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PREFACE

This study is concerned with the influence of moisture
deposition on the heat and mass transfer characteristics of
a8 simple dehumidifying exchanger model. Analysis of the
governing conservation equations (without the deposition
effect) is made by integrating the equations in the "Lewis
Number Unity" form but using asctual numerical values of the
Schmidt and Prandtl numbers. These analytical predictions
are compared with experimental data obtained from condensing
and noncondensing tests.
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fingers and toes!) may be credited in no small measure to
Mr. Cooper.
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wife, Beverly, and my daughter, Lori, who sacrificed not
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CHAPTER I
INTRODUCTION

The problem of predicting heat and mass transfer rates
during removal of a condensable vapor from a non-condensable
gas finds considersble application in the chemical process
industry. However, in terms of the number of square feet of
exchanger surface produced each year, one of the single
largest applications of dehumidifying exchangers is in re-
frigeration and comfort air conditioning systems.

Man's earliest attempts to lower the temperature of some
part of his environment did not require the use of heat eox-
changers in the modern sense. At least five centuries before
Christ, the Egyptians made use of a combination of evapor-
ative and interstellar radistional cooling to produce modest
quantities of ice and cold watarl}]% ,tr The first recorded

use of natural ice for temperature control has been traced to

3%  Numbers in brackets refer to bibliography

1An unglazed earthenware vessel of water was placed on
a rooftop after sundown. Slaves fanned the vessel through
the night and skimmed the film of ice that formed. Reference
(1] relates that Richard the Iicnhearted received a
frozen sherbet made by this process from Saladin, his adver-
sary during the Crusades. Such a feat in the Asian desert
must have been impressive but it is not recorded whether
Richard was sufficiently Lionhearted to consume an aparatif
presented by a man sworn to kill him!



Alexander the Great in Persia about 330 B.C. who made use of
snow-packed trenches to cool wine for his legions[z].

Primitive refrigeration machinery was under development
in the 18th century. Early designs used to reffigerate sea-
going meat storage vessels were mostly open-cycle air
machines using reversed steam engines for the compressors.
A practical closed-cycle machine was patented in 183)4[1].2

Increasing interest in environmental applications'of
refrigeration equipment in the 1920's and 1930's led to the
development of the finned evaporator still in wide use
today‘&ﬂ . Although this development made possible the com-
pact evaporators needed to cool ldarge quantities of air at
low velocities and pressure drops, their design became
almost exclusively a "ecut and try" process due to the in-
creased complexity of the convection and conduction
phenomena associated with these units.

The purpose of this work is to study one particular
problem associated with finned evaporators, that of predict-

3

ing the effect of moisture deposition on finned surfaces.

2Jacob Perkins, an American engineer, developed this
machine using ether as the working fluid. He was one of the
earliest designers to use a two-phase refrigerant and intro-
duced the terms "condenser" and "evaporator". The machine
was patented in England but never achieved any great degres
of commercial success.

31n the interest of clarity and brevity of the problem
statement, references will be deleted. Chapter II contains
a detalled literature survey.



It has been recognized for some time that, for a given temp-
erature difference, a finned evaporafor will operate more
effectively (i.e. it will transfer more sensible heat) 1if
dehumidification is occurring simultaneously., The obvious
explanation is that deposition of moisture on the surface of
the exchanger (as drops, a wavy film or some combination of
the two) disturbs the boundary layer in the same fashion
that wavy or louvered fins do. Although this is a generally
accepted explanation, experimental work has been limited to
either impractically simple configurations or ordinary
evaporators with such "extra" factors as bypass air and
refrigerant tube spacing which tend to cloud the signifi-
cance of the findings. In addition, real evaporator
configurations practically defy realistic mathematical com-
parisons. In view of the need for a better means of
predicting the phenomena of heat and mass transfer enhance-
ment due to moisture deposition, the following progream was

established:

1. Mathematically analyze simultaneous heat and
mass transfer for humid air flowing betweem
parallel flat plates. The solution rmst be
sufficiently simple to make parametric studies
possible yet be sensitive to the effect of

mass transfer on sensible heat transfer.

2. Use predictions from step (1) to design a

closed loop device capable of measuring actual
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performance of an exchanger configuration simi-

lar to the mathemsticsl model.

Obtain data relating to heat transfer, mass
treansfer and frictional characteristies. Pre-
sent in terms of the total (enthalpy) Colburn
j=factor, total Nusselt number, sensible J-
factor, mass transfer j=factor and Fanning
friction factor. Compare to dry (non-condens-
ing) tests and to analyticel predictions of

the performence of the same exchanger.



CHAPTER II
LITERATURE SURVEY

Although this paper is primarily concerned with the
influence of moisture deposition on condensation, literature
on this specific subject depends heavily on the body of 1lit-
erature in the general area of condensation heat and mass
transfer. Therefore, this chapter is subdivided into the
areas of pure component condensation, mixture condensation,

exchanger design and moisture effects.
Pure Component Condensation

Even though exchangers designed specifically for cond-
ensation service have been built for well over a century,
the first analytical investigation of this phenomenon is use-
ually credited to Nusselt in 1916 [3]. His model was a
vertical flat plate held at a constant temperature below the
saturation temperature of the surrounding vapor (Figure 1).
By assuming that the weight of the condensed fluid is bal-
anced only by shear stresses at the wall, he derived an
expression for the velocity profile in the condensate layer
of the type

/) 2 2
w=5r 0 (o - X5

Bk
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- Figure 1. Nusselt Pure Component Condensation Model

This made possible relationships for the mass flow of conden-
sate in terms of both mean velocity and thermal parameters.

These expressions resulted in a differential equation for 6
which has the solution

6 = YUk (6g - ty) x

Heat transfer resistance was postulated to result only from

the 1iquid film. Thus

ECER S \L‘/ kD1gg x>

VIV (s - &)

Eckert and Drake [h] show the experimental validity of Nus-

selts result (reprodnced in Figure 2) by plotting the actual
Reynolds number |
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Figure 2. Experimental Comparison with Nusselt Analysis

H‘x (tg ~ tw)
Liirg

RedS(experimental) =

versus the result of Nusselt's analysis

Tkﬂ32/3x (tg = ty)

Rey (emalytical) = | 8o 11s 11573

}3/h

Figure 2 illustrates that higher Reynolds numbers result in
an increase in heat transfer not predicted by the Nusselt
analysis. This is due to instability in the film at larger
film thicknesses resulting in turbulent motion.

Sparrow and Gregg [5} developed a more precise analysis
of the Nusselt problem by using boundary layer analysis (i.e.
the differential forms of the mass, momentum and energy con-

servation equations) to account for the acceleration term

deleted from the force balance in the original solution.
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Figure 3. Spsarrow and Gregg Analysis of Pure Vapor
Condensation

This correction produces a Prandtl number dependence but is
only significant at high heat rates and low Prandtl numbers
as indicated in Figure 3. This correction also includes é
buoyancy term neglected in the earlier analysis. The most
important result of this anelysis is that Nusselt's work is
shown to be applicable over a wide range of fluids.' This,
when considered with the fact that the work of Sparrow and
Gregg requires extensive numericel analysis of the boundary
layer equations, mskes Nusselt's solution quite attractive;
Several variations of Nusselt's original work appear in
the literature. Koh solved the Nugselt-Sparrow-Gregg con-
figuration by integral analysis but added no information to
that already available [6]. Similar analyses of the hori-

zontal plete problem (more generally, a plate normal to a



body force) have been made by Koh [?] and Leppert and Nimmo
[8]. However, thess studies do not have direct application
to the present problem and are included merely to indicate
the range of literature svailable in the general area.

There is an extensive body of literature available on
experimental work in the field of pure wvapor condensation
which is especially important in those configurations that
do not readily yield to analytical investigation. For in-
stance, Beatty and Katz [9] correlated some 342 tests of
pure component condensation on the cutside of spiral-wound i,
low=fin tubing and obtained the modified Nusselt equation

5= 000 LE e dna] T AT
,u.f' Abyr Deq

Katz, Young and Ralekjian extended this work to corrections

for tube bundles [10]0
Mixbture Condensation

Whether by accident or design, many condensers must op-
erate in the presencs of a mixture of noncondensable gases
or a mixture of condensable vapors that condense at varying
rates. Performence tests on such devices show that the ap-
plication of information derived for pure component
condensation leaves much to be desired as a c¢riterion for
design. Sparrow and Lin [1q snalyzed much the same problem
as described in references [5] with the addition of noncon-

densables to the wvapor. The total heat transfer was shown

o.p
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to follow the relation

R ]3/”[ HB]W
ifg ,LLL 3 ingI’L VU

ol

where H represents the height of the plate and t; is the
interface temperature which must be calculated by a trial
and error procedure outlined in the reference. The results
of such calculations are shown in Figure li. This analysis
predicts reductions in heat transfer on the order of 50%
compared with the pure vapor case, a condition caused by the
diffusion process being controlled by the concentration of
the noncondensable near the surface of the exchanger. The
physical mechanism is as follows: The general flow of the
bulk mixture made necessary by the need for continuity with
the condensate run-off carries with it the fraction of non-
condensable present very far away from the plate. Since
none of the noncondensable is assumed to be dissolved in the
liquid phase of the condensable component, a steady state is
eventually reached which is characterized by a high concen-~
tration of the noncondensable at the interface. This
results in a depression of the vapor pressure of the conden-
sable fraction below that at "infinity" thereby resulting in
a lowered saturation temperature at the interface. There-~
fore, the effective temperature difference is lowered
resulting in a lowsring of the heat trensfer rate compared
to the case of the pure vapor.

In a later paper, Minkowycz and Sparrow reviewed the
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Figure l;. Sparrow end Lin Analysis of Condensation in the
Presence of a Noncondensable

eanaglytical state of the art concerning condensation on a flat
plate [12]. Their analysis included, in addition to noncon-
densables, interfacial resistance and variable prOperties.A
This did not significantly change the results obtained in-
reference [li].

Although the studies cited up to this point provide val=~
uable insight into the nature and mechanism of the
condensation phenomenon, none attempt to model or predict
the performance of actual condensers. ZFor instance, the fol-

lowing items were not considered in any analysis referenced:
1. Bulk flow of the free stream

2. Possibility of forms of condensate run-off other

than film type

3. Turbulent motion in condensate and/or bulk
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L. Wall temperature variation®

Recognizing these limitations, Colburn approached the
problem by means of sxperimental daba correlation [13]°
Using his own data as well as igolated experiments by other
investigators involving & wide range of fluids (air, water,
various hydrocarbons) and configurstions (flow inside tubes,
flow over tubs banks, etc.), he was sble to show that con-
vective heat transfer in sensible systems could be
corrslated with the Reynolds number by the psarameter

BT
j‘b = [WG té“]PIa&’ 3
Cp G

Anocther significant result of this work was proof of
Reynolds' contention that heat transfer and frietion data
could be simply correlated. Colburn showed that this rela-

tion, in terms of his previously-defined 'j=factor’', is

where f is the Fanning friection factor. It should be
stressed that this relation applies only to turbulent flow.
Figure 5 shows the results of Colburn's correlations of j
and f. Note that separabte lines for heat transfer data and

friction data are required in the laminar regime.

lReterences 9] and [11] treat finned tubes experimen-
tally. Howsver, these fing were quite short compared to the
tube diameter and were accounted for by an "equivalent diam-
eter" rather than an adjustment for wall tempersature
variation.
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Pigure 5. Colburn's Correlation of Heat Transfer
and Friction Data for Flow Inside
Tubes

The first extension of this work to condensation in mix-
tures was published by Colburn in 193&.[1&]. Further details
of this study wére published the same year by Chilton and
Colburn, the result being that a mass transfer j-factor could
be defined in the same manner as the sensible j-factor and
would correlate equally well with the Reynolds number {15].2

This j-=factor can be defined as

joo= (Ej 2/3
m }.G

2Chilton and Colburn's original formulation was

KP
in = (“‘543'32/3

based on & partial pressure potential. Concentration is now
in more general use and will be used in this paper.
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where K is a mass transfer coefficient based on some function
of the concentration potential in the same manner that the
heat transfer coefficient h describes heat transfer in con-
Junction with a temperature potential. Considerably less
data were cited in the latter work than in Colburn's original
paper on sensible correlations, especially in the laminar
regime. No information was given to correlate jt and Jy and

theory only indicated that

Since it was shown by experimental data that

in the turbulent region, it was assumed that this was
reasonably accurate in the viscous regime.

An extension of the condensation problem to the case of
simultaneous condensation of mixed vapors was studied by
Colburn and Drew [16]. Although primarily an analytical
study, use of the j=factor for more than one condensing
component is illustrated.

Various reviews are available ocutlining the state of
the art in condensation heat and mass transfer which include
extensive bibliographies. One such review by Berman is
somewhat outdated but includes considerable emphasis on work
in the Soviet Union, translations of which are difficult to
find in other sources [17]. More recently, Chisholm and

Leishmen published a review including current work at the
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National Engineering Laboratory in Great Britain and sixty

references in the field [18].
Exchanger Design

The principal reason for basic studies in mixture con-
densation is therimmediate problem of exchanger design.
Therefore, design procedures}yere developed simultaneously
with the theoretical investigﬁfions cited previously. For
instance, Colburn and Hougen [lﬂ published a method of sur-
face area calculation for a condansing exchanger in the same
issue that contained Chilton and Colburn's study of masgs
transfer j=factors. This method is a trial and error tech-
nique which requires that the fequstream be saturated and
assumes that the sensible heat traﬁﬁfer j=factor and the
mags transfer j=factor are identicai. Examples are present-
ed that indicate earlier methods (lggarithmic mean
temperature difference, for instance) result in as much as
100% oversizing. |

Goodman published a series of articles in 1938 and 1939
devoted to the design of coils used specificelly as refrig-
eration evaporators [20]° He suggested that an overall heat
transfer coefficient for a wet surfase Uy be calculated by
the relation

1 _ K Ka_
Ow ~ Hair | Bref

where hgiy, is the surface coefficient for the same exchanger
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under dry (noncondensing) conditions, h,.of is the coefficient
on the refrigerant side and Kj and Ko are constants related
to the conditions of the air and exchanger configuration.

In this respect, this assumption parallels Colburn's method.
However, Goodman noted that the proper potential for energy
trensfer should be a logarithmiec meen enthalpy difference so
that in the relation

Q =4ty AD

ZXQ should be defined as

A@ - Ailargeo“' Aismall
ln[ A%large}
Nismail

(The reasoning and limitations relating to the use of the
enthalpy potential will be discussed at length in the next
chapter. Goodman merely chose it as a convenient way of ex-
pressing the change in latent as well as sensible energy.)
Goodman was among the first to attempt any adjustment for
wet coil efficiency. By use of a nomograph which allowed
the estimation of surface temperature throughout the ex-
chenger (presented in the second article of‘his series), he
showed that the psychrometric path of air being cooled
sensibly and dehumidified simulteneously should appear as
shown in Figure 6. Although Goodman's work is somewhat
dated by modern standards of technology, it is still widely

used.
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FPigure 6. Psychrometric Path of Alr in a .
Wet Coil (Goodman)

There are numerous modern refinements of the work ini-
tiated by Colburn and Goodman. Kusuda applied the
effectiveness concept to wet coils [2 ]. McElgin and Wiley
{22]and Wile [23] have updated the graphical approach. Bell
has outlined a very detailed eslgorithm for sizing multi-
component condensers [2&1. ARI Standard ;10 outlines
accepted nomenclature, test procedures and data reduction

for wet coils<[25].
Influence of Moisture Deposition

The design procedures referenced in the preceding sec-
tion asre generally considered by the industry to be adequate.
The nature of the design problem in the refrigeration coil
industry is such that, while these procedures may not be

perfect, further development is generally considered to be
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of marginal value if that development results in increasing
the complexity of the procedure. Therefore, the past few
years have seen increasing interest in the refinement of in-
put to these procedures. One such refinement that will be
considered in detail here is the affect of moisture deposi-
tion on heat and mass transfer rates.

