ml
)341 1 .997 1 .991 1 .9B5 .989 1 .976 1 .ml .971 I .969 I .969 1 .966 1 1 .919 I
1351 1 .994 1 .986 I .981 .975 I .972 I .m 1 .969 I .966 I .966 I .%5 I 1 .9141
1361 1 .993 I .986 1 .9BI .978 I .975 I .973 I .971 1 .971 I .971 1 .971 1 1 .977 I
1371 1 l.m I 1.113 I l.m 1.183 I .9~a I .993 I .989 I .995 I .981 I .977 I I .997 I
1381 1 .997 I .992 I .997 .993 I .979 I .9161 .973 I .971 I .969 ( .%9 I I .98' f
1391 I 1.112 I .995 1 .999 I .9B~ I .981 I .918 I .9751 .974 1 .972 I .971 , I .982 I
1411 1 .994 I .988 r .984 1 .99' I .977 1 .975 1 .9731 .912 I .9711 .971 I 1 .979 1
1411 I 1.'38 I 1.'25 1 1.115 1 l.m 1 l.m I .995 1 .991 I .985 ( .981 1 .9771 , ••• I
1421 I .998 I .994 ! ,999 I .985 I .981 I .978 I .975 I .972 I .9711 .968 1 " I
1431 , .996 I .9911 .9R5 I .981 1 .979 I •9751 .9131 .972 I .9711 .969 I • 1
1441 ! .ml .99' I .985 1 .982 I ,ml .976 1 .m, .973 I .972 1 .971 1 ,,/ I
.... ___ ..... _______ ............................ _ ................... _ .......... __ ..................... _ ....................... _. __ ...____ -r>_ .. "'......... ___ ""..._ .... _ ...... _

1451 .965 1 .913 I .m I .989 I .996 1 .999 1 1."5 1 1.•• 1 1 1.'IB I I.m I I .m I
WI .981 I .994 1 l.m 1 1.lIe 1 I.'IS 1 1.121 1 1.126 I l.m I 1.135 I l.m I I 1.815 1
1471 .989 1 1.551 1 1.'12 I 1.12' 1 1.821 1 1.831 I 1.136 I 1.149 1 I.m 1 1.144 1 I l.m 1
1481 .987 I .991 I 1.115 I 1.112 I l.m I 1.'21 I 1.124 I 1.826 I 1,927 I I.m I I l.m 1
1491 .951 I .958; .965 I .972 I .979 1 .986 1 .993 1 .997 I 1.'~6 t 1.117 I 1 .982 I
1St! .968 1 .979 I .98a 1 .996 I I.'" 1 1.116 1 1.813 1 1.119 I 1.'26 I 1.934 1 I I.m I
1511 .978 1 .991 1 .999 1 1.1Ib 1 1.114 1 I,m 1 1.127 I 1.'33 1 I.m 1 l.m I I i.us I
1521 .979 1 .991 I .991 I 1.114 I 1.169 1 l.m I I.IIB I 1.122 I 1.124 1 I.m I I I.m 1
1531 ,934 1 .944 I .m I .%1 1 .968 1 .915 I .m I .99' I .997 I I.m I I ,972 I
1541 .959 1 .968 1 .977 I .'i&4 I .992 I .995 I j,m 1 l.el' 1 l.fIB I 1.'29 1 I .m I
1551 .m I .98' 1 .99' 1 .996 I 1."3 1 I.Wl' I I.m 1 1.121 1 j,m I 1.141 I 1 1.196 I
1561 .912 1 .982 1 .991 1 .996 I 1.111 1 1.110 1 I.W 1 1.115 1 I.m I I,m I I I.m I
1571 .912 1 .928 I .941 1 ,951 1 .959 I .967 I .914 1 .992 1 .989 1 I,m I I .961 I
1581 .951 I .9~9 1 .967 I .914 I .981 I .%B 1 ,993 I I.m I l.m I 1.123 I I .985 I
1591 I .• 961 I .971 I .981 I .986 1 .9% I I.m I I.m I i.us I 1.824 1 I.m 1 I .998 I
1611 e I .965 I .914 I .993 r .998 1 .993 1 .998 I I.m 1 t.m 1 I."~ I 1.1lS I 1 .995 I

Table 7.5 (cont:) Var'iation of the terlll [( C(/ B)
Caval] aC"'t'ossand within t.he
heat exchangers for oach test
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11 2,97 I I,Bl I 11.72 I 15.89 ; 33.11 52.9 .69 .23 I 1.15 I 1.11 I 7.33 2.B2 I .3B •111
21 5,09 I 2.11 I 6.BI I 12.91 I 33.B9 1~2.9 2.15 .36 I 1.15 I .99 I '1.19 4.97 I 1.11 ,12 I
31 B.76 I I.BI I 7.13 I 11.32 13MB 155.9 3.'2 .34 I 1.14 I .ge I 2.14 9,19 I 1.71 .19 I
41 17.13 I 1;19 I 7.36 I le.62 I 32.7B 166.3 3.B2 .31 I 1.14 .9B I 2.13 12.67 I 2.19 .17 I
51 2.96 I 3.37 I 11.74 I 15.91 I 3S.19 52.5 .BI .27 I 1.14 .99 I 2.3: 1.53 I .24 .13 I
6\ 6.15 I 3.39 I 6,62 I 12.51 I 29.B3 151.' 2.55 .42 I 1.14 .99 I 2.15 3.35 I .76 .15 I
71 D.95 I 3.35 I 7011 I 12.64 I 29.91 214,3 4.6B .52 I 1.14 .9B I 2.15 5.'3 I 1.43 .14 I
BI 11.91 I 3.32 I 1.35 I 11.94 I 29.77 232.8 5.80 .48 I I.I~ .98 I 2.14 6.B2 I I.B1 .12 I
91 3.25 I 4.34 I B.54 I 13.71 I 29.63 72.1 1.15 .32 I 1,14 I.U I 2.28 1.37 I .24 ,15 I
Itl 5,9B I 4.B5 I 6,B7 I 12.BB I 26.99 152.B 3.11 .52 I 1.'3 .98 I 2.16 2.31 I .65 .19 I
111 9,35 I 4.B7 I 7.f1 I 12.39 I 26.11 213.5 5.B6 .62 I 1.13 .9B I 2.15 3.63 I 1.23 oIB I
121 12.71 I 4.55 I 11.48 I 16.81 I 29.59 246.' 6.44 .4! I 1.13 .99 I 2,31 4.92 I 1.43 .15 I
131 2.99 I 6.47 I B.37 I 13,49 I 26.'~ 64.7 1.23 .41 I 1.'3 .99 I 2.19 ,B6 I .19 .19 I
141 6,ft I 6,43 I 7.S6 I 14.26 I 25,94 163,4 3.15 .62 I 1.13 .99 I 2,21 1,72 I .59 .23 I
151 MB I 6.39 I 7.2, I 13.94 I 26,66 259.7 6,49 .71 I 1.13 ,9B I 2.1B 2,64.1 1.t3 .22 I
161 11.93 I 6.5~ I B.16 I 13.41 I 25.43 214.2 I P4 .72 I 1.'3 .98 I 2.19 3.41 I 1,37 ,28 I_ ..-................ ...- .._ ........_ .................. -- ..............- .......................... _ ...-.............. -_ .......................... - -_ .._-_ .._-
171 2.9B 2,2, I 3B.9B I 33,22 I 9.BB I 1M I .69 I .22 ,9U .99 I 3.93 1.46 I .32 .17 I
181 5.92 2.17 I 43,16 I 35,18 I 10.94 I m.9 I 20fB I .32 .99 I.I~ I 4,35 2.64 I .94 .21 I
191 B.94 2.15 I 42•• 3 I 35.54 11MB I 263.2 I 3,19 I ,31 I.U 1.13 I 4.3B 5.99 I 1.44 .IB I
291 11.92 7.14 I 42.43 I 36.9S I 18.66 I 28B.3 1M. .26 1.IS l.i4 I "'7 5.24 I 1.62 .15 I
211 2.96 3.74 I 38.75 I 32.15 I 9.35 I BS,9 I .78 .25 .98 ,98 I 3,B4 .88 I .21 .2' I
221 5.94 3.69 I 43.1B I 33.26 I 11.39 I 258.7 I 2.11 .37 .99 1.'1 4.21 1,62 I ,\,;5 .261
231 9.63 3.66 I 42.38 I 32.67 I 11.38 I 3B4.4 I 4,6' .46 l.ts 1.'2 4.21 2.46 I 1.74 .26 I
241 11.92 3.69 I 42.52 I 34.11 I 9.97 I H6.t I 5.49 .41 1.11 l.n 4.32 3.11 I 1.45 .23 I
251 2.98 5.2B I 43.4~ I 34.22 I 18.11 I 122.2 I .98 .28 .98 .V9 4.19 .58 I ,11 .24 I
261 6.e! 5.23 I 41.35 I 3U8 I If.12 I 276.9 I 2,P- .n .99 I.IP 3.95 1.24 I .54 ,29 I
271 9.16 5.13 I 41.54 I 31.79 I 11.11 1431.1 15.39 .54 1.18 1.'1 "'2 I.B6 I 1.11 .31 I
2BIlI,84 5.32 I 41.41 I 31,;9 I 11.42 I 517.9 I 6.B5 .53 l.te 1.11 4.fB 2.29 I 1.27 .28 I
291 2.9~ 7.15 I 41.51 I 31.1B I 9.32 I 141.4 I 1.21 .39 .9B I .9B 3.B7 .46 I oil ,311
361 5.97 7.95 I 4I,4B I 29.36 I JM2 I ;16.1 I 3.lt ,52 , .99 I .99 US .93 I .41 .34 I
311 9.13 6.96 I 11.51 I 29.66 I 11.41 I 467.6 I 5.53 .57 I 1.U I 1.U 3.92 1.39 I .71 I .34 I
321 11.84 1.13 I 41. 1 I 29.19 I 11.41 I 599.2 I 7.57 1 .59 ; 1.11 I I.GI 3.96 1.76 I 1.'6 I .33 I-_ ........."'_ .................. -............ __ ................................ '........................... -............ -_ .................... _ ..................... -........................... '"