Trapanese, Bettanini and DiFilippo published findings
in 1965 which indicated that a heat transfer coefficient
calculated by means of an appropriate enthalpy potential is
independent not only of the moisture content of the air but
also of the ratio of sensible to total heat exchanged GZ].
This conclusion, however, was based on relatively few tests
of a commercial evaporator and should therefore be evaluated
in qualitative rather then quantitative terms. In 1970,
Bettenini published a study which allowed somewhat better
interpretation of numerical results [2ﬂ . His experimental
model consisted of a single vertical flat plate with a sys-
tem for circulating (rather than forcing) flow near the
plate. The purpose of the circulating system was to prevent
buildup of dehumidified air near the surface and did not
model most practical exchangers. However, his result con-
firmed a very interesting phenomenon which had been observed
previously but never studied in such detail: When wet runs
were made and a heat transfer coefficient based on total
(sensible plus latent) heat transfer calculated, the result
was 20% to 30% higher than when dry runs were made and the

heat trensfer coefficient calculated on a basis of sensible
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heat transfer. Further, by spraying the wall with gypsum
nodules in a configuration and size approximating condensate
formation, he was able to reproduce the effect of wet runs
in noncondensing tests. The results therefore indicated
that the presence of condensate alone significantly in-
creases the ability of a surface to transfer heat. This is
especially interesting when it is recalled that Goodman
suggested that the sensible heat transfer coefficient ob-
tained from dry tests be used in calculations involving
condensing systems. <Yoshi, Yamamoto and Oteki have conduct-
ed similar tests of actual evaporator coils and report
increases in the heat transfer coefficient on the order of
20% to 50% as well as pressure drop increases in the 50%
range [?8].



CHAPTER III
THEORETICAL ANALYSTS

The purpose of the analysis presented in this chapter

is threefold:

1. To predict psychrometric conditions downstream
from a given paralléi plate condensing exchang-
er with sufficient accuracy to meke possible =

rational design of a test apparatus

2. To determine the parameters governing sensible

heat transfer in a condensing system

3. To compute j-factors and Nusselt numbers ob=-
tained in this manner for subsequent comparison

with empirical data

One of the most popular designs for refrigeration evap-
orator coils is the continuously finned type illustrated in
Figure 7. For this type of exchanger, Kays and London show
that the ratio of fin area to total (fin plus tube) area is
on the order of 0.90 to 0.95 with air passage widths common-
ly less than one-eighth of an inch [29]. Jennings and Lewis
state that bulk average air velocities are usually limited

to about 1000 feet per minute due to power consumption and

20
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Figure 7. Continuously Finned Evaporsator

noise considerations [30]. Assuming the physical properties
of air to be those associated with common summer design con=-
ditions, a diemeter Reynolds number of less than 1800 may be
computed which indicates that the flow is in the laminar
regime. |
The length of flow péssage required to obtain a fully-

developed velocity profile is given by Kays [31] on page 63

Ly = Dh[ﬁg = 1.88 feet
129

Likewise, the length of channel required to obtain a fully-

developed dimensionless temperature profile is of the order

Ly = Dh{g—g]Pr = 1.32 feet
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The dimensionless concentration profile becomes fully-

developed at about

Le = Dh[%%]Sc = 1.13 feet

It would be unusual to find an evaporator of such depth in
an ordinary system so this analysis must necessarily include
entry-length effects.

The model to be analyzed is shown in Figure 8. No
refrigeration tubes will be considered because of the hydro-
dynamic complexity that would be introduced as well as the
difficulty of generalizing with two more parameters (tube
diameter and spacing). The wall temperature will be con-
sidered to be constant at some value below the dew point of 4
the mixture but above the frost point. Naturally, conduc-
tion in the fin will give rise to variations in the surface
temperature of a real evaporator. Gardner [3.] studied this
problem extensively and ARI Standard 110 [25] describes the
use of Gardner's work as applied to wet coils.

Air entering the passage (x = 0) will be assumed to be
of uniform velocity with components only in the x-direcfion.
Temperature and moisture concentration will also be consid-
ered uniform at the entrance. The temperature of the air
will be limited to 125°F (thereby limiting the concentration
of water vapor to 0.09 pounds of vapor per pound of mixture)
in order to simplify the energy equation (this assumption,
commonly known as the Lewis Number Unity assumptiog, will be
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Pigure 8. Analytical Model

discussed at length in Appendix A).

One of the most importent limitations of this model is
the lack of consideration of a condensate layer. As dis-
cussed in the preceeding chapter, this layer has significant
effects on the heat transfer characteristics of a condensing
system. This effect will be‘studied empirically later.

The momentum equation for this model is

ubu =
DX 0 T O ox

oooooooooooo

assuming constant properties and'negiecting buoyancy effects.

The continuity equation is

du OV _
--’\TJ—C"P—S-,;—O ..... t e e s e e s e e s ens s e s ee s (2)

under similar assumptions. Note that no extra equation is

needed for moisture continuity since the boundary conditions



on this component are identical to that of the mixture.

The energy equation is

di di 1 D Jdmy - Kk 0% _
“ax“’ay”ﬁﬁ[}:%'ﬁ'iiii]‘b"'?{?‘o

assuming constant properties and negligible heat and mass
diffusion in the x-direction. Finally, the mass diffusion

of water vapor through the mixture is given by

2
Wom dm L 3% o ceee (L)

OX vbywﬁ dy?

under gonditions similar to those imposed on the energy
equation.

Boundary conditions for this system of equations are

U (constant)

@ x =0, u
v=0
i = i, (constant)

m = my (constant)

@y =0, u=v =0
=2b 1 = iy (a function of wall temperature)
m = my,; (a function of wall temperature)

t = ty (constant)
@y =5b, 0/Jdy =0

In order to cast the energy equation in a more tractable

form, a range of interest was previously defined limiting the
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temperature of the air to 125°F, The reason for this limi-
tation can be justified by Figure 9. This figure shows the
dependence of the Prandtl number (Pr = Cp[l/k) and the
Schmidt number (Sc = /1/7) for air as a function of water
vapor concentration. From this nomograph it ean be seen
that the Lewis number (Le = Pr/Sc) is less than 1.25 for
temperatures below 125°F, an acceptable 1limit for most re-:i
frigeration applications. If, for mathematical simplicity,
the ratio isvtaken to be exaetly unity, it can be shown

(see Appendix A) that the energy equation reduces to

di 201 2% _
beﬁ-vay——p——s‘;z—o e s e s s s 0o s e s o0 s s (5)

for binary mixtures. This simplification not only eliminates
the need for simultaneous solution of the energy and mass
diffusion equations but indicates that both have the same
solution mathematically. It can now be seen that Goodman's
use of the enthalpy for the total energy transfer potential
was an excellent choice since the simplified energy equation
for a condensing system is identical to the equation govern-
ing sensible heat transfer in a noncondensing system with
the enthalpy replacing the thermodynamic temperature.

The influence of mass transfer on sensible heat transfer
becomes obvious upon inspection of equations (4) and (5).
The enthalpy of an air-water vapor mixture can be given by an

equation of the type
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m

1= Opaypt T m[lg + CPHgOt]

Therefore, the temperature profile t(y) is a function of both
the enthalpy and concentration boundary conditions as is the
sensible (Fourier) heat transfer.

It is now necessary to integrate equations (1), (2),
() and (5) using boundary conditions given previously. Of
the various methods that might be applied to these equations,
the integral scheme was chosen for its simplicity and numer-
ical flexibility.l The momentum equation may be rewritten

(see, for instance, Goldstein [Bﬂ ) as

O 0
—d%zl:j(Uc - u)udy] + %f(Uc - u)dy = U-g—%]y o
0 0

e (6)

where the pressure term is eliminated by the Bernoulli

relation

and all other pressure gradients neglected. The continuity

lthis method as described in equations (1) through (37)
has been applied with success to dry cases [34]. The details
of this analysis are not included in other references and
will therefore be presented here. Some modification to the
earlier solution to the momentum equation is made. In order
to study the dependence of sensible heat transfer on mass
diffusion, the actual values of the Prandtl and Schmidt num-
bers will be used in the energy and mass diffusion equations
even though the Lewis number is not precisely unity.
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equation in integrated form is
f(u“Uc)dy+b(Uc-ﬁ)=0 R IR NN A B N R R ) (7)
0
The energy and mass diffusion equations are both of the

same form as the more commonly encountered ener%y equation

in terms of the thermodynamic temperature

cereeaness (8)

UIO
4jct
———
d

A/
d . —
asz”‘te - t)udy] = X
0
Therefore, by ansalogy,

n
d 7 9
-a;[[(me“m)udy]z*——g]yzo 08 0 e 00 ey (9)

y
0
and
A
d . _k/C 01
E;{-[f(leai)udy] -W’ﬁ]yzo ceeenssss (10)
0

The usual means of so0lving such a problem is to select
a polynomial that will, as nearly as possible, satisfy the
boundaery conditions specified for the veloclty profile and
for each property profile. One such profile for use in the
momentum equation is

u:Uc[e[-%-]T[_GI_]Z] O:y:;é cevereee  (11)
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which was first suggested by Schiller (as reported in ref-

erence [34).2 Spar#ow, among others, uses

H:%[—K—} -%[—K—}B 0=y=</A ...... (12

for the energy equation [Bu]. A similar expression will be

used for the mass diffusion equation

n "’mw -1 3 - -
ng[%'] E[.%} 0=7 =N .ooen. (13)

By substituting the velocity profile from equation (11) into

equation (7) and performing the indicated integration,
O/ = 3(1 = T/Ue) viverrinieinnennnnnneens  (1h)

Following a similar procedure with equation (6) and using
equation (1ll) for 6,

b2 (Ug = T)(9U, = 70) au

dX:l —D— Ucz c s o000 e . (15)
Defining

¥ _ xU 16(x/Dh

X ._-b—é-%__-:'—"g'ﬁr)' e e s 00 v s o0 s s a0 as e e “ e (16)

U= Ue/T ... et ceee. (17)

2This relation’does not satisfy the condition

dp/dx = M(d%/3y2) @y =0
imposed by the momentum equation at the wall. However, it
adequately describes the variation in the centerline velocity
in the x~direction which is the most important function of
the momentum equation in this application.
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and
OF = /b et e, (18)

equations (1ly) and (15) may be expressed as

6‘3:‘23(1-1/[].-}{‘) I I N I A T B B A A A R I I I Y B (19)
and
% U -1 3 *
dx :'3_"‘-—-;""‘"(9.[.]'1"‘7) dU‘ s s 0 s 00008000 (20)
10 U'!rZ

The physical significance of the faet that both the
Prandtl snd Schmidt numbers are less than unity is that a
certain portion of the outer enthalpy and concentration
boundary layer profiles will be exposed to a flat velocity

profile. Therefore, equations (9) and (10) may be written

as
% n
; | I
oo [l 1]
5 4
cereeeeee. (21)
and

P 0Y1y20
B -72)

o A
E%E[ f(ie - i)udy + U((,Sf(ie - i)dy}:li/_g. ..Q.E]
0

These equations meay be written as differential equations of
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the form
3* 3% 1 3 6%2 *b'
a| (87 -30"+ 3§ ¥ "~ I0 n*?]
- 7 dx
_5%75——- ettt (23)
and
% 5 1 s 1 6-2:-2 1 sl
d[U[gﬂ - 30 +8F-WA*]
= 3 k/Cpax”
2U/)PA* . ceeee cerenaeen (24)
where
NF=MNr ... M -3
and
A = A/b i e ceeees  (26)

Solution of the momentum equation (20) can be accomplish-
ed in closed form by rewriting it as

L]
* 3o

U
ﬁx* = 135](9 - 1607 + 709 au™ ..., (27)
0 1
or
X 22(9U - 16 In(UF) - 7/0% - 2) L...... (28)

The mass diffusion and energy equations cannot be inte-

grated quite so easily both because of their forms and
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because U' cennot be given explicitly as a function of x".
However, they can be rewritten as relatively simple first

order linear differential equations by use of the identity

axt = (ax*/av™)av® = av™/(av®/ax¥)

where dU*/dx* is given by equation (27). If this substitu-
tion is made into equation (23) and the differentiation
performed as indicated, the following equation may be ob-

tained after some algebraic manipulation:

e B3 G i ]/

[avmtess 5 - 16+ 79%%] - [37* -
L6 1 G 3 6% 1 %
tE % - W*&m'mmﬂ

ceeeeseses  (29)

In an identical manner, equation (2i) may be transformed to

il " *2 2l
%:[U[g—%gﬂf m%rg]]/

[2 AC)-‘.L r[9 - 16/0 + 7/‘0‘2] - [gA’ _ %6-':-
%2 %,-l- " . 3
RV
creseesees  (30)

It is now obvious that the advantage of transformation to
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these somewhat formidable equations iz that < no longer
appears explicitly in the integration but only parametrical-
1y through U* and 65%. The equations to be solved are now
simple first order relations.

The complete solution to equations (29) and (30) is
best obtained numerically by use of the Runge-Kutta tech-
nique. The details of this solution are given in Appendix
B but, briefly, it proceeds as follows:

1. Select a value of x* corregponding to a point
of interest (e.g. the exit).

2. Calculate the dimenslonless centerline veloci=-
ty T* from equation (28).

3. Calculate dimengsionless boundary layer thick-~

=&

nesses 1)* and A" from equations (29) and
(30) by use of the Runge-Kutta technique.
li. Obtain polynomial expressions (12) and (13)

for the enthalpy and concentration profiles.

In order to solve equations (29) and (30), it is
necessary to obtain starting (boundary) conditions for
dU*/d7?* and dU%/dZX%. Since equations (29) and (30) are
mathematically identical, the forms of the expressions for
the starting values will be the same. Therefore, only the
value of &U*/dlx* will be obtained here.

The starting point for all caleulations will be the
entrence to the exchanger (x = 0) which is characterized by

a perfectly flat velocity profile (i.e. U® = 1). Near this
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location, the energy equation (2l;) may be integrated for
U* =~ 1, Purther noting that equation (1L) indicates that
{}* approaches zero as x approaches zero, en approximation
of thé behavior of ZX% can be obtained from the simplified

energy equation

3

EINEEE T

the solution of which is

T 2 B

=

3 8x
A: T e PR o 722

Substituting the value of x* from equation (32) into equation
(28), the following relation between /™ and U* can be

obtained:
N2 = Afor* - 16 m0®) - 7/0% - 2] ... (33)
from which

.diz_.. = A*[Ezﬁ]/%[q - 16/0% 4 70%2] Lo (3

This relation cannot be used as shown at x% = 0 since it is

of the indeterminate form 0/0. Applying L'Hospital's rule

Y

P

which, evaluated at x" = 0 (U*': 1), gives the relation

Tdduﬁ;:\/%l’r P 153

av” _ [Pr]/[% [16/'[1% - lh.fU-x-B] av*/a A*] ee. (35)
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which is the required starting value. Similarly,

av* _.[3
E7T; S VF3 8e ceieiiiiniien. ceesecnennees  (37)

With the information presented up to this point, it is
possible to evaluate the thickness of the momentum, enthal~
py and concentration boundary layers and the corresponding
profiles. This, however, does not solve the problem of heat
exchanger performance. It is therefore now necessary to
evaluate the bulk psychrometric properties at any cross-
section of the channel. For instance, the bulk (or mixing
cup) enthalpy is defined as

b
in = é% 5 T P P 153

0

It is most convenient to separate the integral portion of
this expression into three parts since the enthalpy boundary
layer grows faster than the momentum boundéry layer (since

. Pr <= 1) and the profiles are not fully developed. This ex-

pression is

im = E%[Ofi?;dy +éji§dy +A[:udy] ..... ceee (39)

Further simplification results from noting that, in the
range between 6 and A s U is a constant (equal to U,) and,
in the range between Zﬁ and b, 1 is a constant ag well

(equal to ig). Therefore
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o A
ip = glﬁ[fiudy + Ucfidy + Ugig(b - A )] ceo  (4O)

0 0

Substituting equation (12) for the enthalpy into the first
and second integrals in equation (40O) and equation (11) for
the velocity into the first integral, the following polynom~

ial expression may be obtained:

i, = -blt_; ch(i + [(1q 1,,)(%[.2.]- %[ﬁ.r)]).