Table 7.6 Reprssentative valuus of the terms in
the overall performance equation foreach test
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331 2.8:< I I.BB I 9.81 I 2Ml I 33.3B I 131.2 2.51 I .86 I 1.64 I .99 I 2.39 I 2.55 I 1.35 I .27 I
341 5.15 I 1.87 I 9.17 I 15.79 I 32.26 I 162.2 M" .73 I I.V4 I .98 I 2.22 I 5.61 I 2.41 I ,16 I
351 8.8. I 1.78 I 9.29 I 13.B7 I 32.99 I 171.9 5.86 I .54 I 1.64 I .97 2.19 I 9.16 I Ml I .16 I
361 11.94 I 1.17 I 9.94 I 13.11 I 32.11 I 154.5 4.41 I .36 I 1.64 I .98 2.2S I 12,2, I 2.59 I .17 I
371 2.85 I 3.33 I 9.81 I 23,25 I 31.2B I 164.9 3.6e I 1.24 I 1.13 I 1.61 z.sg I 1.39 I 1.11 I .u I
3BI S.77 I 3.35 I 8.92 I 17.75 I 29.77 I 217.4 6.19 I l.i4 I 1.13 I .98 2.27 I U9 I I.B9 I .26 I
391 9.29 I 3.33 I 7.65 I 13.69 I 29.29 1 238.5 7.32 I .77 I 1,13 1 .97 2.16 1 5.23 1 2.26 I .17 1
461 II.Be I 3.34 I 1i.55 ( 15.15 ( 36,15 1 m.2 1.26 ( .591 U3 I .98 :.24 ( 6.44 1 2.22 I .13 I
HI 2.87 I M6 I 9.bI I 24.84 I 29.36 1 177,6 4.77 I 1.6e I 1.13 I 1.60 2.57 1 .94 I .99 I .52 I
421 MS I UB I 8.46 I 18.76 I 29•• 1 I 255.2 7.94 I 1.31 I 1.1l I .98 2.31 I 2.11 I l.b3 I .34 I
431 9.32 I 4.92 I 7.66 I 15.14 1 27.51 I 293.1 IIf,25 I 1,'6 I 1.13 I .98 2.18 I 3.61 I 2.IS I .23 I
iii 11.93 I 4.91 I 12.81 I 17.42 I 26.86 I 234.2 111.39 I .9i I 1.93 I .99 2.33 I \.25 I 1.35 I .26 I
451 2.89 I 6.57 I 9.63 I 24.7B I 27.69 I )HS.I I 6.64 I 2.19 I 1.12 I 1.19 2,65 I .68 I 1.11 I .66 I
461 5.91 I 6.61 I 1.95 I 2'.27 I 26.85 I 316•• 111.62 I 1.02 I 1.12 I .98 2.36 I 1.53 I 1.7' I .46 I
471 9.f5 I 6.51 I 11.95 I 19.33 I 25.96 I 184,9 115,91 ( 1.64 I 1.12 I .99 2.35 I 2.~2 lM6 I .35 I
4BI IM4 I 6.5' I 12.29 I 18." I 25.93 I 29209 116.63 I 1.2. I 1.92 I .99 2.32 I l,26 1 2.68 I .27 I........-_ -- --_ -_ .._-_ _ _ ..__ _ _------- .._ -..-- ..--_ _ .._ ---_ -.._ ..
491 2.92 I 2.21 I 42.78 I 27,41 I 12.19 I 194.f I 2.81 I •96 II.es 11.81 3.9~ I l.illl.261 .43 I
511 5.72 I 2.14 I 39.33 I 29.74 I 12.,9 I 239.5 I 4,79 I .74 I I,ll I 1.12 3.96 I 2.81 I 2.19 I .3a I
511 9.92 I 2.15 I 41.11 I 33,41 I 11.71 I 297.4 I 5.56 I .53 I I.t! I 1.8' 4.27 I 1.15 I 2.5' I .22 I
521 11.56 2.12 I 41.99 I 36.49 I 12.87 I 291,9 I 3.85 I .28 I 1.06 I 1.11 1.43 I 5,17 I 1.:5 I .15 I
531 2.96 3.14 I 43.12 I 22,B3 I 11.61 I 25B,6 I 1.21 I 1.37 I 1.61 I .99 3.58 I .92 I 1.13 : .56 I
511 5.74 3.71 I 39.44 I 25.68 I 11.62 I 342.1 I 6.BI I 1.18 I I,ll I I.BS 3.lI I 1.73 I I.B3 I .42 I
551 8,78 3.77 I 41.68 I 29.B2 I 11.98 I 454.6 I 1,54 I .'17 1 1.11 I 1.62 4.1f I 2.37 I 1.96 I .33 I
561 11,63 3,66 I 42.i~ I 33,35 I 11.95 I 442.9 I 6.22 I .17 I I,if I 1.13 4.27 I 3.1S 1 1.64 I .24 I
571 2.91 5.U I 43.59 I 19.61 I 11.5. I 306,9 I 5.64 I i.e. I l.iI I .98 3.34 I ,6811.161 .61 I
581 5.73 5.38' 39.13 I 22.39 I 11.11 I 411.5 I 8.12 I 1.46 I I.GI I .99 3.47 I 1.27 I 1,63 I .52 I
591 9.7b 5.35 I 38.56 I 25,63 I 11.62 I m,5 11M2 I ('Ie I 1.11 I 1.1& I i.69 I 1.85 I 1,94 I .11 I
611 11.15 5.41 ' 41,93 I ".13 I 11.72 I 595.5 I Y.67 I .12 I 1.11 I 1.12 I 4.03 I 2,17 I 1,65 I .33 I
bll 2,98 1.13 I 43.95 I 16.~J I 11.14 I 347.4 I 7.49 I 2.53 I r.u I ,97 I 3,12 I .56 I 1,39 I .75 I
621 5.74 7.21 I 38.~5 I 19.51 I 1t.73 I m.l 111.18 I 1.99 I I.BI I .99 I 3.28 I 1.11 I 1,57 I .61 I
631 8.BI 7.19 I 39.69 I 23.i5 I 11.83 I m.2 114.47 I 1.55 I 1.11 I 1.11 I 3,58 I 1.44 I 2.94 I ,51 I
641 1I.5B 6.96 I 11.91 127.17 I 11.99 I 737.4 112.92 I 1.82 I 1.11 I 1.11 I 3.92 I 1.77 I 1.03 I .42 I