(2 J [‘I'J )dY + U j(lw (ie - iw)
1
'2_

This expression consists exclusively of polynomials and may
be integrated quite easily. The details, however, are some-
what lengthy and therefore only the result of the integration
will be given here. Making the proper substitution of dimen-

sionless variables
. 3% 1 * . #*, 1
1m=U[‘§iw6 + e - 1) 0 (T35| Aw

- %[%;]) +1ig - glig - 1 A¥| ..ol 2)
.

Since the Schmidt number is also less than unity, an identi-

cal scheme can be used to obtain the mean concentration at

any cross=section
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Note that both these equagions are merely functions of
boundary conditions and the solutions of equations (28),

(29) and (30). Since the mean enthalpy and mean concentra-
tion are independent thermodynemic properties of the mixture,
any other thermodynamic varieble may now be calculated by
use of the appropriate equation of state. The details of
determining such variaebles as dry bulb temperature and spe=-
cific humidity are outlined in Appendix B.

The heat and mass transfer correlation parameters
(Colburn j-factors) can now be obtained from simple energy
and mass continuity balances across the exchanger. The total
(sensible plus latent) heat transfer j-factd?\ji is defined

as

i = [%?JPrz/B e, e eeeee (L)

where h;y is the convective heat transfer coefficient based
on en enthalpy potential and can be obtained from the energy
balance

ii—io

hiﬁsln[ii - iw] = M(i1 = 1g) ceevevncneen. (45)
1o = 1w

All enthalpies in equation (45) are mean rather than local
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values.

The sensible heat transfer j-factor is defined as

h
Jt=[55%-]pr2/3 e (46)

where the sensible heat transfer coefficient hy is based on
a thermodynamic temperature potential according to the

energy balance

ti = to .
hiA t1 - © = MCp(tg = to) ceevveecnn. . (L7
[ln[—-——-—--ti = t:]] ’

In an analogous manner, the mass transfer Jj-=factor jp

mey be defined as

jm:[§]302/3 e e eereereeee. (148)

where the mass transfer coefficient K is based on a concen-

tration potential as defined by the relation

mj - nNo .
KA ln[mi - me SMmg = Mo) eieriirennnn (49)
Mo = My
There are existing solutions to which this procedure
may be compared to illustrate its accuracy. For instance,
Kays and London plot the sensible heat transfer Nusselt

number

Nug = hy [i’;'}
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vergus the factor

2 (x/D)

"Re Pr
for a circular tube and show that all data reduces to a
single curve (i.e. the parametric influence of the L/D ratio
is completely expressed in the abscissa) [2 ]. For the case
presently under consideration, the sensible plus latent heat

transfer Nusselt number may be defined as

Nui=hi[D-rI%] e, (50)

and plotted against

# _ 16 (x/D)
x = Re

since x* is a naturally-occuring parameter of this analysis
(the horizontal scale used by Kays and London and that used
here obviously differ only by a constant for a given Prandtl
number). This graph is shown in Figure 10 and, in addition
to exhibiting the "single curve" characteristic predicted by
the Kays and London analysis, agrees precisely with the cir-
cular tube analysis at low values of x* where the boundary

layer is quite small compared to the distance between plates.

k23

At larger values of Xe, the solution is asymptotic to a mean
Nusselt number of 7.5}, the value recommended by many refer-
ences for fully-developed flow between parallel plates (see,

for example, reference [3;], page 117).
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A second immediate result of this analysis is a rational
approximation of the locus of exit psychrometric conditions
which may be expected when humid air passes through a heat
exchanger, the surface of which is maintained below the dew
point of the air. Previous investigators assumed a linear
variation defined by a line connecting the entrance condi-
tion and the wall condition was adequate [20]. However, this
analysis predicts two inflection points. Figure 11 shows a
psychrometric plot for a given geometric configuration
(L/D = 12) with fixed entrance and exit conditions and vari-
able Reynolds number. The result is that, for higher
Reynolds numbers, the process falls on the straight line de-
scribed above. A decrease in Reynolds number tends to turn
the curve downward but a further decrease causes the curve
to turn once more back toward the wall condition resulting
in an "S" shape.

The results of this analysis will be further illustrat-
ed in Chapter V. The following list reiterates the important

assumptions made in this analysis:

Constant fluid properties

e

Laminar flow

Congstent wall temperature

+ w N -

. No effects due to condensate deposition

The fourth assumption is considered the most serious limita-
tion and will subsequently be studied in detail

experimentally.
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CHAPTER IV
EXPERIMENTAL INVESTIGATION

Since several investigators[?é, 27, Eéﬂhave indicated
that moisture deposition alone gignificantly increases heat
transfer coefficients, the asnalysis presented in Chepter III
would be incomplete without some comparison with empirical
data. The purpose of this chepter will be to outline brief-
ly the means used to acquire this data. A detailed techniecal
description of the apperatus is found in Appendix C.

When the need for data relating to wet exchanger surfaces
became evident, contact was made with a large refrigeration
equipment manufacturer, the result of which indicated that
data were not available on any configuration approximating
the analytical model; therefore, the device shown in Figure
12 was constructed to obtain data from a model similar to
that used in the analytical studyw[BS] .

The apparatus operates as follows: A three-stage cen-
trifugel blower provides air which passes through an
electrical nichrome-ribbon heater (powered by a 220~-volt
auto-transformer). A vertical section in the duct provides
a convenient means for removal of excess moisture added in
the humidification section. After humidification, the flow

is mixed and wet and dry bulb readings taken.

y2



1. Blower

® : i o 2. Heater
. I 1 J::; - Humidifier
/ . 5 . Drain

W
®

T i, Humidifier
6 5. Temperature
Vf' Measurement
) H:\\ Ly C) Section
6. Test Section

7. Condensate

e
[ iy

_ Drain
3 8. Pitot
i B Section
L — 1 g\ -
I % © - Y

Figure 12. Schematic of Experimental Dehumidification Loop

eh



Lyl

Having thus obtained the desired psychrometric condi-
tions, the flow is elevated as high as the ceiling of the
room permits, turned vertically downward and passed through
a series of aluminum honeycomb straighteners. Just prior
to the test exchanger entrance, a final dry bulb reading is
made to account for energy losses through the duct walls.
The air then passes.through a test exchanger composed of
thirteen air passages of one-eighth inch width, six inch
length and three inch height in the flow direction (note
that the length-to-width ratio of 48 approximaetes the infin-
ite flat plates studied analytically). The exchanger plates
are cooled with refrigerated water of such a flow rate as to
approximate the constant wall temperature condition. A
second dry bulb temperature is measured downstream from the
exehanger. The air then passes through a series of baffles
which directs the air to a horizontal duct run and simul-
taneously reﬁoves moisture droplets formed on-the exchanger
walls. Psychrometric properties are measured again and a
plitot-static tube 1s used to measure the flow rate. The
air is then returned to the inlet of the blower.

The heat and mass transfer parameters described in
Chapter III can now be calculated from the experimental
data obtained as outlined above. Subscripts and functional
dependence refer to the points shown on Figure 12. For
example, the heat transfer coefficient baged on an enthalpy
potential as defined in equation (45) can be calculated

thus:
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M(APe, vp) m[i‘“w tg) - 1(tw>]

P= Ty T(War Bo) = L(by)

All pareameters given in equetions (4li) through (50) can be
evaluated in a similar manner.

The pressure drop across the core can be easily measured
and the Fanning friction factor calcﬁlated for comparison
with the Reynolds analogy in this flow regime. Detaills of

this celculation are presented in Appendix D.



CHAPTER V

COMPARISON OF ANALYTICAL AND
EXPERIMENTAL RESULTS

This section is devoted to graphical presentations of
the heat and mass transfer parameters obtained by analytical
and experimental means. Subsections in this chepter deal
with the behavior of the total (enthalpy) j-factor, the mass
transfer j-factor, the sensible heat transfer j-factor, the
Fanning friction factor and the Nusselt number. 1In appro=-
priate cases, the relation between wet and dry operation

is 1l1llustrated.
Total J-Factor

Figure 13 shows the relationship between the total heat
transfer j-factor and the Reynolds number. The most strik-
ing observation concerning the relationship of the various
curves on this plot is the reasonable agreement between dry
tests and theoretical calculations (particularly as to the
trend of the curves) contrasted to the relatively high val-
ues obtained in wet tests. Good agreement between analysis
and dry tests was expected due to the relatively accurate
modeling of the boundary layer (i.e. no roughening of the

exchanger walls due to condensate deposition). The

16
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differences that did occur gre probably due to the thiclmess
of the water passages causing unaccounted-for disturbances

at the entrance to the air passages and to free-stream turb-
ulence. It must therefore be concluded that moisture
deposition is the major factor accounting for‘iﬁgreases in
the heat transfer coefficient. It can be shown that the only
other factor differing in the wet and dry cases (mass dif-
fusion) does not affect the value of ji.l

Since the analysis considered leminar flow only, it
should be expected that analytical and test results would
show greater disagreement at higher Reynolds numbers. This
is obviously the case in Figure 13.

These tests also showed that the rate of condensation
has no influence on the value of the total j-factor. That
is, for a given Reynolds number, the difference in the con=
centration of water vapor at the wall and in the free stream

(which can be related to the rate of moisture deposition)

1In dry operation, the concentration of water vapor in
the air is constant and the expression for the enthalpy of
the air

1= Cpgipt + Wivapor

reduces to

1= (Cpair + hjcpvapor)t = Cpt
Therefore, the solution for the enmthalpy from equation (5),
valid for the wet case, is identical to the solution for
(Cht), valid for dry cases only. Substitution of this value
in%o equation (}}5), however, does not affect the value of
the enthalpy heat transfer coefficient and the resulting ji
is the same regardless of whether wet or dry operation is
considered. This conclusion is, of course, subject to the
Lewis Number Unity assumption.
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2

does not affect the total heat transfer j-factor. The ex-

planation for this behavior lies in the fact that, at a given
Reynolds number, a fixed quantity of condensate can be sup-
ported on the walls of the exchanger. Therefore, the rate
at which it is deposited is merely reflected in the rate at
which it runs off with the actual quantity of condensate on
the walls at any given time (which represents the mechanism
that enhances the j-factor) being relatively constant. The
quantity and nature of the condensate on the surface will,
of course, be strongly gependent upon the surface material,
quantity and type of foreign materials on the surface, and
many other factors. Such considerations therefore limit the
general applicability of any one set of data.

A final comment on the comparison of wet and dry data
concerns the transition region which, although difficult to
study either analytically or with consistent empirical data,
is commonly encountered in devices to which this work is ap-
plicable. It is apparent from Figure 13 that the onset of
transition strongly affects data scatter in the wet tests
while going practically unnoticed in the dry tests. Since

the measurements made are relatively independent of flow

2The data scatter observed in the wet tests was consid-
erably greater than in the dry tests. This scatter, however,
proved to be random with respect to moisture content and is
most likely a result of inaccuracies in measurement of temp-
eratures in the wet runs. These measurements tended to be
somewhat more difficult since the temperatures encountered
were closer to the reference temperature and moisture was
occasionally deposited on the thermocouples in certain
locations. ‘
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regime, it can be concluded that moisture deposition signifi-
cantly affects the flow regime in this region. In the dry
case, movement away from the analytically predicted curve is
relatively continuous in the Reynolds number range of 2000
to 3000, probably due to a continuous increase in the turbu-
lent activity in the stream. In the wet case, however,
droplet formation apparently temds to "trip" the stream into
very turbulent motion mich earlier than at the same Reynolds
number in dry tests. This effect tends to produce a scatter
of data rather than repeatable results in the transition
region and should therefore not be considered a reliable
phenomenon which can be depended upon for design purposes.
It nevertheless represents one further example of the affect

of condensate deposition upon flow characteristics.
Mass Trensfer J~Factor

Figure 1l shows the result of theoretical and experi=-
mental celculations of the j~factor bagsed on a concentration
potential (jm). The same general trends described in the
discussion of the total heat transfer j-factor apply to this
case. Data scatter is more pronounced in this portion of
the test, probably a result of the particularly critical de-
pendence upon the accuracy of the wet bulb readings.
However, this scatter did not prove to be an important fac-
tor since it can be seen in Appendix E that "high" or "low"
points do not share any particular characteristic (e.g.

high or low condensation rate) consistently. This random
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scatter did not cause any difficulty in fairing a single
line through the data points. The transition effect is more
pronounced than in the case of the total heat transfer j-
factor but this could easlily be a result of increased data
scatter in the Reynolds number range of 2000 to 3000.

A particularly interesting result of comparisons be-
tween jp end j; is that the mass transfer j-factor is not
increased by boundary layer disturbance in the same propor-
tion as the enthalpy j=factor. Tests indicate that the
increase in j, above the analyticsally predicted value is
more nearly comparable to the dry heat transfer j-factors
than to the wet enthalpy j-factors. While this, in itself,
indicates that flow disturbance is a factor in mass transfer
rates, it also indicates that condensate deposition is not
the major contributor to the increase. Therefore, although
diffusion is ultimately the mechanism by which both energy
and mass are transferred, condensate deposition tends to
lower energy diffusion resistance to a greater degree than

mass diffusion resistance.
Sensible J=-Factor

Figure 15 shows the result of theoretical calculations
of the sensible j-factor. Since a portion of the total heat
transferred is a function of the moisture-dependent boundary

conditions, the parameter

bjin - Ujout
2 Wy

g =
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was selected for correlation purposes. This definition has
the advantage of physical significence (the ratio of the
arithmetic average of the bulk specific humidity to the spe-
cific humidity at the wall) and approaches unity for the
case of wall temperatures sbove the dew point of the mixture
(i.e. the dry case).

The values used to plot the curves in Figure 15 were
obteined by parametric studies of the speeffic humidity
boundary conditions, Since the Reynolds number can be con-
sidered an essentially independent varisble, a plot of @
versus jt for constant values of the Reynolds number was
constructed from the parametric studies. A cross-plot of
this graph was used to construct Figure 15;3

Figure 16 shows experimental sensible j-factors cor=
related with the same parsmeter @ discussed in the preceeding
paragraph. Since ¢ varies with boundary conditions as well
as the Reynolds number, each line of constant @ necessarily
has relatively few points on it. Furthermore, since the
value of @ for a given run cannot be controlled in the sense
that the Reynolds number can, it was necessary to select a

range of values of this parameter which, on the average,

3Forms of the correlation parameter @ other than the
one used in Figure 15 were analyzed, e.g.

Win - W
g = [uin - Uout]/uw in [Uozt - u:]

but showed no particular advantage. The finsl decision was
made based on the degree to which the correlation parameter
separsted data at a given Reynolds number.
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represented some desired value of @. This, when combined
with normal data scatter, tends to give a rather large data
spread about the nominal curve. However, recognizing this
and selecting nominal values of @ sufficiently separated,
reasonably relisble curves may be faired through this data.
The significance of these curves for design purposes will be
discussed in Chapter VI.

Comparison of Figures 15 and 16 shows that the predict~-
ed relation between the curves of constant @ for @ =1 is
the same in both cases, i.e., for a given Reynolds number,
J¢ is inversly proportional to @. However, this relation is
not continuous for the noncondensing case (8 = 1) according
to the test results but rather lies in the midst of the con-
tinuous femily of curves 1 < @ :GO.bf' The. reasom for this
behavior must be the same as discussed previously in this
chapter, i.e., disturbance of the boundary layer caused by
moisture deposition. Obviously, this only influences cases
where the deposition actually takes place (1< g = &),
Therefore, these curves are shifted upward while the curve
representing 4 = 1 remains in the same location. It is in-

teresting to note that this effect does not overshadow the

hThis conclusion is substantiated by recognizing that
larger values of @ represent cases where a larger portion of
the total energy load on the exchanger is latent. Therefore,
as @ approaches large values, the lines of constant $-ap-
proach the line jt = 0. Since moisture deposition increases
all heat transfer except in the dry case, it is logicsal to
expect that some lines of constant @ will lie above the line
@ =1 (as shown in this study) and some will lie below it.
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trends predicted in Figure 15 but merely tends to shift the
5

scale.
Fanning Friction Factor

Although the particular analytical procedure used does
not produce relisble pressure drop estimates (recall that
arbitrary specification of a polynomiel satisfying the ve-
locity boundary conditions, while adequately describing the
centerline wdlocity, does not meet the mo;entum equation
requirements on the pressure gradient), the relation between
heat transfer and friction data is of interest. Therefore,
the pressure drop data taken in each run was used to calcu-
late the Fanning friction factor. The relation between the
friction factors obtained in wet and dry tests is shown in
Figure 17. The increase in the friction factor due to con-
densate deposition in laminar flow is about 40Z to 60% and
in turbulent flow on the order of 30% to 50%. These results
correspond closely to the findings of Yoshi et al [28].

Nusselt Number

The relation between the Nusselt number as defined in

Chapter III for wet and dry tests of the exchanger described

5Ii‘ noncondensing (# = 1) data were available for this
exchanger with the surface artificially roughened (as in
reference [27]), this data would lie above the line for
#=1.5 in Figure 16 and the curves would be continuous for
1 = §=<co0 as predicted in Figure 15.
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in Chapter IV is shown in Figure 18. The conclusions con-
éerning the Nusselt number are not significently different
fron those concerning the total j-factor. However, theory
indicates that a single line should suffice regardless of
geometry. Modifications to thls theory are discussed in
Chapter VI along with recommendations for the use of this
data in the design of exchangers with L/D ratios other than

the one tested in this study.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

Many specific conclusions concerning both the analytical
and experimental investigation have been discussed in previ-
ous chapters and will be briefly reviewed here. It should
be emphasized that, although the results are presented in
non~dimensional form, all empirical conclusions are based on
a particular heat exchanger (L/D = 12) and should therefore

not be freely applied to other geometries.

1. The analytical procedure developed in Chapter
IIT edequately describes the J-factor trends in
the Reynolds number range tested although actual
numbers obtained by this method are ummecessar-
ily conservative. The true total (enthalpy)
j=factors are related to the theoretical values

approximately as follows:

ji (actual) _ -3| Re ]5'23
T1(eheory) - 1.59 + 2.91 x 1077 |==rs

in the Reynolds number range between 800 and

2000 and by
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ji(actual)
i1 (theory)

-6.36
_ 3| Re
=2.11 4+ 2.47 x 10 [1000]

in the Reynolds number range between 3000 and
6000. The corresponding equations for the mass

transfer j-factors are

jm(actual) _ 27 Re 3.7
“a(ohoorsy = 1-32 + 1.9 x 10 [m]

and

m(theory) 2T F 8.05 [1 Ooo]

for 800=<Re= 2000 and 3000=<Re= 6000, respectively.

The sensible j=factor in condensing operation
varies with the parsmeter @ as indicated in
Figure 16 and, 1like the enthalpy and concentra-
tion j=-factors, is affected by condensate
deposition. However, most practical refriger-
ation applications seldom encounter values of

@ greater than two or three which maskes correc-
tion for this factor often of little consequence
in design calculations. By comparing Figures

13 and 16, it can be seen that a reasonable

approximation for 1< @<3 is
(Jt)wet = (Jidwet

It is most importent to recognize that, in wet

operation, condensate deposition affects jt in
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a menner similar to J; and that use of dry test

data for jt in designing equipment for wet
operation can result in significant errors in

performance prediction.

3. The influence of condensate deposition on the

Fanning friction factor can be expressed by the

relation
f(wet) _ re 10-25
Tlary) = 1.23 + 0.2}4.6[-5-_-6—66]
for 800 =<Re=<2500 and

2.79
f(wet) _ -y[ Re
Flamy) = 138 = 3.92 x 10 [———-—1000]

for 2500= Re =6000.

Further productive investigation could be conducted in
several areas. Although considerable latitude 1s possible
in psychrometric conditions, it has been shown that ji and
jm are not affected by the rate of moisture deposition in
the steady state. Therefore, efforts should be directed
toward extending the range of Reynolds numbers, especially
in the laminar regime. Data presented in this work can be
reasonably extrapolated to cover most Reynolds numbers of
practical interest.

Probably of more immediate importance is the testing of

models with other L/D ratios. Figure 18 represents an
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accepted means of expressing this effect since, in theory,
one curve is sufficient. However, there is a possibility of
an additional effect since the "average" thickness of the
boundary layer relative to the disturbance size may be a

factor.1 P

e

In order to étudy a model more nearly like those in
conmon use, the effect of tubes may be simulated by pressing
metal disks into the flow passages. This system would allow
studies of the hydrodynemic effects on thermal performance
caused by various tube sizes and configurations without the
complications induced by non-uniform surface temperatures
encountered in resal evaporators.

Further studies should, of course, include actual

lﬁn the absence of specific empirical data, some use
may be made of the data in Figure 13 for the design of fin-
ned exchangers. For example, the presence of tubes or
louvers may be considered to mix the flow periodically so
that the actual exchanger maey be approximated by a series of
the simpler passages studied here. The L/D ratio (where L
now represents the distance between disturbances in the flow
direction) is commonly ebout five or six. Therefore, the
boundary layer remains quite thin throughout the exchanger
and the heat transfer characteristics of the exchanger tested
in this work may therefore be considered to be a conservative
approximation of many common evaporators.

Figure 18 indicates that the experimental Nusselt number
tends to a constant value at large values of x¥ as does the
analytical curve, an important result since exchangers of
this type often operate at quite low Reynolds numbers.

Within the range of x¥* tested, the ratio of the actual Nus-
selt number to the analytically obtained value decreases with
increasing x¥ and appears to spproach unity at lower Reynolds
numbers. In the absence of further empirical data, such
exchangers should be designed on the basis of the more
conservative analytical Nusselt number.
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finned exchanger cores which would provide the effect of
non-uniform surface temperature. Use of the work described
in the preceeding parsasgraeph Wwduld provide a means of study-
ing the influence of the surface temperature distrfgution on
exchanger performance.

It was shown in Chapters II and III that some disagree-
ment exists concerning the psychrometric path of air under-
going dehumidification. A series of tests specifically
designed to study this problem would be of velue for com=-
parison with the theory presented in this work. Data points
presented herein reveal that actual conditions lie "below"
curves such as shown in Figure 11. However, actual con-
struction of curves for comparison purposes requires precise
control of entrance and wall conditions as opposed to the
wide range of conditions required for this study. Such
curves would meke polynomial or exponential fits of dete
possible which might prove simpler to use for purposes of
predicting exchanger performance than the method presented

in bhis work,
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APPENDIX A

LEWIS NUMBER UNITY SIMPLIFICATION

OF THE ENERGY EQUATIONl

The differential equation expressing conservation of
energy in a steady flow system with mass diffusion in the

transverse direction involving two or more species is

Gx-%;+ey-5— [ZJ.—B—ila]-

where 73 is related to the diffusion coefficient Dj by
73 = Pr;

The final term in the energy equation represents conduction
heat transfer due to the temperature difference in the y-
direction and can be rewritten in terms of the various

species that make up the system:

Solestl = S5ot] - 3510 L mesdi]

lThis simplification procedure can be found in many
standard references. _The procedure given here comes primar-
ily from reference [33] , page 302.
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where [ﬁ‘is the thermal diffusion coefficient
[ =x/c,

If the ideal gas assumption
det - dij

is made, then

d 1D d 21
ay[ka;] = ay[FZmJTii]

The Lewis number
Lejy = Pr/SCj
can also be written as
Lej = %/P

It can now be seen that if, for certain mixtures, Lej =1
(i.e. ?3 = fﬂ), the last two terms in the energy equation

are

which can be combined in a derivative form

35 $rlmsed] = 55033
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The energy equation therefore reduces to

o1 Qi QO r— o1
OxSx YOSy Sy 5T C©

which is mathematically identical to the energy equation
with no mass diffusion.

Although the Lewis number unity assumption restricts
the number of mixtures that can be analyzed by this method,
it is fortunate that one of the more common mixtures encount-
ered in engineering design, air and water vapor, can be

represented quite adequately.



APPENDIX B

NUMERICAIL SOLUTION TO ANALYTICAL
DESIGN EQUATIONS

This appendix will be devoted to a detalled description
of the various caloulation procedures leading to the solution
of equations presented in Chapter III. The chronology of
this section will follow that of the computer program shown
in Table I.

Input Data

In keeping with the usmal design specifications in work
of this type, input data for the air stream is given in
terms of the wet and dry bulb temperatures. Property input
data required includes the Prandtl and Schmidt numbers.

Data relating to exchenger dimensions includes provisions
for solution at more than one value of exchanger depth in
the flow direction in order to facilitate sizing. Other
data specifications include air flow rate and wall temper-~

ature.
Thermodynemic Properties

Saturation Pressure Gorrosponding to a Temperature t [ﬁq

Pg = 14.696 [218.167] x 10~

73



7l
where
y = x[3.240 + (5.868 x 1073 + 1.170 x 107 x?')x]/
[l(t6 - 32)/2.8) 4 273.16 1][ 2.188 x 10 x]]
and
X =647.27 - [((t = 32)/1.8) + 273.16]

Vapor Pressure [37] s page 65

Py = Pg(wb) - [(Pair - Pglwd)){t(ab) - t(wb))/
(2800 -1.3t(wb)]]

Specific Humidity and Concentration [38] ,» page L1l

W = 0.622[Py/(Pasr - Py)]
m= 1/(1 + 1/0J)
Density [39] , page 151
) = 0.0973L4(1 + (J)13.55Pp/[(1  1.607()
(t(db) + 460)]

where P, is the barometric pressure measured in inches of

Mercury.

Viscosity [39] , page 154

M = 0.0393742 + 6.7947h x 1072 t(ab)~2
-2.65385 x 1070 t(ab)2  (lbm/ft-hr)
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Enthalpy [37] , page 67

For t(db) less than or equal to 70°F,
i = 0.24t(ab) + L/ [1061.7 + O.h39t(db)]
T +0/

For t(db) greater than 70°F,

i = 0.24t(db) + 1i‘~jw [1060.5 + o.ust(db)]

Units of the above equations are BTU/lbm dry air.
Exit Boundary Conditions

Specification of the flow rate and passage dimensions
make it possible to calculate the bulk velocity of the flow

through the passage
T = (CFM)/2bW

and the dimensionless passage length

2

Ma

x“= x /T

Equation (28) is then used to calculate the dimensionless

core velocity U¥. Since U* is not an explicit function of

N

Xe, Newton's method is used to approximate the root of
equation to within 107 of the asctual velue. After this
solution is complete, the dimensionless boundary layer

thickness (5% is calculated from equation (19).
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Concentration and Thermal Boundary

Layer Thicknesses

The dimensionless concentration and thermal boundary
layer thicknesses are given in the form of first order dif-
ferential equations (29) and (30) with U* as the independent
varieble. Starting with initiel values of dU*/d7?* and
av®7a (\* given by equations (36) and (37), equations (29)
and (30) are solved using a fourth-order Runge-Kutta tech-
nique. The boundary layer thicknesses are incremented until
such time as the solution for the local value of the dimen-
sionless core velocity matches the value calculated “

previously.
Cutput Data

The calculations described above produce dimensionless
thicknesses of the concentretion and thermal boundary layers
at the specified exit of the passage which are used to
calculate the mixed mean concentration and enthalpy by use
of equations (42) end (4L3). However, in the interest of
producing data more easily plotted on a psychrometric chart,
the mixed mean concentration is converted to specific humi-

dity by the relation



17

and equations of the type

1= Cpgy,tldb) + 1g + cpHaot(db)]

1
i
shown previously are used to calculate a mixed mean dry
bulb temperature.

Other output data include equation (l4l) (total j-factor),
equation (46) (sensible j-factor), equation (L48) (mas:
transfer j-factor), equation (50) (Nusselt number), equation

(51) (concentration ratio) and Reynolds number.
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TABLE 1

COMPUTER PROGRAM FOR ANALYTICAL CALCULATIONS
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IMPLICTT RFAL®R (A-H,0-71
CEAL*B PE MALTE [N IX
DIMELSIUN RK{G) E(4) U4y VARL214D{41,DTAL2) X 14Y
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FORMAT{F10.51}
ICHK=CHK+ QD) .. .
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FEADLS,9C0IFN - .- - - e e p—
MzFM
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IF{TF.F0.0.01G0TO%3S
FORMAT{F10.5)
EOFMAT (14F5.2) - S
FOEMAT (&F19.5)

FOSMAT{4F10,5) .
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HPITE(6,204)CFN
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c
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PSWL =16,60A%21 8, 16T/110, 54y} _
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€ SPECIFIC HUMIDITIES
c ..
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:~u €0,93937424¢6,7964 TLE-54TEDR~
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VXSK FHU/DEN
WPITE(A208)VISK S,
WRITE(6,209)
WWITET16,2100TE
WRITEL6,2100F€0R . e
WRITE(5,2121TW
FENC=CFM¥ 1440/ (HCTHVISK)
4 MRATEL6,351IREND .
351 FNRYAT{' REYNOLDS NUMBER = ¢,
TFLICHK.EQLIIWRITE{£,219)
L IELICHK  EQ,1100T049)
WRITE{6,214)

XTI

WRITE(6,350)
150 FORMAT (. LY POSITION, X DRY BULB SP HUMID PH1
1 I Jivy JiT NIy /) .
%0} CONTINUE
c B
[ FNTRALPIES
C
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~eTne?
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onIce2
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Qa7 SONTIMN
C
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c
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NNCGG =1 4N
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TR{I(HN,E0,0130TOLL
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‘
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& UT1=uT1+.001
Y¥=XSTR=,32(Q,¥UTL-16.2DLOG(UTLI-{T,/UT1)~2.1}

oo 1E{Y111.15.14

11 UTL=UT1=(Y/(o32(Q,~16,/0TL4T, /0TI 2211}
IF{Y.LT,0,030001)60TN1S
Y=XSTH=o3¥{C e *¥YUT1-16.%0LIG(UTLI-{T,7UT1}=2.)
601011

15 HSC=uT1

DSTR=2.%({1,-{1./USC})

IFLICHK ,EQ.3}G0OTO40L

ARITF{6,402)USC

FOPMAT (/s DIMENSIONLESS CORE VELOCITY =

WRITE(6,403)

FORMAT (¢ PRUNGE-KUTTA SOUITIIN'//)

WPITE(6,4Q4]).