Table 7.6 (cont) Representative values of the
t.r~9in the overall
performance equation for each
tost
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651 2,87 I 1.96 I 12.22 I 23.89 I 32.41 I 144.8 I 1.44 I 1.14 I 1.13 I .99 I 2.47 I 2.42 I 2.29 I .34 I
6bl 5.84 I I.BI I 9.71 I 16.91 I 3~.19 I lBI.9 I 6.75 I 1.!31 1.14 I .97 I 2.22 I 5.B9 I 3.B3 I .16 I
671 B.Bl I 1.7B I n.sz I lS.SI 33.5' I 179.7 I B.32 I .75 I 1.14 I .97 I 2.23 I B.9B I 4.BI I .u I
6BI ll.ll I 1.79 I IM6 I 11.12 33.J5 I 177.6 I 6.62 I .58 I 1.14 I .97 I 2.22 I u.sz I l.B2 I .iB I
691 2.B7 I 3•• ' I 12.22 I 25.76 29.67 I 167.9 I 6.62 I 2.16 I 1.12 I .99 I 2.63 I 1.31 I 1.96 I .11
711 5.97 I 3.;16 I 9.6B I 21.14 31.26 126M Ill.28 I 1.74 I l.i3 I .9B 12.27 I 3.14 I 3.43 I .39 I
711 B.91 I 3.35 I 11.69 I 17.38 38.63 I 274.1 112.69 I 1.25 I l.f3 I .9B I 2.22 I 4.86 I 3.B7 I .28 I
721 1l.B. I 3.35 I B•• l I 14.37 3I.B6 I 291.1 112.13 I .91 I 1.13 I .97 i 2.1. I 6.64 I 3.69 I .15 I
131 2091 I 4.97 I 12.16 I 26.84 27.91 I 174.1 I B.74 I 2.B2 I 1.12 I I.il I 2.73 I .B8 I 1.76 I .69 I
741 5.89 I 4.93 I 9.66 I 21.1I 27.77 I 294.2 114.77 I 2.32 I l.i2 I .90 I 2.33 I 2.t9 I 3.t'6 I .42 I
751 B.83 I 1.94 I 8.38 I 17.9~ 2B.79 I 3.t.4 116.94 I 1.74 I 1.1l I .97 I 2.21 I 3.31 I 3.52 I .2B I
161 u.u I 4.BB I 8.22 I 15.46 28.99 I 367.9 116.59 I 1.2. I 1.13 I .97 I 2.16 I 4.59 I 3.49 I .21 I
771 2.99 I 6.64 I 19.43 I 23.2: 24.47 I 163.e 111.94 I 3.45 I l.i2 I 1.11 I 2.62 I .71 I 1.65 I .77 I
781 S.93 I 6.62 I 9.72 I 21.iS 25.33 I 297.7 1t6.6" I 2.64 I 1.82 I .9B I 2.39 I 1.54 I 2.56 I .52 I
791 B.92 I 6.59 I 9.45 I 19.1\ I 26.71 1369.5 119.71 I 2.i3 I 1.12 I .9B I 2.27 I 2.44 1'3.15 I .37 I
BII 11.94 I 6.38 I 9.29 I 1,.79 I 27.11 I 3BI.3 119.IB I 1.47 I 1.11 I .98 I 2.21 I 3.45 I 3.18 I .27 I

811 2.94 I 2.2, 11M' I 23.74 I 12.8a I 213.2 I 4.78 1.53 I I." I I." I 3.60
821 5.81 I 2.21 I 42.27 I 2U6 I ll.5' I 341,3 I B.78 1.27 I 1.11 I 1.911 4.2B
B31 B.78 I 2.15 I 46.5' I 32.14 I ll.4S I 325.9 I 9.33 .B2 I 1.11 I I.U 4.29
B4I ll.B2 I 2.13 I 41.7' I 35.32 I 13.35 I 332.1 17.63 .51 I 1.11 I 1.15 4.46
B51 2.95 I 3.72 I 41.21 I IB.4. I 11.84 I 297.B I 7.84 2.61 I 1.11 I .99 3.31
861 5.98 I 3.71 I 42.45 r 23.91 I 11.11 I 413.9 111.65 I.BI I l.ft I 1.12 3.91
971 9.16 I 3.71 I 4i.97 I 27.3B I 11.'7 I m.1 113.B6 1.37 I 1.11 I 1.83 4.19
BSI 11.72 I 3.69 r 41.B~ I 31.31 I 13.69 I m.6 112.44 .B9 I 1.81 I 1.64 4.31
B9I 2.99 I 5.31 I 41.54 I 15.57 I II.B3 I 312.' 11M3 3.1, I 1.12 I .9B 3.f1
9&, ~.91 I 5.35 I 42.45 I 28.17 I 11,18' 566•• 115.14 2.U I 1.11 I 1.1f 3.59
911 8.76 I 5.36 I 41.42 I 23.BI I II.S' I 66S•• 117.42 J 1.82 I 1.11 I 1.11 3.B6
921 11.88 I 5.32 I 42.82 I 27.16 I 1276 I 722.5 116.98 I 1.26 I 1.1l I 1.83 4.13
931 3.92 I 7.12 I 41.81 I 13.96 I 1I.~5 I 359,1 113,i! I 4.41 I t.81 I .96 2.82
941 5.88 I 7.1l I 42.42 I 17.95 I 1I.1~ I 611.5 116.B9 I 2.82 I I,ll I .99 3.33
951 O.B! I 7.11 I 41.49 , 21.66 I 1i.36 I 753.' IIS.14 I 1.94 I 1.11 I 1.11 3.65
961 11.19 i6.75 I 42.11 I 26.48 I 12.77 I BII.6 116.94 I 1.311 1.11 I 1.62 3,96

1.51 I 2.16 I .51
2.54 I 3.79 I ."7
3.95 I 4.17 I .21
S.IB I 3.42 I .18
.99 I ,.13. .68
1.60 I l.O9 I .51
2.39 I 3.64 I .39
3.15 I l.24 I .38
.77 I 2.1I I .79
1.27 I 2.83 I .63
1.75 I 3.21 I .59
2.22 I 3.11 I .41
.63 I 1.92 I .85
1.11 I 2.3B I .7i I
1.41 I 2.53 I .56 I
I.B3 I 2.41 I .45 I

Representative vmlUes of the
terms in the overall
performance equation for each
test

Table 7.6 (Cent)
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971 ; •• I 1.94 I 9.57 I 28.29 I 33.~1 I 131.8 I 2.37 I .8' I 1.04 I .99 I 2.38 I 2.51 I 1.23 I .26 I
981 5.79 I 1.92 I 8.77 I 15•• ' I 32,95 I 168,7 I 3.B9 I ••5 I 1.14 I ,99 I 2.23 I S.17 I 2.17 I .15 I
991 B.98 I 1.99 I 18.3~ I 11.28 I 31.99 I 149.6 I 4.93I .52 I 1.t3 I .98 I 2.22 I B.6' I 2.65 I .u I
llil II.SB I 1.92 I 18.89 I 14.4~ I 33.67 I 114.7 I loll I .34 I 1.14 I .98 I 2.26 I 19.75 I 2.1Y I .18 I
ISlI 2.a9 I :l.38 I 9.62 I 22.54 I 31.1.1 I IhI.S I 3.45 I 1015 I J.g, I I.S9 I 2.47 I 1.11 I l.i3 I .39 I
IS21 5.96 I 3.33 I 13.38 I 21.34 I 31.48 I 283.5 I 5.71 I .91 I 1.13 I .99 I 2.45 I 2.97 I 1.13 I .26 I
1131 9.15 I 3.23 I 12.16 I 18.19 I 31.59 I 232.S I 6.61 I .69 I 1.13 I .98 I 2.34 I 1.91I 2.18 I 017 I
iiiI 11.57 I 3.31 1 19.91 I 15.9. 1 31.87 I 217.9 I b.ll 1 .51 I 1.14 I .98 1 2.29 I 6.U I 1.86 1 .13 I
US! 2.91 I 4.93 I 9.59 I 23.37 I 29.13I 172.1 I 1.59 I 1.52 I 1.13 I 1.'9 I 2.54 I .95 I .93 I .5' I
!ill 5,93 I Me I 9.23I 19.11 I 28.61 I 251.2 I 7.15 I 1.17 I 1,13 I .99 I 2.33 I 2.18 I 1.46 I ,33 I
1171 8.93 I 4.91 I 13.121 17.75 I 25.49 1 176.1 1 8.431 .91 1 1.'2 I .99 I 2.36 I 3,15 I 1,71 I .24 I
!j81 Il.BI I 1.92 I 12.43 I 16,25 I 25.93 I 192.2 I 7.98 I .65 I 1.13 I .99 I 2.31! 4,23 I 1.63 I .19 I
1f91 3,'4 I 6.85 I IB.n I 25.81 I 29.12 I 194.1 I 6.69 I 2,1' I 1.12 I 1.U I 2.66 I .19 I .98 I ,64 I
IIff M7 I 6.62 I 11.33121,49 1 27.81 I 159.11 B.S2 1 1.42 1 I.U 1 .9912.16 I 1.51 I 1.31 I .12 I
till 8,78 I 6.71 I 11.311 18.97 I 26,84 1287.6 111017 I 1.22 I 1.13 I .99 I 2.36 1 2.27 1,1.69 I .32 I
1121 11,65 I 6.8e I 11.57 1 16.83 I 25.68 1 261.6 1(8.77 I .89 I 1.8l I .99 I 2.31 I 3.f3 I 1,61 I ,25 I