FORMAT (* PASITION

402 . ' eFl0e5e27/1/7)

403

404 VELNLITY (URK)'//)

C

c RUNGE-XtTTA SOLUTICH F 2 DIMENSIONLESS CONCENTRATICN AND
C THERMAL BOUNDARY LAYER THICKNESSES.

c

401

{Et4) cner

007QJd=1,2 -
TR{J.EQ.1 WEK=HALD

TFIJLENLIE(4)=CTR

LE{J.EQ. 2 URK=HALDY

IF(J.EQ.2)E14}=CTHM

H=0.000%

IF(1=11301.301e41

TKLLI=RSORT (5. 50TA(II/12.)

£(11=0.
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aC271=2,4
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E{3¥=£(2})
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Ela)=Efl)eH |

Ut4)=URK+HERK (3}

DOTI=3,%01,-(1./UCTI N}

B=D(LI/E(X) . o e e

SC=NTA{Y)
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CONTINUE

CURK=ULI 4.6 )R ERKILI$2,8RK (2142, *RKI3I4RK(4))I®H

IF(ICHK . EQ.0)G0TO407
WRITE(6,4061E{4),URK
JEQUSC-URKD 40240441
VAR{J)=E{4)
IF{J.EQ.2)G0T069

HQLQi:Uﬁ!".M
THM=E(4)
CONTINUE
DEL=VAR(]1)*A
CSTA=VAD {7 )=%2
IFCICHK,EQ.016G0TO4A0
CWRITE(E6,46110EL ,ETR
FORMAT{//Y FNTHALPY Py WK =
1% FEFTY)

*+F10.84¢ FEET, CONC BL THK = ',F10.8

U(2)=1 . +H*RK(1}/
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L34 Elg)sH e e e e e e
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WRITE(6,4061E(4),URK
406 FORMAT(FEL13.8,F23,8)
605 TR{USC=1FK)40,640,41
a1 NOE0I=1,4
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CONCEUSCH L {-MWADSTR/ 2,1+ (ME~MW)*CSTR*({=1.*0STR/ {8, %VAR(21))
1 +C{DSTRAVARIZI1*#%3/120. 1 J4MF= {3, # (ME-MW}#VAR(2)/B. 1}
SH=1,/0{14/CCNCI~14)
TOR={IX=1060,5%SH1/{ ,24%,45%SH)
IF(TP9=-70.1°3,94,94
TOR=(IX-1061.585H) /{ 24+
SH=SH®T7000.,
TF{ICHK.EQ,0)GOTO4TO
WRITE(F 4TIV TOR,SH
WETTH (A,219)
rOFPMAY (/Y
VRN IOTTY =
6070599
CIS=(CLOGINARS({TEGR=TWI/{TIR=-TW} ) RN IDE /{2, #X(L 1) ) *DTA{11$%0,6667
CIT=(NLUGIDARS{LIE-TW}/{IX~-Tw)} ISWIDE/ (2. *X(Ll))‘DTA(l)*tO 66667
CONE=SHE/ (1, +SHE)
CNNpE=SHI/ {1, +SHW)
£ M= INLOG(DARSL (CONE-CON® )/ { CONC~CONWY } JRWIDE/ (2.5X(L) ) 1#DTA(Z)* %0
1.66667

SA39%SH)
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211
217
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217
218
219
518
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SEFEX=SH/TOND .
Crm{SPE+SREXD /(24 *SHR)
HTCT=(DEN¥URARAWINE/ XLV )#DLACL(IT-1 ) /(LIX~{W))*3],
CAMPL=COND/CP
FRUS=HTCT#2, #WIDE/ (12, 96a¥MA)
CETTE(A382IXIL) o XSTRyTRR,SHYCRVCIT 4 CIMyCUSyFNLS
CEFE AT (X o PPy 542X  FE b 1Ny P02 33X o F R4y IX FA by 23X FRLE12XFRL642X,
LFRLEy IXaFRL3)
COMT IMUE
WRITE(£,217)
WEITE(6,213)
wWRITF{6,517)
FORMAT (1110 PASSAGS MATA AND DIMENSIONSY//)
FOFMET(! PASSAGSE WINTR = ¢ ,Fh.ay? [NCHESY)
FOEMAT( ¢ PASSAGE HEIGHT = ', F9.4.1 INCHESY)
COMAT( ¢ FLOW RATE = ',E3,2,¢ CFMY)
EQEMETL . 1/1° FHYSICAL DATAY//)
FOEMAT (Y PRANDTL NUMAER = ¢, Fh.4y2X,1SCHMINT NUMBER = 1,F6,4)
FOPVAT(Y SOECIFIC hEAT = $,F6,44" 3TU/LRM=F1,2x,1 TRELMAL CONDUCTI
TYITY = t,Fa.4,¢ BTU/HR-FT-F')
FNENMATL * KINEMATIC VISONSITY = 0,70 ,4y* S, FT,/HR)
COARMATYL  ///° ATk ANC EXTHANGER CONDITICNS '/ /)
FORMAT (Y WET RULS TEMPLIATURE AT ENTRANCE = ',Fé,.2,' DEGREES F¢)
ECEMATL v OFY RULR TENMP) FATURE AT ENTRANGCE = *,F6.2,' DEGREES F!)
FORMAT( ¢ WALL TEMPERATURF = #,F& 2,0 ME3GREES £9)
FORMATL  ///° CALFULATH CONDITION OF Al AT SELECTED POINTS®/
17}
FORMATL /9 (THE ABOVE CALCULATICNS ASSUME THAT THE AIR [5')

. FDRMATL' . COMPLETELY MLIXED AT EACH STATINM AS IF THAT STATION')

FCRMAT(IHL)

FORMAT (1 ALONE Wk T TXIT)*)
CONTINUE

GOTre2g

<ThE

END
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APPENDIX C
TEST APPARATUS

A general description and layout drawing of the appara-
tus used to obtain experimental data for this study is
presented in Chapter IV. This appendix is devoted to a more

thorough description of individual items of equipment.
Loop Description

Figure 19 (which is found at the end of this appendix)
shows the actual device presented schematically in Figure
12. The apparatus is of the closed loop type which makes
for more rapid stabilization of psychrometric properties.

In heating operation, it is necessary to open the loop since
there is no provision for the secondary cooling necessary to
stabilize operation. This is accomplished by removing the
ductwork at the inlet to the blower and replacing it with a
section of duct that directs the air out of the rcom, While
this operation requires more time for stabilization and is
more directly dependent upon room conditions, it 1s never-
theless satisfactory.

The ductwork consists of four-inch schedule [0 stain-
less steel pipe in the vicinity of the blower discharge and

six-inch diasmeter commercisl circular sheet metal duct
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between the main humidifier and the flow~straightening
section. Specially fabricated four-inch by six-inch galvan-
ized steel ductwork is used in the vicinity of the test
section. Ductwork insulation consists of one inch of fiber-
glass batting with a vinyl vapor shield. It is applied in
three-foot sections and held in place with elastic bands to

facilitate removal.
Blower

Air is supplied by a Spencer three~stage centrifugal
blower capable of a maximum pressure of sixteen inches of
water and 200 cfm at eight inches of water (which is approx-
imately the maximum flow rate possible with the loop
assembled). It is powered by an 1800 rpm direct-drive
220-4140 volt, three phase, three horsepower motor. Flow
control is accomplished by & four-inch butterfly valve on

the discharge side.
Heater

A special heater was constructed and installed down-
stream of the flow control valve. It consists of & six-inch
dismeter body 13 inches long. Nichrome ribbon is mounted on
ceramic insulators forming & series connection which crosses
the flow path. Total heater resistance is 7.062 ohms as
measured by a Wheatstone bridge. Power is supplied by a
220~volt motor-driven autotransformer. A voltmeter and an

ammeter in the heater circuit measure power input.
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Humidifier

Humidification can be accomplished with two different
systems depending upon the humidity renge desired. For low
humidities or low flow rates, a mechanical humidifier in-

_stalled in the inlet to the blower can be used. This system
has the advantages of relatively precise control and low
temperature operation. For most runs, however, a steam
system is used either exclusively or in conjunction with the
mechanical humidifier. Five psig steam is throttled through
a Wallace and Tiernan rotometer and introduced to the flow
by a one=fourth inch diameter gparger located downstream
from the heater in a vertical section of the duct. A tee
below the humidifier provides a means for removal of excess
moisture often encountered during startup. A constant con-
densate bleed ahead of the throttling needle valve prevents

any liquid from being introduced during operation.
Test Section

A Harrison o0il cooler was modified to approximate the
mathematical model discussed in Chapter III. A jig was con-
structed to hold the exchanger "on end" and acryllic resin
was poured into the airspace. In seeking its own level, the
resin formed a wall parallel to the path of the air. This
procedure was repeated on the other end resulting in an ex-
changer of 13 air passages, each of one-eighth inch by six
inch flow area. Plate length in the flow direction is three
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inches. The exchanger was mounted in a plywood case with
one~half-inch Plexiglass on two sides to facilitate observa-
tion of condensate deposition.

The exchanger is attached to two four-inch by six-inch
sections of galvanized steel duct. The upstream section is
approximately four feet long. Adjustable baffles at the en~
trance to this duct combined with five aluminum "honeycomb"
straighteners (three-fourths-inch thick with approximately
one-sixteenth-inch diemeter passages) are used to straighten
and flatten the velocity profile. The downstream portion of
the duct is approximately two and one-half feet long and is
terminated with a rectangular tee. The main body of the
flow passes through two sets of baffles which remove conden-
sate droplets. These droplets are collected in a funnel on
the lower branch of the tee and are drained continuously.
The air emerges from the baffles at right angles to the

original flow.
Pitot Section

A pitot-static tube is used to make measurements of
flow rate in the loop. In order to produce impact pressures
sufficiently high to be read reliably on a micromanometer,

a section of two-inch schedule L0 galvanized steel pipe
approximately three feet long is located upstream from the
blower. Aluminum honeycomb straighteners separate the tube
from the blower to minimize swirl in the vicinity of the

measurement. The pitot tube is mounted in a ferrule fitting
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which allows the cross-section to be traversed. In actual
operation, only the centerline impact pressure is measured
and correlated to bulk velocity as recommended in the ASHRAE

Handbook of Fundamentals.
Temperature Measurement

All temperature data used in calculations are measured
with 24 -gage copper-constantan thermocouples and recorded on
a Leeds and Northrup roll-type pen recorder. Each thermo=-
couple is attached to an external 12-point switch at the
recorder. A cold junction is maintained by an ice-water
mixture in a 12-inch Dewar flask. The thermocouple junctions
are submerged in a glycerine-=filled test tube which minimizes
fluctuations in cold junction temperature during ice renewal.
A Leeds and Northrup potentiometer is atteched to the last
point on the switch which allows on-line calibration of the
recorder.

Thermocouples used to measure ordinary thermodynamic
temperatures are mounted on one-fourth-inch stainless steel
tubes using room-temperature=-curing silicone sealant. Fer=
rule fittings are used to position the probes. Wet bulb
temperatures are measured by attaching thermococuples to the

bulbs of liquid=-in-glass thermometers.l A cotton wick is

1This system is used since fine-gage thermocouple wire
can occasionally work through the wicking material and no
longer be subjected to adiabatic saturation temperature.
An occasional comparison of thermocouple and thermometer
readings provides a convenient check.
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slipped over the bulb and submerged in a small reservoir of
water. The reservoir is attached to clear plastic tubing
outside the duct to facilitate observation and addition of
water. The filler tube is reattached to the duct during
operation to balance blower pressure. Measurement is made
downstream of orifice plates sized to provide the 1500 feet
per minute minimum velocity recommended in the ASHRAE Hand-
book of Fundamentals. Three different orifice sizes are
used in order to provide the necessary velocity at low flow
rates without unnecessarily restricting the flow at higher

velocities.

Pressure Measurement
Primary pressure measurements include the following:

1. Static pressure upstream from the exchanger
2. Pressure drop across the exchanger

3. Static pressure in the pitot section

ly. Pitot-static head

Items (1) and (3) are used for density calculations
and, while important. do not seriously affect the accuracy
of the calculations due to the pressure characteristics of
the blower. Therefore, these measurements are monitored
continuously with two 1l6~-inch vertical w.ter manometers.

Items (2) and (L) are both smaller and more critical to
accurate results than items (1) and (3). Thus, a more so-

phigsticated micromanometer is used. This device operates on
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the same principle as the simpler water column manometer.
However, direct observation of the top of the water column
is replaced by an optical system that allows accurate deter-
mination of the top of the mein reservoir. A fine screw
calibrated with a vernier is used to provide a liquid head
that balances the measured pressure thereby returning the
reservoir to some pre-determined level. The least count.pf
this instrument is 0.0005 inches of liquid. A single |
instrument is used to make both pressure drop and pitot=-
static readings. Two three-way valves are used to switch
systems.

Static pressure taps are located approximately two feet
(five dié@eters) upstream and three feet (seven diameters)
downstreaﬁ;fram the test exchanger. The taps were construct-
ed by soldéring one=-fourth-~inch brass ferrule fittings on the
outside of‘fhe duct end drilling through the duct wall. The
edges of the taps were smoothed by hand. Instrument connec-
tions are made by one-fourth-inch polypropylene tubing and

plastic ferrule fittings.
Refrigeration System

Preliminary calculations indicated that the test ex~
changer, maintained at about hOoF, would require about &iie
guarter of a ton of refrigeration. Using chilled water as
gthe means of energy exchange, further calculations showed
that approximately 10 gallons per minute at 35°F would pro-
duce the desired wall temperature.

The device, shown in Figure 20, designed to accomplish
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this consists of a 110-volt, three-fourth-ton capacity her-
metically sealed Refrigerant 12 compressor, single-row
condenser and evaporator coils and a 110-volt, one-fourth-
horsepower 18 gallon per minute centrifugal pump. The
condenser coil is mounted vertically in a three-inch by
eighteen~inch by eighteen-inch sheet metal container. Tap
water is introduced at the bottom and overflowed above the
top of the coil. A capillary tube is attached at the outlet
of the condenser. The evaporator coil is mounted horizon-
tally in sn 18=inch by 18-inch by 1l2-inch reservoir
insulated with one inch of fiberglass. The bottom outlet of
this reservoir is attached to the inlet of the pump. After
circulating water through the test exchanger, the pump re-
turns it to the top of the evaporator reservoir and sprays
it over the coil. All referigerant connections are made
with stainless steel AN shoulder fittings. Coill joints are
made with soft solder. Water connections are made with

flexible hoses and aluminum AN fittings.



Figure 19.