1131 2.98 I 2.15 I 41.26 I 28.2e I 12.68 I 165,4 I 2.35 .76 I I,IS I I.SS I 3,85 I
1141 5,81 I 2.16 I H.62 131,42 I !l.13 126M I M8 .621 I.U I l.e2 I 4.16 I
1151 8,99 I 2,13 I 49,96 133.91 1 12.67 I 275,8 I 4,74 ,46 I 1,16 1 1.13 1 4,26 I
1161 1I.8i I 2.12 I 11.51 I 36,22 I 12,43 I 276,6 1 3.99 ,29 I 1," I I,ll I 1.3B I
1171 2.97 I 3,67 I 12,,~ I 24,1\ I li,96 I 23;,3 I 3.31 1,87 I I,e, I .99 I s, 66 I
1181 5,84 I l,74 I 4I.8i I 27.12 I 11.78 1 372.8 1 5,n .94 I I," I 1.11 1 ;,96 I
1191 8,94 I 3,69 I 48,41 I 3!.27 I 12.11 I 396.2 I 6,61 ,66 I 1,18 I l,i2 I 4.i1
1211 11,74 I 3.7e I 41,58 I 33,25 I II,B6 I m.l I 6,62 .45 I l,ge I l,i3 I 4,22
1211 2.98 I 5.33 I 42.76 I 2e,64 I 11.66 I 283.9 1 4,66 1,53 I I,f! I .98 1 3.U
1221 5,08 I 5.34 I 11,92 I 24,13 I li.67 I 453,1 1 7.58 I,n I 1.11 I I,,. 1 3,69
1231 8,98 I 5.27 I 39.93 ~ 21.34 I 1I,45 I 492,3 I B,5! ,88 I I,U I i.u I 3,81
1241 11,76 I 5.35 I 41.!ll 3t,5B I 11,61 I 565,B I B.2L ,63 I I.U I 1,92 I 4.
1251 3,U I 7.16 I 42.65 11MB I 1&.5i I 331,' I 6,81 2.28 I r.u 1 .97 I 3 .3
1261 5,94 I 7,f9 I 41.99 I 21,23 I 11.17 I 532,3 I 9.13 I 1.58 I I.f! I .99I 3.49
1271 8.98 I 7,11 I 39.3B I 24.19 I 11,18 I 591,5 111.61 I 1.22 I i.u I I.n I l.61
1m 11,)4 I 7,11 I 11,71127,75 i 11.32 I 713.8 111,35 I ,&9 I l,iS I I,j! I l.92

1,47 I 1.i9 I
2,71 I I.S4 I
4,11 1 2016 1
5.33 I 1.81 I
.92 I ,91 I

1,67 1 1,57 1
2.52 I 1.76 I
3,14 I 1,58 I
.68 1 .S9 1

1.24 I 1.42 I
1,87 I 1.61 I
2.24 I 1,51 I
,56 I ,99 I

I,ll I 1.39 I
1,47 I 1,65 I
1.76 1'1,59 I

,39 I
.29 I
,21 1
.15 I
.51 I
.41 I
.31 I
,2A 1
.62 1
.58 I
,l9 I
.ll I
,73 I
,58 I
,17 I
.48 I

Table 7.6 (Cont) Representative values of the
terms in the overall
performance equation for each
test
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1291 2.94 I 1.93 I IB.91 I 21.SS I ~1.Sll 13M I 3.55 I 1.16 I 1,13 I .9B I 2.41 I 2.57 I I.B1 I .38 I
JJeI 5,B7 I 1.92 I 9.52 I Ih,hS I 32.45 I 179.7 I 0.33 I .99 I 1.ll J .97 I 2.22 J 5.59 I l.39 J .17 I
1311 B.S4 I 1.92 I 9.83 I 13.96 I 32.52 I IB6.' I !.56 I .bB I l.i4 I .97 I 2.IB I B.51 I 3.51 I .11 I
1321 II.BI I 1.B7 I 12.18 I 15.43 I 32.61 I 16B.6 I •• 6B I .51 I l.e4 I .98 I 2.2B I 11.19 I 3.65 I .i9
1331 2.93 I 3.39 I li.95 I 25.21 138.65 I IBM I 5.11 I 1.76 I 1.13 I .99 I 2058 I 1.36 I 1.61 I .49
1341 5.98 I 3.3B I 9.41 I 19.29 I 3IoIB I 25'.3 I 9013 I 1.44 I l.i3 I .9B I 2.21 I 3.13 I 2.71 I .2B
1351 8.86 13.35 I 9.i9 I 16.46 I 31.B7 I 21809 IIB.3S I I.S~ I I.n I .97 I 2.21 I 408. I 3.16 I .19
1361 11.12 I 3.41 I 11.31 I 16.211 29.U7 I 213.3 I 9.B6 I .78 I 1.93 I .9B I 2.<6 I 6.1. I 2.96 I .15
1371 2.97 I 4.9S 11MB I 25.5' I 2B.38 I IBo.S I 7.52 I 2.39 I 1.82 I I.se , 2.67 I .n I I.S~ I .64
13BI 5.94 I 4.93 I 9.31 I 28,75 I 2B.15 I 298.2 III.BS I I.B9 , 1.83 I .9;' I 2.34 I 2.19 I 2.45 I .49
1391 B.B5 I 4.86 I 9.39 I 17.73 I 26.27 I 314.7 1l3.72 I 1.44 I I.S3 I .~d I 2.23 I 3.33 I 2.SB I .27
1411 II.BB I 4.85 11MB I 16.92 I 2B.OI I m.3 113.34 I I.e) I 1.~3 I '18 I 2.26 I 4.48 I 2.Bl J .21
1411 3.'8 I 6.58 I 11091 125.12 I 26.29 J lau 111.76 I 3.,6 I 1.12 I I.S. I 2.73 I .68 I 1.63 I .1B
1421 5.19 I 6.6' I 9dJ I 21.79 I 26.5B I 319.9 115.51 I 2.45 I 1.12 I .9B I 2.41 I 1.55 I 2.1f J .51
H31 B.9S I 6.57 I 9.B4 J lB.i3 I 26.IB I 339.9 IIS.SB I 1.94 I 1.12 I .98 I 2.28 I 2045 I 2.S9 I .36
1411 IJ.BB J 6.11 I 1'.12 I 17.B3 I 26.94 136M IIB.27 I 1.42 I 1•• 3 I .9B I 2.21 I 3.23 I 2.B3 I .2B I

1451 2.92 I 2.15 36.58 I 23.31 I 12.15 I 167.4 I 4.31 I 1.41 I I.!! I 1.11 I 3.46 I 1.63 I 2.12 I .·16 I
H61 5.93 I 2.14 36.92 I 2B,16 I 1(.87 I 229.1 16.38 I .91 I l.ft I I.Sl I 3.79 I 3.14 I 2.9! I •• 6 J
1471 B.92 I 2.13 37.61 I 31.'1 I 11.17 I 259.9 I 6.9B I .65 I 1.11 I I.il I 3.96 I 4.1! I 3.21 I .21 I
HBI lI.ee I MD 34.83 I ;S'.75 I 1I.l9 I 212.41 b.lB I .15 I I.ft I I.BI I 3.71 I 6.48 I 0,12 I .15 I
1491 2.94 I 3069 37.97 I IB.87 I 11.17 I m.9 I 6.53 I 2.IB I 1.91 I .9B I 3.IS I I." I l.el I .63 I
1581 5.97 I 3.71 37.lI I 2l.e1 I 1I.9B I 34209 I 9.26 I 1.44 1.11 I 1.91 I 3.59 I I.B6 1 2.51 I .44 I
1511 9.94 I 3.78 38.13 I 21.36 I 1I.!1 I 415.1 111.65 I 1.86 1.81 I 1.81 I 3.8l I 2.62 I 2.04 I .34 I
1521 II.I! I 3.69 34.78 I 2Ml I 11.67 I m.1 119.29 I .76 1.11 I 1.91 I 3.63 I 3.71 I 2.17 I .24 I
1531 2.95 I 5 •• 3 .7.41 I 15.99 I H.6' I 27M I VOSS I 3.69 1.61 I .97 I 2.96 I .77 I 1.75 I .15 I
1541 5.98 I 5.29 31.6B I 21.15 I 1I.9f I 129.1 112.28 I 1.96 1.11 I .99' '.Ii I 1.3B' 2.34 I .56 I
1551 9.95 I 5.31 I 39.29 I 24.29 I 1l.1I I 543.6 111031 J I.U 1.81 I I.U I 3.61 I 1.91 I 2.6S I .44'
1561 11.99 I 5.34 I 34.21 125.29 I H.61 I 459.7 114.11 I 1.•12 1.11 I 1.e9 I 3.59 I 2064 I 2.75 I .33 I
1511 2.94 I 1.11 I ~~. ,: I 14.3' I 12.14 I 2~'.1 111.96 I 4.IB 1.11 I .96 I 2.76 I .62 I 1.75 I .B4 I
1581 S.IB I 7.19 I 3:.7' I lD.5! I II.B5 I 49S.' 115.52 I 2051 1.iI I .98 I 3.21 I t.19 I 2.22 I .6S J
1591 B.93 I 7.99 I 3B.Sl I 21.B2 I 1t.1I 1643.4117.12 I 1.92 I.fl I 1.1e I 3.51 I H9 I 2.42 I .53;
1661 11.97 I 7.B9 I 31.79 I 23.17 I 11.46 1548.9 1l1.75 I 1.3B I.BI I .99 I 3.37 I 2.19 I 2.52 I .Ie I

Table 7.6 (Cent) Representative values of the
terms in the overall
performanoe equation for each
test
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8. VERIFICATION OF THE SIMPLIFIED THEORETICP~ MODEL
(PERFORMANCE EQUATION) BY COMPARISON WITH THE
COMPREHENSIVE 1. JORETICAL MODEL AND EXPERIMENTAL
DATA.

8.1 Introduction

'l'hebasic manner in which the performance equation will
be employed is to predict thermal duty from a knowledge
of the inlet process conditions (flowrates and tempera-
tures) and the overall design characteristics Nt (or
overall transfer coefficient ileA). The basic pro-
r.edure is defined in Section 7.5.5 and the accuracy is
now examined by compa.ring predicted values ('':the water
efficiency against the actual values.

8.2 Overall database

In order to thoroughly check the performance equation a
large database of simulated conditions has been genera-
ted to supplement the experiment dato..Jase. The comput-
er simulator was run for a wide variety of flow condit-
ions (water-air flow ratios from 0,75 to 4,0), for heat
exchangers with widely differing design characteristics
(N* values from 1,0 to 4(0) over the full range of
temperature and pressure conditions. Details ~re given
in APpendix P. The overall database against which the
simplified theoretical model or performance equation is
to be verified thus comprises 160 experimental points
and 490 sjmulated ~est points.
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8.3 Comparison of actual performance against that
predicted by performance equation

The accuracy Cifthe performance equation has been exam-
ined by comparing the predicted values of th~ water
efficiency against the actual alues. The full data-
base of 650 points is shown plott~d in Fig ;re 8.1.
Also shown on Figure 8.1 is the line of i'-,entity.
Clearly, the correlation is satisfactory for such a
wide variety of process conditions and heat exchanger
design characteristics.

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

different experimental geometries
water cooling against air cooling processes
experimental test data aqa.Lnat,simulated test
data
high water-air flow ratios against low water-air
floVl ratios

From this examination it has been concluded that there
is no consistant trend apparent with regard to the de-
viation of the points from the lin, v~ identity. HoW-
ever, Figure 8.1 indicates an ir.era.t in the deviation
at the higher water efficiencies. 'rhe explanation for
this lies in the method of estimating the pseudo-
specific heat. The i~accuracy in estimating the repre-
sentative value of the pseudo-specific heat from a
knowledge of the inlet conda...ions will inevitably
increase as the temperature range of the water in-
creases. This is be~ause of the effect of ths curva-
ture of the a:igma er,ergy - temperature relationship is
greater the wider the range in temperature,
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Purther work on the estimation of the value of the rep-
resentative pseudo-specific heat ~ill be beneficial at
a later stage after further experience h~s been gained
in the application of the method and a wider database
is in axistence.

In any event, Figure 8.1 clearly indicates that the
method is both accurate and versatile.

8.3.1 Quantification of accuracy

The accuracy has been statistically quantified in terms
of tl::.edifference betwaen ".ctual and predicted water
efficiencies measured in percentage points. This in-
formation is summarized in Table 8.1 for all the 650
data points. The overaLl average absolutA error of
less than 1 _.ercentage point in predicting the water
efficiency is considered to be accep' +il.e,
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Table 8.1 statistics related to the difference between
actual and predicted water efficiency for
entire database (values are given in percentage
points)

Absolute errors Ac"::ualerrors
--

ave. s d* min max ave. s d min max

All tests 0,8 0,8 0,0 5,9 0,0 1,1 -3.1 +5,9
-

Cold water 0,5 0,5 0,0 3,1 -0,4 0,7 -3,1 +2,7
tests

Hot water 1,0 1,0 0,0 5,9 +0,4 1,3 -2,3 +5,9
tests

* standard deviation
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9. DISCUSSIONAND CONCLUSIONS

The main objective of this work is the development of
an improved and simple method for the thermal analysis
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 conclusions. This chapter is
thus divided into two parts; the first part is direct-
ly related to the overall method of performance analy-
sis and the second part to the other secondary con-
clusions.

9 ..1 Overall performance eli,uation

9.1.1. General philosophy

The approach adopted in solving this problem has been
to develop simple equations to describe the change of
energy state of the water and air streams as well as to
describe the heat flow from an elemental wet area. The
definition and introduction of a multiplying parameter
into each of these three sim~le equations allows them
each to describe the physical mechanisms exactly.
These three equations are then algebraically manipulat-
ed to produce the overall performance equation and the
accuracy of. the original three equations is generally
retained in the final equation. It is only once the
final overall equation has been developed that some
simplifications are introduced.

This tactic has b"~n extremely vaLuabf,e in identifying
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the correct form of the overall equation and the rele-
vant grouping of parameters. The more commonly used
approach of starting with approximate equations would
not have been successful in identifying the important
issues and details would have been lost. This has been
particularly true with regard to the new equation's
ability to identify and account for the difference
between vlater cooling and -ai.r coolir.g applications.

The essence of the new performance equation is embodied
in four issues. First, the algebraic development of a
performance equation in which it is not necessary to
identify which fluid pas the minimum thermal capacity.

Second, the use of sigma energy differen~es to des~ribe
the driving force for heat transfer from a wet surface
(in place of enthalpy pot.errtLaL) as well as the change
in energy scate of the air stream.

Third. the definition and introduction of the pseudo-
specific heat term based on sigma energy: the major
difference between direct contact and non direct
contact applications lies in the fact that the specific
thermal capacity of the air stream varies signiricantly
in direct contact units since it is dependent on
moisture content, whereas it has a constant value in
non direct contact units (assuming of course that no
condensation occurs). The introduction of the pseudo-
specific heat term based cn sigma energy is of funda-
mental importance. (It should also be noted that the
new method makes use of the specific thermal capacity
of dry air as a reference valu~ in the non-dimensional
NTU term. This is the case for all therm3l capacity
ratios and is possible because of the first. issue
discussed above.)

Fourth, the use of the term (a/1) i in combination



240

with the 'thermal capacity rate ratio': recall that

(9.1)

The term (a/1)i has been introduced to account for the
changes in mass flow due to condensation or evaporation
(and the use of sigma energy). The term has a dis-
tinctly different vaLua for water cooling and air cool-
ing applications. This is clearly evident from Figure
7.16. It is through the definition and introduction cf
(a/1)i that the method can account for the differences
between condensation and evaporation processes.

9.1.2 Specification of performance equation

The method is r.owpresented in it.s entirety, following
which its application is discussed. (For the sake of
convenience the equation and family of curves are re-
peated here.)

The overall performance equation is shown in Figure 9.1
and ,;.sgiven below:

1 _ e - It (1 - l/R')

R' _ e - N' (1 - l/R')

where (9,2)

heAl (niac.)
(n\.ew) / (ni.c;w)
0,95 (n\,cwl I (ni.C::wl

: for water cooling
: for air cooling

'rhe values of the pseudo-specific heat term are deter-
mined from Figure 9.2. Thus the new methoCl is entirely
encapsulated in Figures 9.1 and 9.2.
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9.1.3 Issues related 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 to that employed in conventional
heat exchanger theory. The work described presents the
complete development of a method whi~h is directly ana-
logous and generally consistant with the fundamental
approach used in conventional heat exchanger theory,
and one in which the alg~braic fo:rn of the equation and
the meaning of each of t~le parameters and their
grouping can be understood.

It is in the use of the pseudo-sp~_lfic heat term that
a sligh.::i::-I"'onsistencyarises when compared t<:>conveu-
tional heat exchanger theory. To be exactly :onsist-
ent, the pseudo-specific heat should in princ i.pLe des-
cribe the chanqe of energy state of the bulk air
stream, whereas it describes the energy of saturated
air at the sul"face temperature. without this slight
inconsistency with the normal theory, it is not poss-
ible to develop a performance equation of this nature
\'Jithacceptable versatility and accuracy. As mentioned
earlier., Jaber and Webb(23) reviewed numerous past
attempts to apply the standard NTU method to cooling
towers, and concluded that all the related definitions
were flawed. This statement is basically a reflection
of the problem of describing the specific thermal capa-
city of the air 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 significantly with changes in
moisture 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, effectivenesp and 'capacity
rate' ratio are tha onlL correct and consistant jnter-
pretation of these heat exchanger terms for cooling
towers. However it should be noted that the question
of 'exact consistency' becomes a little subjective,
since it depends on the interpretation of the basic
conventional equations and thL.lr solution to produce
the final overall equation, which may be arrived at
through more than one sequence of logic. For example,
Jaber and Webb define a pseudo mass flow rate of water
which depends on the temperatur.es of the water within
the tower and barometric pressure. (In achieving this,
they introduce a term which is very similar in
principle to the pseudo-specific heat fo~ air defined
in this thesis). Their 'capacity rate' ratio then
becomes a ratio of two mass flow rates. It could be
argued, tnat to be 'col'sistent' 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
mass rate capacity ratio obviously also affects the
definition of the number of transfer units.

Notwithstandi.ng, Jaber and Webb have captured the basic
methodology of the normal heat exchanger procedures.
However, the algebraic development of a performance
equation in which it is not necessary to identify which
fluid has the minimum thermal capacity is simply a
progression from the normal NTU-effectiveness
equation. The author submits that conventional heat
exchanger theory itself could be simplified by
representing the equation$ in this form. Without
doubt, for direct contact processes this form of the
equation solves many problems inherent in other
:nethods. For example, with direct contact units it is
possible for the minimum thermal capacity fluid to
change over the length 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 e~uation, in which
it is irrelevant which fluid has the lower therrIlc>.:Lcap-
acity, is an unambiguous definition of the basis of the
NTU number. In previous work on cooling towers there
have been many inconsistancies(23) i some
authors{97,99(101), make use of an NTU based on the
air stream, while others(14,24,98,100) make use of an
NTU based on the water stream.