Actual Experimental Dehumidifying Loop

Figure 20. Weter Chiller
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APPENDIX D
DATA REDUCTION

Reduction of wet test data is accomplished with the
computer program shown in Table II. This description will
follTow the chronology of that program. The dry test data

reduction program is shown in Table IIT,
Input Data

In addition to the obvious geometrical parameters which
do not change during the tests, experimental data indicsated
in Table IT is required. Since it is most convenient to ob~-
tain temperatures directly from the recorder (which provides
output in "percent of scale"), the upper and lower scale
limits (Ey and Er) are read as input and the corresponding
thermocouple emf readings calculated by

Ey - Eyp,

E = By, ‘l*[ 100

] X scale reading

The corresponding temperature is then calculated from a least

squares curve fit of thermocouple output
t = 32.045 + 16.573 E - 1.161 E°

which is accurate within 0.1% of the published data for
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copper-constanten (within the limitations of instrumentation,
a hypsometer used in conjunction with an ice-water cold
Jjunction showed that the thermocouple wire performed accord-

ing to the published nominal predictions).
Property Calculation

Properties at esach point are computed in essentially
the same fashion as described for analytical calculations in
Appendix B. A slight correction for the specific heat of
air (given in reference'1?§i5, page 152)

Cp = 0.2407 + 0.2062 L/ (BTU/1bm-"F)
is incorporated.

Flow Rate Calculation

Pitot-static probe traverses of the pitot section over
the complete range of flow rates established that the mean

reading is related to the centserline reading by
P = 0.922AP

in accordance with specifications of F.W. Dwyer Manufacturing

Company Bulletin H=11l. The velocity is given by the equation

vV = 10%.2\/0‘922AP¢‘ (ft/min)
/Dair
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Wall Temperature Check

Since direct wall temperature measurements are subject
to error due to improper placement of the thermocouple, an
energy balance on the water passing through the exchanger is
used to calculate the wall temperature. Estimating the free
srea of the water passage at about 50% (due to the presence
of baffles), the velocity (and therefore the Reynolds
number) of the water is calculated by the continuity equa-
tion. Since this configuration is approximated by Figure
10-71, page 218, of "Compact Heat Exchangers" by Kays and

London [29] , the j-factor is estimated to be
j = exp[-o.3 1n(Re) - 2.3]

which makes possible the calculation of the surface heat
transfer coefficient. The overall inside film coefficient
between the water and the air surface of the exchanger is

therefore

1
1, 1/32
Rt =300
where the second factor in the denominator represents the
thermal resistance of the stainless steel walls. ZEquating

the enthalpy change of the air to the convective heat trans-

ferred through the walls to the cooling water,

[ﬁzxi]air = U(tw = ta)A
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where ty is the average temperature of the water passing

through the exchanger and A is the total heat transfer area.
The wall temperature t,; calculated by this method is, on the

average, less than one-half degree different from the mean

measured wall temperature.l
J=-Factor Calculation

These calculations are identical to those described in
Appendix B for analytical computations. The Prandtl number

is calculated by the relation

pr2/3 = 0.80301l - 1.1057 x 1074 t(ab)

+6.88933 x 100 t(db)2
as suggested in reference [39] , page 153.
Priction Factor Calculation

The Fanning friction factor is calculated according to
Chapters 2 and 5 of "Compact Heat Exchangers" by Kays and
London [29]. For cores of the type tested, it is common
practice to define the friction factor so as to account for

pressure drop due exclusively to viscous shear. Thus, the

l1deally, the heat absorbed by the cooling water could
be calculated by means of the measured difference in the
temperature of the chilled water at the inlet and outlet.
However, since the flow rate of water is kept high in an ef-
fort to approximate the constant wall temperature condition,
minor errors in measuring water temperatures could result
in very large errors in temperature difference.
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relation
AP—GQV Ke +1 - 02) +2(22-1) +rA
T 2g¢ Ll'VC vy Ae V]

- (1 mo‘z-Ke :‘:—ﬂ

is used to define the friction factor. The terms in the
brackets on the right are, respectively, entrance effect,
flow acceleration, core friction and exit effect. The fact-
ors K¢ and K¢ are functions of flow conditions and geometry
and are ordinarily obtained graphically. However, in order
to facilitate machine calculations, polynomial approximations
to these factors were computed. Below a Reynolds number of

2000,

Ke =0.998 - 2.387 0 + 0.99202

Ko = 0.796 + 0.0510 — 0.445G2
For a Reynolds number of 2000,

Ke = 1.004 - 2.088C + 1.002(G2
and

Ke = 0.497 - 0.0020 — 0.406¢2
For a Reynolds nﬁmber of 10000,

Ks = 0.468 - 0.0120 - 0.388(0°
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Ke is not a particularly strong function of the Reynolds
number in the range of (j considered here and is thus taken
to be the same as for Re = 2000. Values of K, for Reynolds
numbers between 2000 and 10000 are obtained by linear inter-
polation.

Since actual pressure measurements are made several
feet from the test exchanger in order to prevent the distur-
bance caused by the core from affecting static pressure
measurements, a small correction for loss in the duct is
subtracted from the experimental pressure drop reading. For
five feet of four-inch by six-inch duct in the 10 to 200

cubic feet per minute range
Ar = [u_.301 x 1074 (cfm) + 1.293 x 1075 (cfm)?
- 3.86 x 10'3]I%6 (inches of water)

according to a curve fit of data taken from a Trane duct
pressure drop calculator. This is merely a first order
approximation to the proper correction but is considered
adequate since the correction is generally about two orders

of magnitude smaller than the actual reading.
Energy and Mass Balance

As a final check on the accuracy of measurements, an
order-of-magnitude analysis of energy and mass flow in the
system is made. The mass balance consists of collecting all
condensate removed from the air over a measured time inter-

val. This average flow rate is compared to
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M50 = (Mg = Moue Mair

Energy input to the loop from three sources is consider-

ed. The heater input is calculated by the relation
Qn = 3.413(volts) (amps)

assuming totally resistive heating. Input from latent

gources (humidification) is calculated by

Qp, = 1060 My o0

The energy input from the blower was determined by tests on
the loop prior to the installation of the refrigeration
system. By eliminating latent and sensible contributions
and allowing the loop to operate open, temperature measure-
ments over a period of time established that the energy

input from the blower is related to the flow rate by

Qp = 1101.2 - 5.126 (cfm) + 5.946 x 10™° (cfm)?
These three contributions are compared to

Qremoved = (Ai) 1;’Ia.ir

Large differences in the energy input and energy removal
indicate instrument malfunction or non-steady state

operation.
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TABLE II

COMPUTER PROGRAM FOR REDUCTION OF WET TEST DATA

1/6

PAT: PEDUCTION FOR FXPERIMENTAL DEHUMIDIFYING LCCP

INSTPUCTIONS FOF DATA INPUT

CRD#1 (PRINT GPTION) RCR COMPLETE RECORD OF CALCULAT ICNS,
10.0¢ OGN THIS CARD.

PLALE
Fiif LESS DETAIL, PLACE '1.0'. (F10.5)

CerD 47 [TFMPERATURE RECCRDER SCALE FACTORS) LOWER AND UPPER
CIMIYS (I™ MV) REPRCSENTED PY 10T AND $105%' UN THE RECGRDER
(2F10.5)

CARD #3 (THERMOCOUPLE CONSTANTS) CONSTANTS A,B AND C OF EQUATION
T o= AL+ BE(MV]E & (H[FVIH22
{3F10.5})

CARD #4 {SCHMIDT NUMBER} F10.5
-

CARD 85 (DIMENSIANS) NISTANCE RETWEEN PLATES {INCHES),LONGEST DUCT
SIRE LINCHES), LENGTH OF PLATES PARALLEL TO FLOW DIRECTION
(INCHES), SHURTEST DUCT SIDE {INCHES), NUMBER OF PASSAGES,
CPNSS-SECTIONAL AREA OF PITOT SECTION {SQ FT) (6F10.5)

" CAKD #6 (TEMPERATURE RECORDER READINGS, T OF SCALE) TOB (A}

TWR (A}, TOR(DB}, TNBIC), TOR{D), TWR(D}, WATER IN, WATER GUT,
WALL.IN, WALL OUT (10F5.1}. .

CARD #7 {PKESSURE DATA, INCHES OF WATER) PRESSURE DRGP ACROSS
EXCHANGER, STATIC ORESSURE UPSTREAM FROM EXCHANGER, STATIC
PRECSUFF AT PITPT SECTION, PITOT STATIC PRESSURE, ATMOSPRERIC
PRI SSUPE {INCHES OF MERCURY} (5F10.5)

CARD #e (EMEXGY AND WAS WNCE) HEATEY VOLTAGE (VOLTS),
HEATER CURRENTY {AVPS}, CONNENSATE COLLECTED {CC}, TIME FQR
CONDENSATE COLLECTIAN (MIN) . {4E10.51

CARD #G ([DENTIFYCATION) RUN NUMBER, DAY, MONTH, YEAR (4F10.51

CARO MUMBERS 6 THROUGH © ABCVE MAY Qf FEPEATED AS OFTEN_AS .
DESIPFD. A ALANK CARD AT THE "NB OF THI NATA JILL PRGPERLY
SPACE THE OUTpuyT,

DIMENSION ((10),T{10)1,PSWR (¢}
READLS « 504 31CHK

TCEK=C 1K+ ,001

IFTTCHK LEQ.QINETNI62

WRITE (4,800}

WFITE(h,R01)

FOPMAT (IM14//// /s BEYNTLNS NRY RULS TEMPS (F) wE
1T BULE TEMPS (F) .  WALL PPESS DFUP TOTAL MASS SENSTR
LE FANNING' } *
FOCPMAT (1 NUME ZR TLA) T4} T{CY Tty T{a) T
ey TEMP (F} {IM RaTEr) 1-FACTOY  J-FACTOR 3-FALTOR FRIC F
DACTIGHY Y

REAN(5,50212°T, TP

50°
200
500

Anow

Aanpw
o

290
01

302
303

[ala ¥l

FOEMAT(2F10,5)
READIS,5033TCL,TC2.T6C3
FOPMATIRF]IO0.5)
READES $504) 50
FOOM2TL F10.5)
2EAN{S.508)
FORMATLEFI0,5) _
ARFADES,50C)(Ct13e1=1,10)
FNRMAT {10FR, 1}
TFICL!).50.0.0150TOR0Y |
RIAD(E,S501INP,PYP3,VP, ATMPY
REANES,SCLIVALTS,AMPS,COMy TIXKE
RFANL5 4501V UN DAY  FM0, YR
[&4N=Puh+, 0001

INAY=DAY+,0001

MO=EMC+,0001

TYR=YP«, 0901

FORMAT(SF10,.5)

GAP, FLG L UEPTH,WIDTH,FNLAPET

CALCULATION OF TEMPERATURES FRIM CHART READINGS

NP8 T=1,410 N P
Ewi (TCP-ROT} /100, 1%L (1)«BOT
TCIY=TCL+TC24FMF4TCIREMF 242

CALCULATION OF SPECIFIC HUMIDITIES, ENTHALPIES AND DENSITIES

TE=U0(T(2)-22.)/1.,434273,16

XX=64T7,2T7~TK

746445, 86PE-03¢1 . 1TE-OBEXX*m2 1 e XX} /{TK® {1, +2,1R8E-03*XX}}
DSWR{?)=]6,496%212,167/{10.,%%Y) )

SURLZI- {14, 695-PSWBI2II*(T(1)}~T{2))}/7(2800.-1.3%T{2)}}

N, R225{VOA/{14.696-VPA)}

TF(T{31.67,70,0)60TN300, -

H1=(10,2062%5HA+.2460T }2T(3)+SHAR(1061.T+,439%T{31}}/(1,+SHA)
67702

HA=( (L2060 SHA+ 240 T)*T{ 21 +SHAR( 1050, 5+, 45%T{ 311} /{1, +SHAY
TR=1ET{61-32,1/1.81+4273,1¢

XX=667,27-T¥

Y=X%*x 2464 (R PAAE-OI4L L I TT-QXXF*2 XX} /{TK¥ {1, +2. 18RF~034XX}}
PR - AGRB21R 16T/ (10, %2Y)

VON=PS WA (2] - {(14.,696-PSKE(O))E{T(SI-T{6)}/{2800,~1.22T({6}))
SHR=0.,622%(VPN/ {14,636-VPD) )}
TF{T{61,.07,.70.16NTA302

Hoz (L 20623CHD+ 24071 #T{4)+SH* 11061 .7+.439%T(4}}) /{1, ¢SHC}
6ETH303 .

o4 {202 %5H0+, 26071 T (4} +SHO*(1060.54¢,45%T (411} /{1,+SHD}
TH={T{u+T(10}}/2.

NEFR=0,0G724% ({1 +SHAM/ (1,41 .60T*SHAII#{PL1+13,.558ATMPR)/{TI3)+460.
1
')‘TNC=’:.(\’7’6=Hl.bSHﬁ)/(l.’l.SOT‘SHD))‘(91-0"'13.55‘ATFPRI/lf(‘)*
T4E0.0

MNERE 20072080 (1,+SHDY /{1, 41, 50T*SHD IS (PI+13,.558ATMPRI/{T(5}+
1anga )