The development of the performance equation in this
thesis has concentrated on the counterflow configura-
tion; .ioweve r there is no reason why the same princi-
ples cannot be applied to any other configurations,
such 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 pref err'ed format. Recall that this
format is independant of whi.ch fluid has the lower
thermal cayacity ratio. The effectiveness must be
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 air stream. Take, for
example, crossflow spray chambers which are often used
in cooling mine ventilation air underground. These
designR 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-eff~ctiveness equation may be
transposed to:

e
-N ( 1 - e .. (N R)]]

[ 1 .. (9.3)
R
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Also, for parallel flow heat exchangers the normal
equation may be transposed to

- N [ 1 + l/R ]
1 - e (9.4)

1 + R

In these equations, R is the ratio of the water thermal
capacity to the air thermal capacity and N is based on
air thermal capacity for all conditions.

The method is thus basically analogous to conve~tional
heat exchanger theory and there would be some mer.it in
extending this unification to include evaporative air
and fluid coolers. Further work should also examine
the F-lcg 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 d i scuas Lon is the
extrapolation of the performance equat.i.onoutside the
range of conditions studied here. Because the equation
is fiundamentia.lLy sound, the general appzoach can be
used for any conditions provided appropriate values are
chosen for (aIr) i and [(a/{3) cava:(k]. The 1 universal'
values selected earlier for (aj·y) i and r (a/f3) cavaf*]
are applicable to the present range of conditions 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/"l) i and [ (aj{3) cavaf*] for thuse
cond LcIons . This can be achieved tihrouq' .he use of
Figures 7.16 and 7.18. For example, an air cooling
duty app.l.Lc .c.Lonwith cold wat er (say 5 ·C) and air
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hotter than 50°C would indicate an appropriate value
of (air) i greater than 1,1 and a value of
(alfi) cavaf*l of about 1,03. On tne other hand, a
water ~ooling application with water hotter than 50°C
and cold air (say 5°C) would indicate an appropriate
value of (alr) i less than 0,95 and a value of
[(a/,B) cavaf* 1 of about 0,98.

It should be noted that unless extremely hot air is in
contact with extremely hot water throughout th0 heat
exchanger, it is unlikely that the appropriate value of
[(alfi) cavaf*l will be significantly different from the
1,005 kJ/;_;gKdiscussed earlier.

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

9.1.5 Equivalence with Merkel's method

Inherent in the new method is an equivalence to the
Merkel or standard method. The description of thermal
performance through Figure 9.1 may be directly compared
to the standard method of represe~ting the Merkel
approach. The 'equivalence' becomes apparent when the
axes in Figure 9.1 are transposed so that the value of
the design characteristic, N*, 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 'equivalent' of this for the Merkel method is shown
in corresponding Figures 9.5 a and b. (Note, Figure
9.S.b is an exact replica ~f one of the CTI(59) sets
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of cu~ves with the specified 'Approach Temperatures'
translated into watier efficiencies.)

A comparison of Figures i.4 and 9.5 illustrates the
difference between the new approach and the standard
Merkel approach. It must b~; r'otea ti1ut Figure 9.5 is
only applicable for water c~oling applications, for a
single wet-bulb temperature, a single barometri~
pressure 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 5C DC) for all baro-
metric pressures (80 to 120 kPa), for all water
temperatures (0 to 50 DC) and f0r both water cooling
and air cooling applications.

This comparison clearly indicates the versatlllLy of
the new:nethod. As a furthe z 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 is the description of the thermal
performance in ter~s of the imposed process conditions
and a value of the overall design characteristic. This
first part has been the main subject-.of this thesis
(summarized in Figure 9.1). Note howev~r that this
does not include a descrip':ion of the desLc.n of the
unit itself. The second part is r.he description of the
design features related to the basic geometry and flow
considerations which fix the nature and amount of con-
tact surface provided, the relative velocity of the air
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stream to the water surface and the thermodynamic prop-
erties of the fluid streams.

Because of the explicit nature of ~he algebraic solu-
tion that has been developed for the overall perform-
a~ce equation, it is now possible to examine how the
two parts can be combineq.

As discussed earlier, heat transfer and mass transfer
data ar~ usually correlated in similar ~eLationships
and through this similarity the mass crans Cer co-
efficient is descr :.bed in term", of the heat transfer
coefficient. Data on heat transfer coefficients are
normally correlated through(96):

Nu a Reb Prz (9.5)

Appendix J discusses the interpretation of this re-
lationship for direct contact air-water heat exchangers
iT' ;-:tail. In these applications, variations in
Prandtl nuu.ber do not playa significant role and
essentially they may be dropped from this relation-
ship. Accounting for this, and including a term for
surface area, Equation 9.4 may be expanded to give:

Nu.A PaV'" V d

Ilavf

b] A (9.6)

It will have been noted that the film coefficient and
the surface area have been combined in a single overall
term given as /rcA. This is because 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. Also, the wetted area of the packing would
primarily Qepend on the pack~ng geometry and, to some
extent, the water flow rate. If, for a single geo-
metry, the surface area is related to water flow rate
alone (and assuming a rudimentary power function for
this relationship) then this allows the equation to be
re-written as below. Although this relationship is
simplistic, it serves to illustrate the ability of the
new equation to include a description of the design
features.

Nu.A (9,7)

Rearranging this produces:

(9.8)

Note, the 1efthand bracketed term contains both geo-
metric and 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 significantly for most operating
conditions (see Appendix J). Hence the following
correlation (similar to that examined in Chapter 6) has
been investigated:

N' =
ileA . (9.9)
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Introducing the thermal capacity rat.e ratio gives;

Q.) R*n (9.10)

p.ll)

substituting this into the overall performance equa~ion
gives ;

E *w

- 0R*n (1 - l/R*)
1 - e (9.12)

- 0R'n (1 - IjR*)R* .• e

This equation thus allows the overall equati,n to
incl~de a description of the basic design features.

In examining Equation 9.9 further, curve fitting
routjlles have been applied to the data reli:'tedto the
four packlng geometries examined earlier. Values of
the coefficients are given in Table 9.1.

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

a3 m, n R2

12 mm Flute 0,6 m ht 0,92 0,29 0,48 0,89
12 mm Flute 1,2 m llt 2,04 o , 11 0,40 0,90
19 mm Flute 0,6 m ht 0,95 0,18 0,44 0,93
19 mm Flute 1,2 m ht 1,56 0,19 0,39 0,96
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So typically Bquation 9.9 may be given as:

(9.13 )

(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 possible to rate
the thermal performance through a single character-
istic, cP • It should be noted that the design factor cP
is not a strong function of the process flow rates. It
is independant of water flow rate and will only vary
slightly with air flow rate (to the power of about
O,?) • The design factor cP is slightly dependent on
temperature conditions through the pseudo-specifio heat
term; however this is not a strong function (to the
power of about 0,4).

The experimental data for the four different packing
conf igurations is shown plotted i,n Figure 9.6. It can
be seen 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. These latter two varj~tions may be explained
and accounted for through Equations 9.10 or 9.13.

Thus it is possible to characterise a single unit
through a single line on a plot of E*w vs R*. The
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position of the line would vary s~ightly depending on
air flow rate at •.=] • '''(wailing t.ernperctrure conditions,
but these can " 'l, ..:ountedfor throush Equation 9.10.

9.1.7 Explanation of factor-of-merit method

Historically, the first step in the present sequence of
logic was the original development of the so-called
factor-of-merit method by Whill~er{17f18,19). This
approach, although entirely empirical, drew on a number
of the fundame~tal 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 between mining
clients and cooling tower suppliers. The underlying
reason is that the form of the performance equation was
empirical. There was no algebraic development from
heat transfer basics which could lead to a fundamental
understanding of the form of the equation and the
performance trends that it described. FUrthermore, the
accuracy was often questioned, particularly when the
performance of water cooling and air coo l inq installa-
tions were being compared. An enhanced understanding
of this approach and its limitations is now possible.

The essence of the factor-oi-merit method is that a
single characteristic may be used to describe the
thermal performance of a heat exc~anger. 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 different
from the factor-of-merit a.pproach in its definition of
effecti venass ,.ld thermal capacity ratio. However, an
analogy may be drawn to the reasoning presented in
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Section 9.1.7 and this explains why it has been poss-
ible through the factor-of-merit method to roughly
describ.: the thermal performance through a single re-
lationship between effectiveness and a thermal capacity
ratio. The inaccuracy in the factor-of-merit method
stemmed from the simplistic definitions of effectiv.:;-
ness and thermal capacity ratio (which have now been
refined). Furthermore, deviations from a single curve
are to be expected for different temperature conditions
and widely differing air flow ratios (as explained
through Equation 9.10).

9.1.8 Further research related to the overall
performance equation

'rhe method dave Loped in this thesis is versatile,
simple and directly analogous to conventional heat
exchanger theory. It thus has thl:..potential to become
a widely accepted analysis tool. ~.)Wever, in order to
facilitate this, it is anticipated that fUrther work is
required with respect to describing the design
characteristics of various items of eq~ipment along the
lines given by Equation 9.8. The arguments, in terms
of correlation, presented in Section 9.1.0 are simplis~
tic and there is considerable scope for the development
of a more sophisticated and fundamentally sOllnd method
of correlation of the mechanical design information.
There are important improvements that can be made in
t.his area.

9.2 Additional specific conclUsions

In addition to the overall performance equation, there
are some interesting points which emerge as specific
conclusions of this work.
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9.2.1 Beat transfer at a wet surface

Merkel(12) developed a simplified equation to des-
cribe the total heat transfer from ~ wet surface in
wh Lch the driving force is given by the difference
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
has become known as the enthalpy potential and has been
widely utilized for estimating heat flow from wet sur-
faces. Its use, however, involves a total of seven
sequential approximations ear.h of which individually
may have errors of up to 10 p~r cent. The overall in-
accuracy has been determined on a statistical basis for
a total of more than 10 OGO sets of conditions. The
statistic distribution of these inaccuracies is
presented in Figu~e 9.7.a (repeat of Figure 6.9). Note
that the errors are not small and that the approximate
values deviate significantly from the accurate value.

An improved simplified equation using sigma energy
differences has been developed. This is given as:

{3 (
(9.15)

Caval"

'1'hestatistical distr ibution of the inaccuracy in this
simplified equation with {3 = 1,1, is given in Figure
9.7.b (repeat of Figure 7.4).

Clearly, the aacuracy of this new simplification is
cons Lde rabky better than th£'t of the Merkel equation.
Equation 9.14 should be considered as a stiat.ement; of a
much improved approximation for the total heat flow
from a wet s:urface (in the absence of radiation).
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Figure 9.7 Errors in approximnte equations for
beat transfer from wet surface



262

9.2.2 Comparison of procedures for determining mass
transfer

A study of the literature uncovered a surprising number
of different approaches to quantifying mass transfer.
Hence, this 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 cent for the range of
conditions under consideration. For higher tempera-
tures, this difference can be even greater. This re-
flects poorly on the state of the art of convective
mass transfer for the most common water-in-air evapora-
tion and condensation processes.

9.2.3 Effect of ~adiation in direct contact heat
exchangers

Arguments have been presented to justify neglecting the
radiative heat transfer component in direct-contact
heat exchangers. This component has been quantified by
comparing 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 normally of the order of
0,5 per cent. Note that the convective heat component
itself is small, when compared to the total heat
transfer.

9.2.4 Values of transport properties of water vapour -
air mixtures

The thesis contains a comprehensiv~ compilation of all
the thermodynamic properties and equat.Lona related to
the interaction of the air and water streams within
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direct-contact heat exchangers. A considerable dis-
cussion has been presented with regard to a number of
these parameters and in particular the diffusion co-
efficient for water vapour in air. A compilation of
this nature is not readily available in any other
single text.

).2.5 neat and mass transfer analogy and value of the
index, z

The literature indicates that the value of the index z
in the heat and mass transfer analogy relationship
[given by (pr!Sc)Zj depe~ds on the geometry and flow
situation. ~o single valup. of z is always
correct(67).

B~sed on the present set of data, the opportunity
existed to examine this issue from a fresh point of
view, since the data contained Lnforn.atiLon on both heat
transfer measurements and mass transfer measurements.
'rhe value of z was calculated for each test and the
subsequent statistical analysis indicated that the
appropriate value of z is not significantly different
from the value of 0,67. It was concluded that the
value of z is not affected by the direction of mass
transfer. Neither is it affected by the change in
packing configuration. There was also no evidence that
changes in Reynolds number, water flow or air velocity
affected its value.

9.2.6 Supersaturation of the air stream

The modelling of the supersaturation phenomena relies
on the ±ollowing assumptions:



264

Fog appears instantly with supersaturation.
Transfer coefficients remain unchanged with fogging.
Moist air and fog exist as a homogeneous mixture.
Fog droplets pass through heat exchanger packing
together with the air stream but are captured in the
demister.

Based on the above, the rnodel was found to accurately
predict the mass transfer rate fer the test.:;in which
fogging occurred. These were mostly the water cooling
(evaporation) application. "lVheresubstantial Ruper--
satur ation did occur, the fogged flow was typicall~'
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 coefficients for
evaporation and condensation tests

The experimental programme was structured so that, for
the same flow and geometry conditioqs, equivalent tests
were done for cold water/hot air conditions and hot
water/cold air conditions. This allowed the effects of
these changes in temperature cOllditions 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 generally
greater than unity and on an average basis the value of
NUcold water was 7 per cent greater than
NUhot water·

The values of the ratio NUcold/hot covered a wide
range from 0,88 to 1,49; and this is probably an
indication of the limitations of the simple heat and
mass transfer analogy employed and of tne basic
logarithmic correction term used to account for the
effect of mass transfer on the transfer coefficient.
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Two further areas of research outside the scope of th~
present study are suggested. The first is an examina-
tion of the heat and mass transfer analogy and the
con ..:ctionterm, on the basic premise that NUcold/hot
should equal unity. The second is a stud" of the
effect of water viscosity and surface t~~~ion on the
formation of set surface areas in packed towers.

9.2.8 Comp~ehensive theoretical (computer) model

This research has included the development of a compre-
hensive computer model for the simulation of counter-
flow direct-cnntact a.ir=watier heat exchangers. The
program is succeasf uj in its ability to model real heat
exchangers, and apart from heat and mass transfer
criteria, takes account of the supersaturation or fogg~
ing of the air stream. The verified computer simulator
Can be considered as an independent product of this re-
search and has the potential of being useful to other
researchers in this field.

9.2.9 Unique ~xpcrimenta: database

Included in this research has been the generation of a
unique experimental database on the performance of a
suite of direct-contact heat exchangers. This informa-
tion is unique in that identical situations were tested
for evaporation and condensation conditions. The elt-
perimental error and the uncertainty in the results
have been carefully quantified. This data also has the
potential of being useful to other researchers in this
field.
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9.3 Concluding statement

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

The explicit performance equation developed here has
the potential to achieve this since all that is re-
q~ired is a familiarity with normal heat exchanger con-
ventions. 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 air cooling applications and appears
to be accurate and versatile.

In order to gain wide acceptance future verification is
needed in en~ineering practice and fUrther work is re-
quired with respect to describing the design character-
is~i~s of wide range of direct-contact heat exchangers.
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APPENDIX A Equations used to evaluate the thermody-
namic properties of moist air

1 Psychrometric properties

A knowledge of the various psychrometric properties of
moist air is required in the modelling of thermal per-
formance of water-air heat exchangers. Some of the
psychrometric parameters are basic physical properties
of air o~ water vapour and have been determined by
measurement or by the application of fundamental pro-
cedures. Other psychrometric properties are evaluated
from these basic parameters through the gas equation of
state. Goff and Gratch's(40,41) work on calculating
and tabulating accurate thermodynamic properties of
moist air is generally considered the most accurate
information available(10,21,29). However, the
simplest approach is based on the ideal gas equation,
Dalton's Law of partial pressures and the adiabatic
saturation (or the th~rmodynamic wet-bulb) pr.ocess.
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 nis 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 and other more accurate re-
lationships. To illustrate thie, consider the en-
thalpy of saturated air over the range of conditions
being examined - the maximum error incurred in using
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
for its use is the need to be consistent with past work
on cooling towers and be able to make direct compari-
sons with existing experimental correlations.

Equations to evaluate the various parameters are lis~ed
below. Mcst of this information is ~vailable in
standard texts(10,21,29,42).

1.1 Water vapour pres3ure

The water vapour pressure of saturated air is a func-
tion of t.ernperat.ure ,,,1,,."d may be described by a num-
ber of equations of vclrying complexity and
accuracy(43,44). The relatively simple empirical
equation(42,45) used here pr.edicts the saturated
vapour pressure to ~ithin 0,1 per cent of the tabulated
values of Goff and Gratch(40, 41)

pvs
( 17,27 t/(237,3 + t »

0,6105 e (]cpa) (A.l)

A consideration of the energy balance in the classical
adiabatic satur.ation process (which defines the thermo-
dyna~ic wet-bulb temperature) allows the actual water
vapour pressure to be expressed in terms of the satur-
ated vapour pressure, wet-bulb temperature, dry-bulb
temperature and total pressure as :

p. = p"" ( 1.555,6 - 2,465 1;.b + 1.,005 tdb ) - p. 1,005 ( tdb - tWb ) (A.2)
1555,6 + 0,139 tdb - 1,599 twb - 0,14 (P..../p) ( tdb - 1;.b) •
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The development of this relationship uses the equations
for the enthalpy of water vapour, air and water given
later. The saturated vapour pres s-rr e in Equation A.2
is calculated at the wet-bUlb temperature.