CALCHLATIAN ¢ DTAVETES REYNOLDS NUMBER

FPY=13%,60803T{0,6225VPEED L4 /DENE}
FL2T=NEREA DI TaFPN
fHenAN /A,




3/6 ! n/6
IXVEE Tl kO w0 N Ve NRGAPKEY G/ 2HE Y
TEN 2T RSAR RO (e VI4SPY,S ) /2,
TVM= (T{2YeT(4V) /0, THE et hl /L FNEF] (EGAPY)
(s,0367 7"24».,"H«ML-;*TMM-4.D‘)‘W==-9#1’\4\44 PV R0. r
NVEE bk (P Tuie 0N ) 2 ) VIS C CQFRAIVCTICN FOR CUYCT LSS
r NPC=NE-1=0,003R616+40,00CC301 1% (CFMPXFN} +0,000012933%(CFMPEFN)*%2)
C CHECK (F AP TIVOESATURF MEASYURFMENT RY HEAT RALANCE N WATER 1%0,02
C [
Ft 2Tw=i® &7 3349 Fo (40 02e 7,6/12 )% ha, LdAA00%%2 /G¥%2)/SPYL)-(FKL +1.-SIGNA%®2)
VOTWE2MS %22, /152 ,atG & (F+]l,) #%CEPTH) 1=2 ¥ USPY2/SPV]L ) =L )4 { e =FKE-STGMARR2)X{SPV2/SPV1}) %
PN a0 £V L AF-5) 1(SOVIHENEGAD/ (SPYMRD  XFNROEPTH) )
VOU=0,35A N5 (FEW) =24 2) c
H L0 SWIRVNERD L 4/10%%], 6(067 C CAVPARTSNN F ©rFRAOY AND MASS 3ALANCES BY THERMOCCUPLE
U=1,/001./H ) +(1./7032.%200.) 1)) C TEATINGS AN OTFFCOT MEASUREMENT
I={HT=HLVRF | NRT=RQ, d
A=D  &FREDIPTHAFL G/ L 44, . FUNTR=CCnRED  Lxh, [{1T2R,XTIMFE#2 54%%3)
Tyw=(TE7)+T{R}) /7, FMINC= (CUNCR-FONCC)*FLORY%60,
THC=THWHIG/ (U%AY) QT =Y TSvAMPSEI, 413
[FLARS(TM=THNC) o GTL2.,0)TM=THC QP *=110142-5, 1 2A%CFMPRFN+0,05946% (CFMP=FN )} %%
c M AT=FY[MDI%]LOAD,
o CALCULATINN (OF SENSIPLE J-FACTOR QUIk=NHTEF+ORL S +QLAT
[« L QIND= (M7 -HL )RR Q2T%A0,
VARL= ALOGU(T(33~TM )/{(T(4)=TH )} )%xGAP/(2,%DEPTH) TFUIOWKL,EQLLIGGTNTO
CJIS=VLI1%(C.R03014=2,1057€~4%((T{3)4T(4))/2,)+6,88933E~8% WRITE (6,90C)
AT T (40022400 . . o 300 FCOPMAT (1H1)
c 1 WRITE (4,901}
C CALCULATION F MASS J=-FACTOPR . 901 FORMAY L/ /// PHYSICAL DIMENSIONSY//)
c L e o ; WEITE{4,902)GAP
TK=(ITY  =22,1/1,81+4273,16 302 FOEMAT(Y DISTANCT (FTWEEN PLATES = ¢,FR.6,' INCHES')
XX=647,27-TK WoITF(~,QC1F 1 G
YEXXEE3,2464(5,8ARE~-0341 J1TE-O34XX*02)aXX) /(TK* (1,42, 188E-03%XX)) 503 FURMATIY DPLATT LFAGTH = *,FR.4,* INCHES')
PSWRAM  =14,5062218,157/(10,%%Y) WRYTE (&, 04N OTH
SHE=0,622%{PSWAM/ {14 .696-PSWBM) ) 17 FUPMAT(Y TXCHAMNGT DFEPTH = 1,FB,4," INCHES')
PHL={ SHA+SHD )/ (2, ¢SHH) N=Ft+.000]
CONCR=SHA/{1.+SHA) ’ WRITE(A,Q0%)N
CANCC=SHD/ (L. +SHDY 305 FORMAT(® M)MRER NF DASSAGES IN EXCHANGER = *,13)
CONCW=SHW/ (1s+SHW} WEITO5,910)
VAR =A DG LICONCR-CORC W) /{CONFC -CONCIW ) VEGAP/ (2, X0EPTHY) =10 EORMATLLf/ ) DXOED TRERTAL NATAY//)
FUM=VARZESEEE) , n56RT SETTE 01 i
C . 91t FUOQMET I [fPE BRFECSURE [P = ¥, Fh,4,* INCHES OF WATERY)
¢ ALTULATION OF §1 LIHLE + LATENT J-FACTOR WRIT»(a,C12)PL
(. Qv FrOMAT (Y RELRSUTE UPSTut Av FROM FEXCHANGER = 1,FT7,4,% INCHES TF WAT
Hy: (0, T052%SHW+ ¢ 2407 12 THeSHWA (1061 ¢ T+, 4398 TM) } /(L. +SHW ) 1574
VARAZALOG i HI-HWI/ {HA~HW) ) ¥CAP/{ 2, *DEPTH} WelTCo(hR,C12)P
CAT=vr 230 (8030 a1 15T -4%({T(3V¢T(46))/2,)4A,88933F-R% 213 FraMaT (i 2{TOT SOCTION PRESSURE = ¢,F7,4,* [NCHES OF WATEFR ')
TOOT 24T 00 /2,0) ’ Wil T {e,a106)VF
[ e14 FOBMET LY (TNTERLTYE PITLT-STATIC READING = 'T,F6.4, % INCHEY GF WRTE
€ CALTUL 2 TI0G WF FANNTNG FUr Yy FACTNR 12)
C WO T T GAF AP S VLTS
STOMA=ENEGAR/WINTH 208§ EORBAT(Y BEPAT W TNPYT = Y, F6 2,7 AMPS AT *,F6,2,' VOLTS*)
IFU° - 41 7,2000.)G60T0AD APTTE [(4,CQGe) )00, TIMF
FKE=1,003%%=2,07779%S[GM¥A+1.00223%S[GMARNR2 aag FORMAT (¢ (N0 SATE COLLECTION = *4F6.2+% CC IN *,F6.2,* MINUTFS®)
FKC1=0,49724-0, 3016 A%SIGMA-0,403559%51MAY%7 WEITE(£.918)7(1)
FKC2=0,4AT79%-0,01229%SIGMA-0, 3ATA5%SIGMARRD 915 FOAGMAT (Y PRY T TEMPERATURE AT A-SECTICN = %,F7.2.,' CEGREES F*)
LI-L2E-2000,1/16000. )%(EXC1=-FXC2) { WREITE(=yCla)TL2)
atre FOCMATLY »eT AUL® TEMPFPETUYRE AT A-SECTION = *,F7.2,' CEGFFES F?)
£0 Fre=n, AGRLPT, 3P TICHSIGVAL0, 091 RAFSTGMARRD WETTE(f,a17)T(2)
FROZ0TISR D40, USSR RS TOMA=C, 464448 S GMARXD ay FORNAT(Y 0oy B30 TEMIPEEATIRE AT 3-SECTION = *,F7.2.' DEGREFS F ')
61 CONTIVUE WL [TS{A,919)7(4)
§eyI =Y, /NEME ala FUEMAT (1 DOy AHLA TEMPERATURE AT C-SCOTION = *,F7.2,* CEGREES F*)




32

229

a21

92?2

az23
a4

92%

a26
az7

994

991

5/6

WHITO (A, 12T (&)

ErLART (Y YORULA TUMPEEATISE AT MLSECTICY = 0,0 7,249 DEGREES F)
WEITF (4,920 )T(&)

FLOATIY wi ¥ R TRMPECLIUY: AT D=-SECTION = ', 7,2, BEGRFEES F')
TAVW=A(TET)+T(R))/2,

WETTT LA, 9211 TAVN

FOEAAT(Y AVERACE (CDLING WATEE TZMPr .- aATUF . = t,FT7,2,' DEGREES F*})
TAYSE(TLO)+TLI0YY /2.

ON=(TI0YN-T(2}Y) /2.

WFITS(,,Q922)TAVS

FREMAT (Y AVETAGFE MPASUPER WALL TEMPERATURE = $,F7,2,*' DEGREES F (
T4+

ARTTE (¢ 4927 )0

p4p\45Y[!§l.n,’\X'l_ I""I.t.'l NEAREES Ty

ARTTElL,024)

FOEMATU/ /770 CLLCUULATEL TATEY/ /)

wu}VF(I.Q?R)FLL‘ﬂT

FOEMAT (T YASS LI BATE = ¢,FT7.23,0 LOeM/4[NTY)

WEITE(~,801)CFMP

FreEgAT(Y YOLUME FLOW <ATE PEF PASSAGE = 'wFb6,3,' CURIC FEFET/MINE)
WRITE[h,GZ20R)Q)

FORMAT({Y PEYNQLDS NUMREF = 8,5, 2)

WELTT (6,92 7)EXVE!

FI=AT (1 PASSACE VELICTTY =',F8,2,* FZET/MIN')

WRITE(E 994101

FUFMAT(* WATEF~SINE SURFACE COEFFICIENT = ',WwF7.2,* BTU/HR-SQ FT-DE
16 Fv)

WEITEL6,993 ) TWL. . .

FIPMAT (Y AVERAGE WALL TEMPERATURT (CALCULATED) = ',F7.2,' DEGRFES
F1)

WPITELF,932)TM™

FrEMATIY WALL TEMPERATUFE USE) IN CALCULATICONS = *,F7.2,' DEGREES
1F'}

WRITE(£49800Q00R .. ...

FORMAT(? APPROXIMATE ENEFCGY INPUT TC tQOP = ',F8.2,' BTU/HRY)
WRITE(A,Q8]1)QIND

FECRMAT(* ENERGY REMOVAL FFOM A9 = *,FR.2,¢' BTU/HR')
WRITF{A,9c2)F¥D LR

FOR®AT (Y APPROXIMATE CONDEMSATE REMUVAL FROM LIGP = ' F8.6,% LEM/H
1Pv) R .

WPITE(E,QAZ)FMIND

FORMAT {+ (BAMGE IN MUGISTURE CONTENT OF AIR CROSSING EXCHANGER = ¢,
IF8.6. Y LDM/HRY)

WEITE(&,Ge])

FUORMAT (Y CONCENTRATTON FATIC (O*)

WRITE(£4942)PH]

FOOMAT{ 49, 21X %/} = *,FT,.3)

WPITEUha2P)0 S

FORMAT(Y SESNSIRLT HMEAT THANSEFTR J-FACTO& = *f,FT7.5)

WETT) (s yuedy0 )]

FLEMAT(E TOTAL (SENSTALE FLUS LATENT) HOEAT TRANSKFER J-FACTCK = %,f
17.5)

WEITE(6£4GQ2C)0JM .

FURMAT(t ®ASS TPAMSFEC JoFACTAR = *,k7.5)

HTCT=CJI %G/ T5E, AREAT

FHUS=HTC T#+NH/ SOLS/ 240

WP ITY (f A0 YFENIES

FOEMATLS PMIISS LT SUMALR = *,F7,.3)

N.’;YTI:';,.(}‘IG)F

FOLMAY( FAMMING FEIGTICN FLCTOR = ¢ ,17,5)

931

70
71

201

6/6

WETTE L5y T A1) (5 UMLSO, | 2AY L TYF
FOOMaT{IOUX, Vo UN MU 88 17,75
G TN AN

AFTTE L gD T, Ty TUN T LAY (S T(219Tlo) o T, DPCIT 4 CIMCUSHF
FRPMATEO2X FT.0e X0 8FRI2,3X,2F a2y XeFB, 296X FRLA 14X FHL532X9FP,5,42
1XeFR.Dy I, FBLS)

GOT(200

WEITE(6,200)

STNP

END

AR ER A AR ]



TABLE III

COMPUTER PROGRAM FOR REDUCTION OF DRY TEST DATA

[FECt21.F0,.0,0)G0TN20L

4 2/
READIS+S0110PsP14P3 VP4 ATMPR
3 RFADU5.501 }RIN 4 DAY 4 FMO, YR
c DATA REDUCTION FOR EXPERIMENTAL HEATING LOOP TRUN=RUN+, 0001
c IDAY=DAY+,0001
[4 INSTPUCTIONS FOR DATA INPUT MO M0+, 0001
c 1YR=YR4,0001
C 501 FORMAT(SEL0,9)
[ CARDH] (PRINT NPTINN) FNR COMPLETE PECORD OF CALCULATIONS, PLACE [4
C *0.0* ON THIS CARD. FOR LESS DETAIL, PLACE *1.0', (F10.5) c CALCULATION NF TEMPEPATURES FROM CHART REAOINGS
C [
C CARPD W2 WGTEMPERATURE RECORDER SCALE FACTORS) LOWER AND UPPER . DNS0Y=1,10
c LIMITS €IN MV) REPRESFNTED AY '0X' AND $100%* ON THE RECORDER EME={{TOP-POTI/100,14Ct T1+B0OT
c . L2F1045) . BN - . e e i e 80 . T(L1}=TCL+TC2*EME+TCIREMFe2 et e "
¢ r
[ CARD #3 { THERMUCINIPLE CONSTANTS) CONSTANTS A,B AND C OF EQUATION c CALCULATION OFf SPECIFIC HUMIDITIES, ENTHALPIES AND DENSITICS
L T = A ¢ Pe[uy) » Ce(uy)eny .t :
c 13F10.5) TH=((T(P)=32.1/1.8)42T3. 16
c XXebaT.27-TK
! 4 (DIMENSIONS}Y DISTANCE BETWEEN PLATES (INCHES).LO! o YEXX3{3,264+ 68E~03¢ SOREXXSE2)EXXV /(TKE(1,42,]}B8E-03ISXX) )
3 SEIDE (INCHES), LENGTHt OF PLATES PARALLEL TO FLOW DIRECTION PSWR{21=14.6906%218,167/(10.%%Y) i
[ TYNCHES), SHORTEST DUCT SIDE (INCHES), NUMRER OF PASSAGES, VPA=PSWRI2)~([14.696-PSWA(2} 18 (TI{L)=T(2)}/{2800.~1.3%T(2))}
. 208§~ q PITOT SECTION (SO FY) {(6F10,5) SHA=0.A224(VPA/{14.h96=VPA))
c IF{T(3).6T.70,0)6G6T0300
[ CARD #5 (TEMPERATURE RECORDER REAOINGS, ¥ OF SCALE) TOB (A}, H2x ((D.2062%SHA+, 24071 T{I)4SHAR[1061.7+.439%T13) )}/ {1, +SHA)
b1 T, GDT0301
c WALL Ths WALL OUT {10F5.1) 100 H3={(.2062%SHA+.24071%T{3) «SHA®{1060.5¢,45%T(3131/(1,+SHA}
c 301 TR=((T(6)=32.1/1.8)+273,16
8 £_DAT [ ROP_ACROSS XX2647,27-TK
c EXTHANGER, STATIC PRESSURE UPSTREAM FROM EXCHANGER, STATIC YxXX#(3,2444(5.R6BE-0D3+1,1TE~00#XX#82)%XX) /{ TK#{ 1o #24 1 BBE- 03 #XX) )
c PRESSUKF AT PITOT SECTION, PITOT STATIC PRESSURE, ATMOSPHERIC PSWR16)=14,69A9218,167/(10,%%Y)
£ PRESSURE (INCHES OF MERCURYE {5F10.5) VPO=PSHE{A) =t 016,696-PSWRI6)}*IT(5)~T(6)}/12800.=13%TL51}])
C SHD=J,6224{VPN/ (14,696~yPD})
c CARD #7 (IDENTIFICATIUN! FUN NUMRER, OAY, MONTH, YEAR (4F10,5) IF{T(4).6T.70,)60T0302
c Hon(1,20628SHD® 2607 ) $TL4) ¢SHO*(]106],Tv,4398T14))} /{1, ¢SHD)
¢ 6070203 -
c 302 M 4 =(1.20A24SHD+,2407)%T(4)+SHO#{1060.5+,45¢T(41)) /(1 .4SHD)
" M € 303 TR=({93+7{10))/2
3 A BLANK CARD AT THE END OF THE DATA WILL PROPERLY SPACE THE OUTPUT, DENR=0,09734%({1.+SHA)/(1.41,607#SHA) ¥ (P1+13.5S8ATMPR)/(T(3)+460,
[4 : 1
I OFNC=0,00734%({],+SHD}/ 11, ¢} .6QT*SHD)}®(PI-0P¢13.55%ATMPRY/ITI4)S
DIMENSTON C{10)+T(10).PSWALS) 1460,1 )
READ(5,506)CHK NEME=0,09736%( (1. 4SHD)/{1.+1,60T#SHD) 1#(PI+13,55%ATHPR)/LT{5)+
S04 FORMATIFI0.5) 1440,)
1CHE=CHK+0.001 [4
1F(1CHK.LT.11G0TO9%3 [ CALCULATION OF DIAMETCR PEYNOLOS NUMBER
WRITE(6,800) C
WPITE(A,RD1) FPM=]2R,6%S(RT{0,0276VP*E2,4/DENE)
AQD  FNRMATIIMIL/////+* REYNOLDS DRY RULB TEWPS (F) WE FLORT=NENF#APIT #FPM
1T QULR TEMPS [F} WALL PRESS DROP__J= 7, d e DMAGAD /A, e
BO1  FNEMAT('  NUMBER TeA) T(8) Tty TIDY Tia) T EXVEL=FLCRT/((DFNBeNENC )XF N#GAPAFLG/ 208, )
- 1(0) TFMP (F) (IN WATER} FRIC FACTOR'/) CFMP=EXVEL*GAPRFLG/ 144,
963 RFAD{S,502)8DT.IOP TMM=(T(3)eT14)) 12,
502 FORMAT(2F10.5) VISC=10.0303742+6, 794 T4E-58TMM=2  653A5E~R* THM® %217 60,
READIS.503)TCL,TC2,TC3 PE=(EXVELANHS GDENR+NENC) /2.4 /VISC
503 FORMAT(3£10.5) c T — s - e
ATAD(S,505)  GAPFLG,OEPTH WINTH, FNJAPLT c FCHECK NF WAL, TEMPERATURE 4FASUHEMENT DY HEAT BALANCE AN WATER
S0%  FORMATU(6F1045) : c >
200 READ(S.500)¢CUT) 121,20} __FI1RTw= 5,498,338 —
S00  FNRMAT(10+S5.1) VHEFI R TUEZAR,#32,/162.4%5. #{FN+1 ) aDEPTH)