1.2 Moisture content

The moisture content of the air may be evaluated from a
knowledge of the water vanour pressure and the flE.;:-fF<~t

gas laws. Two definitions of moist.ure content are ap-
plicable: first, the mass of water vapour per unit
mass of air-water vapour mixture (the true specific
hUmidity, Wv) and, second, the mass of water vapour per
unit mass of dry air (the apparent specific humidity,

W) (42).

01622 p, I ( P - 0,378 Pv ) (kg/kg) (A.3)

W 0,622 Pv / ( p Pv ) (kg/kg) (A.4)

1.3 Density

Three definitions of density are relevant. First, the
true density of air-water vapour mixtures, which is the
mass of air-water vapour mixture per unit volume.
Following Dalton's Law and the perfect gas relationship
the true density is given as(42):

0,287
( p - 0,378 Pv )

(1•• 5)Pay ==
273,2 + tdb »
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Second, the density of the pure air, which is the mass
of dry air per unit volume:

( 0,287

p - pv )---
273,2 + tdb»

(kg/r.13) (A.6)Pa

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

Pv
pv

0, 461 ( 273 I 2 + tdb » (kg/m3) (A.7)

1.4 Enthalpy of water vapour

The entnalpy of wat.ar vapour can be obtained from stan-
dard tables(28J, 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 wabe r vapour
is not strongly dependent on the degree of superheat
and may he described with sufficient accuracy as a
"Ingle function of temperature (see Figure A.1). This
observation sUbstantiates the assumption that water
vapour behaves as a perfect gas. The enthalpy of
water vapour may then be given as:

( 2501 + 1,84 t )>:103 (J/kg) (A.8)

This equation is shown plotted with enthalpy(28) in-
formation for both saturated and superheated water vap-
our in Figure A.1. In studying this figure, note
that, for the range of conditions being considered, the
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water vapour pressure has a minimum value of zero, a
maximum value of 12 kPa "."'ld a typic 11 value of 2 to 4
kPa.

'l'hemaximum error in using Equation A.8 would occur at
50 ·C and would be between plus 1,5 and minu~ 2,0 kJ/kg
depending on the degree of saturation. However
Equation A.S (fitted by the author) is considered an
improvement over the equations suggested in many
texts(10,11,21,29) which are fitted to the saturation
conditions only.

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

dig / dt 1840 (J/kg K) (A.9)

1.5 Thermal capacity or specific heat of air-wa'ter
vapour mixtures

The thermal capacity or specific heat at constant pres-
sure of pure air may be considered to be constant and

'have a value of 1005 J/kg K (this value changes by less
than 0,1 per cent(28) over the range of ~onditions
being considered). The thermal capacity of water
vapour was discussed above and may be consideced to
have a conacant; value of 1840 J/kg K.

The thermal capacity of air-water vapour mixtures de-
pends on the moisture content. The thermal capacit.i,'
of moist air is usually quoted per unit mass of dry
air(42). This is done for the convenience of calcu-
lation techniques used in normal 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 incorre::t 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 become evident in
Chapter 6.

Thus, two different specific heat terms for moist air
are applicable. First, the thermal capacity of a.i.r-
water vapour mixtures per unit mass of dry air.

1005 + 1840 W (J/kg K) (A.l0)

Second, the true thermal capacity of moist air per unit
mass of moist air.

(J/kg 11.) (A.ll)

Cay Ca~(l [ ( p - Pv ) / ( p - 0, 378 Pv ) ]

1.6 Enthalpy of air-water vapour mixtures

Following Dalton's Law, the enthalpy of an air-water
vapeur mixture is the sum of the enthalpies of the dry
air and the water vapour. IIIthe application used in
this study, as is usually the case, the enthalpy is
expressed per unit mass of dry air. This is given as:

1a ::: 1005 tdb + W ( 2501 + 1,84 tdb )xl03(J/kg) (A.1<::)
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A number of sample calculations over the range of con-
ditions being considered indicates that the difference
in calculating the enthalpy through Equation A.12 and
the more accurate routine advocated by Goff and
Gratch(40,41) is less than 0,5 per cent.

1.7 Sigma heat content

The use of the concept of sigma heat content b of con-
siderable value to the hypothesis presented in this
thesis. The sigma heat content is expressed per unit
mass of dry air and is defined as the enthalpy of the
moist air minus the enthalpy of the water vapour con-
tent, calculated as if the water vapour was present ~s
liquid water at the wet-bulb temLerature. The conr t
or sigma heat content arises out of a con~ideration of
the adiabatic saturation process, during which the
sigma heat content of the moist air remains exactly
constant (the enthalpy remains only approximately c(.'ln-
stant). This is discussed in detail in Chapter 7.

The thermal capacity of liquid water may be considered
to have a constant value of 4187 J/kgK; this value
changes by less than 0,5 per cent(28) over the range
of temperatures being considered.

The sigma heat content of moist air per unit mass of
dry air is given as:

(Jjkg) (A.13)

Sigma heat content is a unique function of wet-bulb
temperature (at any given ba romet cLo pressure). Al-
though this is not clearly apparent from studying
Equation A.13, it is in fact mathematically exact.
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1.8 r~tent heat of vapourization

The value of the latent heat of evaporation or conden-
sation of water vapour can be found in standard(28)
texts. The latent heat varies slightly with tempera-
ture and may be calculated from(42):

,\ == (2501 - 2,387 t )d03 (J/kg) (A.14)

The value of the latent hc!at should be assessed at the
surface temperature at which the evaporation or conden-
sation takes place(46).

2 Transport properties

A pre-requisite for calculating the total heat transfer
from a wet surface into an air stream is a knowledge of
the value of the transport properties of air-water vap-
our mixtures at different temperatures and water vapour
content. Since empirical equations are used, thj prop-
t?rties must be calculated on the same basis that. led to
the original correlation. All the correlation equa-
tions considered here make use of an average te')era-
ture condition (i.e. the ~ erage of the surface
temperature and the bulk air stream temperature; this
is referred to as the 'film' temperature). Further-
more, the air-water vapour mixture at this intermediate
condition is co 'i.dered to be saturated (25).

2.1 Thermal conductivity

The kinetic theory of gases predicts that unless the
pressures are extremely low, the thermal conductivity
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of gases would not be affected by pressure
changes(10,27,28). In reality. for the pressures
under present consideration, the thermal conductivity
of air increases by about one p.:r cent per 100 kPa
pressure change(26, 33) Thus, the variations in
pressure from 80 to 120 kPa are expected to cause a
change of less than 0,5 per cent in the thermal
conductivity. This is regarded as insigniEicant and
the thermal conductivity of the moisture is considered
to be independent of pressure.

The variation of the thermal conductivity with temper-
ature for both air and pure water vapour can be found
in a number of standard texts(10,28,35). These
trends are found plotted in Figure A.2 where it can be
sc:!enthat the thermal conductivity varies in al1
approximately linear fashion with temperature.

The values 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 conditions
presently being considered, where the maximum value of
the mass fraction of water vapour is 0,10 (50 ·C satur-
ated air at 80 kPa), the thermal conductivity of moist
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
consider~d the most accurate available (used by ASHRAE
and the US National Bureau of Standards). A curve
fitting exercise based on this information has produced
the following equation, which predicts the data to an
accuracy of better than 0,5 per cent for the range of
conditions being considered.

k ( 240S + 7,788 t )xlO·S (W/m K) (A. IS)
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2.2 Dynamic viscosity

Again, as in the case of thermal conductivity, the kin-
etic tneory of gases predicts that the viscosity would
be independent of pressure. (Jacob(39) states that
when this result was confirmed by experiments it became
one of the strongest supports of the kinetic theory).
In reality, it is generally accepted that for the range
of pressures being considered, the viscosity is in-
dependent o£ pressure changes(28). perry and
Chilton(26) state that changes in viscosity with
pressure are only significant for pressures exceeding
1000 kPa. 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 number
of standard texts(10,28,35). These trends are shown
pJotted 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
air has a dependence on composition. Mason and
Monchick(35) present quasi-empirical data (they made
empirical adjustments to the theoretical equations) for
the full range of air-water vapour mixtures. A curve
fitting exercise based on this information has pr~duced
the fClllowing equation, which predicts their data to an
accuracy of better than 0,4 per cent for the range of
conditions being considered.

P. K4 +Kst

where

K4 1,722 - 0,387 Wv )x10·5

Ks 4,736 - 1,481 Wv )x10·8

(Nsjm2) (A.16)
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For the range of conditions present.ly under considera-
tion the maximum value of the true specific humidity or
the mass fraction of water vapour is 0,10 (50 ·C satu-
rated air at SO kPa) and for this condition the viscos-
ity does not vary by more than 2,5 per cent from that
of dry air. However, Equation A.16 is used throughout
this study to calculate the viscosity of moist air.

2.3 Diffusion coefficient of water vapour in air

Mason and Monchick(34,35) examined a considerable
amount of experimental data and made empirical adjust-
ments to the theoretical constants in the virial
equation of state of real gases. They then recalcu-
lated the diffusion coefficient value and tabulated
this information for temperatures up to 300 ·C pressure
of one atmosphere. These values are recommended by
the us BJreau of Standards(35) and ASHRAE(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 10"7 Tl,694/ P (m2/s) (1'.17)