REWz4,#0,008VH/ {12.260.%1.BE~5)

00T



. 3/

WI=FXP{~0,?*ALNG(REWL=-2.3)

* 4/

WEITE{6,9121P3

H2€60 2 WJRVWRED L& /1 08%0, 66667 Q13 FOPMAT{® PITAT SECTION PRESSURE = *,F7,4,% INCHES OF WATER®) i
SAEL ) +01./7132.%200.3 )} WRITEtE,q18)VP 1
HA-H4 JRF] T ¥60 als ELRMAT (! CENTERLINE PITOT~STATIC READING = *9Fb.4,' INCHES OF WATE !
422 *FNEDEPTHEFLG/ 144, 1R |
TMW=(TI71eT (R} }/2. WRITF(6.9191TE1Y :
e TRCETME S (O UL b Q36 _FORMAT(! DEY RULA _TFMPERAYURFE AT _A<SECTION = *,F7.2,° DEGREES F*) -
TFLARS{TM=TUC) L GT.2.01 TM=THC WETTT (AeQLE)TI2) :
916  FNRMAT{®* WIT BULR TEMPEKATURE AT A=SECTION = ',F7,2,' DEGREES F*) f
o CALCULATION OF COLBURN J-FACTQR BRITF(6£,09)7)7(3) !
[« 917  FMPMAT(® DFY RULAR TEMOPERATURF AT B-SECTION = ',F7.,2,* DEGREES F*} i
VARL= ALNGUITEAI=THM )/{T(4)=TM }}2GAP/(2,¢DEPTH} WRITF(6,91R1T(4} )
) CS=VA01%{0.,8Q3016=1.105STE=4*{(T(3)+T(4)]1/24)¢6+80933E-8% Q18 FEOPMAT(' DEY RUIA TEMPERATUPE AT C=SECTION = *,F7.2,? DEGREES F!)
. LT3 4T (&} /2. 1) . WPITF{A,0101T(5) !
:C 919 FORMAT(Y PRY ARUYLR TEMPERATURE AT D-SECTION = 3,F7,2,* DEGREES F*}) H
L CALCULATIDLN QOF FAMNING FRICTION FACTOR WEITEL6,020)T06)
iC 920 FOPMAT(Y WET RULA TEMPERATURE AT D-SECTION = *,F7.2+' DEGREES F*)
STGUMATFN2GAP/WINRTH TAVW=(T(TI+T(R}} /2,
IF{FELT.2029, 1501060 WRITE(£s92)) TAVH
FXE=1,0039€-2,0A779%S1GMa+1.00233SIGMARR2 921 FORMAT{* AVERAGE HFATING WATER TEMPERATURE = ¥,F7.2,%* DEGREES F*)
FKCL=0.657346=0,0016R%SIGMA=0 005592 IGMAR%2 TAVS={T{Q)+T(10})/2,
 FX(2=0,467529-0,01223%S] GMA=Q, 2R TSRS [GMARS2 PM=ARS((T(10)=-T(AV)/2.)
FRC=FKC1~({RF=2090,)/10000. }*{FKC1~FKC2) WPITF(64922)TAVS
LOTOAY 032 FNRMAT{* AVERAGE MEASURED WALL TEMPERATURE = *,FT.2s* DEGREES F {
60 FKE=0,€00832-2 38 T20%SIGMA+0,99]1R4*S] GMASSY 1+%) -
FKC=0,7955040.050552S IGMA=0.44464%SIGMARD2 WRITC(A9231PM
61 CONTINUE 923 FORMATI'e',56X,¢_ *,F7.6,' DEGREFS F1')
SPVY =1L ADENE e MELTELA, 004}
QOVZ=Y . /NENC 926 FORMATU/7//77% CALCULATED DATA*//}
SPVY= (SPVI+SPY2) /2. WO ITELA,925)FLORT
GELORT*60. %144, J{FN®F1 G#CAP) 925 _EDRMAT (' MASS FLOW RSATE e ',F7.3,"' LAM/MINY)
o WOITf (A,001)CFuP )
c CORAFCTICN FDR NUCT LOSS 991  FNOFYMAT(® VOLUME FiDW RATE PER PASSAGE = *,F6.3,' CURIC FEET/HIN')
DPC=00-(-0,003An1640,0006301 1% (CFYPAFN} +0,0000129323% (L FMPEN}#22) WRITE {6y 926)8E
: 1%0.0? G926  FORMAT(® REYNOLDS NUMBFR = ¢,F8.2)
. C WRITF (£,927) EXVEL
F={{{DPCRA2,4712,)%065,4%260082/G%82)/SPV]}=1FKL +],~SIGMAR%2) 921 EMNEUAT(* PASSAGE VELOCITY =*,FB.2,¢ FEFT/MIN')
1=2 % ({SPV2/SPVL) =14 )+ {1 ~FKE-SIGMA®®2)# {SPV2/SPVi))}* WMRITF{h,904)}H
1{SPVISFNEGAP/(SPYME 2, ¥FN*DEPTH) } 994  FrPMAT(® WATER=SINE SURFACE COEFFICIENT = ',F7.2,' BTU/HR-SQ FT-DE
1F{ICHK.EQ.116RTI90 16._1!)
WFITE(5,900} WRITE(Hs992) TWC
900 FOFMAT {1HL} 093 FNFMAT (¢ AVECAGE WALL TEMPERATURE (CALCULATED} = *,FT.2+' DEGREES
- WPITE[649013 e MEY)
a0l FNEMAT{//7/% PHYSICAL DIMENSICNS'//) WRITE (6,321 TH
WAITFI6,902)GAP 932 FORMAT(* WALL TEMPERATURE USED IN CALCULATIONS = *,F7.2,' DEGREES
-Te)ed FORPMAY{* DISTANCS BETWEEN PLAYES = *,fB8.h,% INCHES®) _1F*)
WP ITE (A, AG}FLG WRITF{/,928)CIS
02 FOPMAT{Y PLATE LENGTH = *4FB.4,% INCHES?) 928 FORMBT(* CCLBURN S=FACTOR = ¢,F7.5)
e HRITEL6,8061DEPTH . WPITE{h,930)F
904 FOARMAT {1 FXCHANGSP DEPTH = ',FB,4y* INCHES') . 930  FORMAT(* FANNING FRICTIUN FACTOR = *,FT.5)
N=FN+.0001

WEITE({e, QO8N

905 FORMAT{* NUMRER NF PASSAGES IN EXCHANGER = *,13)
WRITF 16,910}
910 FORMAY{ /7777 EXPERJMENTAL DATA®//)

WRITC(A,911)NP

90

WRITF (6,931} IRUN¥D4IDAY,IYR

931 FORMAT(]DOX,'RUN NUMRER®,13,5X,12,%/%,12,'/,12)

GDTG200
WRITF (64 TOIRE,TOLY o T3 oTLL)»T{SHoTI2)sT(6)4TH DP,CISHF

.70 FORMAT (2X,FT7.0,2Xs4FB.243Xs2FB42y4XyF8B 2X3FB. 44X ,FB.5,3XyFBLS)

GOTD200
911 FORMAT{* COPF PRESSURE NROP = *,F5.4,' INCHES OF WATER®) 201 WRITE164900)
WIITE(L,012}P) sY0P
912 FORMAT{? PRESSURE UPSTREAM FROM EXCHANGER = ",F7.4,' INCHES OF WAT END

1ER*)

10T



APPENDIX E
EXPERIMENTAL DATA

This eppendix contains the experimental data obtained
during the course of this study. All imporbtant raw data as
well as selected calculated results are presented in tabular
form. Table IV contains wet test data and Table V contains
dry test data. The subscripts on temperature readings refer

to the location of their measurement on Figure 12.
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TABLE IV

WET TEST DATA

BEYR NEY P TrvRR (E) WET BULE TEMPS (F) WALL PPESS DROP TOTAL MASS SENSIBLE FANNING
NUMR ER T8y TRy T} T TiAY TLD} TEMP (F)  (IN WATER) J-FACTOR J-FACTOR J-FACTOR FRIC FACTOR
aT3, 99,97 GA.01 63,09 $4.80 85,17 63,18 45,36 0.0564 0.01833 0,01682 0,01737 0. 08431
949, 87.97  &%,74  RR,21 50,87 77,46 57,85 41,45 0.0602 0.01687.  0.01554  0.01609 0.07857
1008. 108,12 103,42  AT.,72 68,65 81,52 62,01 43,71 0.0637 0.01525 0.01386 0,01491 0.06793
1080,  103,6R 100,07  FR,47 69,63 £5.30  66.32 45,55 0.0717 0.01432 0.01266 0.01433 0.06718
1096, 78.78 95,41 02.23 4,08 69.01 53,50 38,77 0,0702 0.01478 0.01386  0.01455 0.06558
1133, 94,97  SP.RT 63,47 66,71 77.55 60,20 42.56 0.0808 0.01453  0.01314 0.01424 0.07103
1218, 107.10 103,42 6B.74  71.51 80,20 63.18 44,30 0.0877 0.01428 0.01223  0,01461 0.06334
1271, 87,40  FA1T  63.90  64.R0 T6,66 62,19 42.97 0.0909 0,01210 0.01078  0.01200 0. 06296
1297, ABLLD RALTO £2.2R A3,00 73,29  57.67 41.08 0.1095 0.01388 0.01366  0.01269 0.07644
1319, BOLS5  T3,R« 59,71 59,75 70.88  57.13 40,11 0.0932 0.01235  0.01113  0.01214 0.06126
1282, 108,74 106,70 712,58  Tbé.44 Blel7  6G4s44 45,27 0.1}91 0,01371 0.01316  0.01285 0.06598
1498, 105. 3¢ 107,48 72.7%1 T4.27 RD.37 65,42 45.73 0.1658 0.01238 0.01075 0.01254 0.08320
1591, 35.5¢ Q4081 604647  A4.OR 65,87 55,77 42,28 0.1350 0.01280 0.,00878  0.01395 0.06024
1762. 94,10 02,62 7C.08 7182 78.87 6516 46.23 0.1455 0.01183 0.01119 0.01101 0.04618
1950, 88,27 A7.22  AB.,56  £9.90 79.05  67.22 46,51 0.1730 0,00998 0.00873  0.01015 0. 04640
1964, 80420 79,49  £1.56 62473 £4.80  55.59 40,67 0.1804 0.00993 0,00819  0.01027 0.05082
20584 9Ba26 96,42  T4.62  T4.ED 17,46  63.99 46,05 .. .0.1850Q Q,01157 . 0.,91311  Q.00944 0.04525
2260. 87.75 96,96 08,65 £9,45 72.31  60.74 44, 44 0.2276 0.01115 0.01237  0.00932 0.04801
2346. 8l1.2% POl 62,72 64,08 65,69 56.86 41417 0.2276 0.00945 0.00728  0.01009 0.04635
261.2. 85.21  84.51  66.8F  AB.11 . 63,92 59,57 . 44,21 . 0.2420 0+00993 0.00954 0.04310
2676, LETS O T 67,67  €67.93 69.19 59,75 43,71 0.2515 0.00922 0.00895 0.03836
2738, 95,75 w43 T3, 64 15,77 77.01 64,53 474647 0.2990 0.01206 0.01372  0,00974 0.,04033
3082, 8C.64 0,217 6047 65469 65,25 57485 43,94  0,3379 0,01120 0,00673  0.01309 0.03845
2316, 89,23 RR,62 73,37 14,18 78452  67.93 50435 0,.3891 0.01012 0,01011  0.00866 0.03525
3367, 83,10 82,66  6T.4T 68,29 6B.83 59,12 45404 0.3957 0.01061 0.01312  0,00842 0.03614
3700. (88410 PTL5T. T1.33 . T2.15 ... T4.35 . .65.69 46,89 ..0.4570 0.00893 _0.00781 0,00901  0,03281
3825. 89,84 89,15 T70.44  T2.13 68,47  €1,38 46.28 043000 0.00821  0.00433  0,00949  0.01449
3883. 87.31 86.70 T0.53  72.22 69.90 63,09 47,84 0.4806 0.00792 0.00543 0.00891 0.03060
4173.. 81.B7 . R1.43 _ 69.45  T0.1T7 72,22 65442 ... . 49489 . 0.6340 . 0.00743  0,00618  0,0079L  0.93825
4325, 103.42 102,22 R5.76 86,44 85.39 77,63 59,62 0.6150 0.00744 0.00611  0,00808 0.02895
4634, 88445  87.92 73,47 76,00 74,00 67,13 51.31 0.6304 0.00772 0.00619  0.00831 0.02681
5004. BBL4S . B7.92 . T3.31 . 15.51 T72.93 66.59 51.22 ... 0.7180_ 0.00741  0.00587 0,00796 0.02572

5452. AT.14 A6.70 73.02 73.55 73.11 67,04 52.36 0.8485 0.00695 0.00458 0.00841 0.02594




TABLE V

DRY TEST DATA

REYNOLNS NRY RULE TEMPS (F) WET BULR TEMPS (F) WALL PRESS DROP J~-FACTOR FANNING
NUMREP TA)Y TRy TG T TLAY T TEMP (F}  {IN WATER) FRIC FACTOR
808, 95, P0 G3.06 111.9%9 108,223 T1.69 T6.62 125.79 0,0432 0.01424 0.06345
1031. BR.A2 87,058 107,52 195,22 69,14 72,29 125,98 G.0456 0.01232 0.03565
1185, 90.45 Q8,62 106.76 104.96 58,87 72,35 125,73 0.0697 0.01107 0.04399
1457. 91.76 9G.45 105.73  104.19 659454 72,49 126.35 0,0624 0.00915 0.03650
1417, G240 96,59 104.32 102.%0 70.48 75.15 125.98 0.1110 0.00850 0.03485
1816, 89,67 £8,4% 102,52 101.A7 70.08 73.2% 125,98 0.1292 0.00774 0.03159
2175, 91.11 Ae,62 . 161.37 101.22 69468 73.02 124.79 0.1765 0.00692 0.03303
2216. 93.22 Q2.56 104.2& 102,¢° T4, 40 77.55 125.22 0.1885 0.00717 0.03330
2368, Ra,80 89,02 101.72 100,44 29,41 73,95 125.36 0.1958 0.00676 0.02987
24B9. 92.20 Al,62  102.90 10z.2F T4.35 77.01 125,42 0.2176 9,00670 0.02940
2685, 91.27 aNL,e" 101.62  101.10 72.39 16,62 125.17 0.2537 0.00640 0.02979
2976, 92.02 21.11 101.62 191.1¢C 73.02 77.01 125.17 0.2989 0.00609 0.02793
3494, 90,05 90,0¢ 100.58 ac,al 70.62 73.15 124.8¢6 0.3741 0.00595 0,02434
Ar72, 8a,67 LR, TS Go.16 98.39 59,28 71.82 124,73 0.4224 0.00564 0.02340
4161. 88.10 _T.57 98,13 37.61 67453 T0.48 125.54 0.5312 0.00538 0.02503

4945, 88,10  H47.57  97.25 96,56 58,07  71.02 125.36 0,6371 0400495 0.01902.
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