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PREFACE 

This study is concerned with the influence of moisture 

deposition on the heat and mass transfer characteristics of 

a 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 actual 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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help of those around them. I am no exception. But, in the 
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members of my com.mi ttee, Dr. ,T. A. Wiebel t, Dr-, J. D. 

Parker and Dr. K. J. Bell for their technical advice and 
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encouragement. 

I also wish to take this means of thanking Mr. George 

Cooper of the Mechanical Engineeri.ng Laboratory for his ad~ 

vice and assistance during the construction of the test 

apparatus. The fact that it operated in a ve~y satisfactory 

manner from the time it was first started (and the fact that 

I started and finished this study with the same number of 

fingers and to~s!) may be credited in no small measure to 

Mr. Cooper. 

Finally, I wish to note m.y special gratitude to my 

wife, Beverly, and my daughter, Lori, who sacrificed not 

only the material things I could have otherwise given them 

but also the personal time properly expected of a husband 
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NOMENCLATURE 

English Letter Symbols 

A Area. 

b One-half distance between plates 

Cp Specific heat at constant pressure 

D Hydraulic diameter, 4(flow area)/perimeter 

f Fanning friction factor . 
G Mass velocity (M/A) 

g Gravitational acceleration 

h surface convective heat transfer coefficient 

i Enthalpy 

j Colburn j-faotor 

K Convective mass transfer coefficient 

k Thermal conductivity 

L Length 

Le Lewis number (Pr/Sc) . 
M Mass flow rate 

m Concentration 

Nu Nusselt number (as used in this work, h1D/r) 

P Pressure 

Pr Prandtl number (CP IJ./k) 

Q Total heat transfer rate 

Re Reynolds number (DU PIµ ) 

ix 



sc Schmidt number ( µ17) 
t Temperature 

U Overall heat transfer coefficient; Velocity at a 
particular location (e.g. U0 is centerline velocity) 

rr Average (bulk) velocity in flow direction 

u Local velocity component in flow direction 

v Local velocity component normal to flow direction; 
Specific volume 

Greek Letter Symbols 

CX Thermal diffusivity (k/ pep) 

r Thermal diffusion coefficient (k/Cp )' 

'( Mass diffusion coefficient (See Appendix A) 

f1 Thermal boundary layer thick:Qess 

6 Momentum boundary layer thickness 

~ Concentration boundary layer thickness 

µ Absolute viscosity 

V Kinematic viscosity (µIp} 

P Density 

Cf Ratio of free area to total area (See Fanning friction 
factor calculation, Appendix D) 

U Specific humidity 

Subscripts 

c Centerline 

db Dry bulb 

e Entrance condition 

eq Equivalent 

x 



f Property of saturated liquid 

fg Property associated with liquid~vapor phase change 

g Property of saturated vapor 

h Hydraulic 

i Interface; Total transfer (i.e. based on an enthalpy 
potential) 

L Liquid 

m Mean; Mass transfer (i.e. based on a concentration 
potential) 

o Exit condition 

s Surface of condensate 

t Sensible transfer (i.e. based on a temperature poten-
tial) 

v V,e.por; Velocity 

w Wall 

wb Wet bulb 

xi 



CHAPTER I 

INTRODUCTION 

The problem of predicting heat and mass transfer rates 

during removal of a oondensable vapor from a non-oondensable 

gas finds considerable application in the ohendoal process 

industry. However 9 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 com.tort air conditioning systems. 

Man's earliest attempts to lower the temperature of some 

part of his environment did not require the use of beat ex

changers in the modern sense. At least five centuries before 

Christ, the Egyptians made use of a combination of evapor- 1 

ative and interstellar radiational cooling to produce modest 

quantities of ice and oold water [1] * .--r- The first recorded 

use of natural ice for temperature control has been traced to 

* Numbers in brackets refer to bibliography 

1An unglazed earthenware vessel of water was placed on 
a rooftop after sundown. Slaves tanned the vessel throug~ 
the night and skimmed the film or ice that formed. Reference 
[1] relates that .. Richard· the Lionhearted riec~ived a 
friozen sherbet made by this process from Saladin, his adver
sary during the Crusadeso 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 himl 

1 
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Alexander the Great in Persia about 330 B.C. who made use of 

snow-packed trenches to cool wine for his legions(2]. 

Primitive refrigeration machinery was under development 

in the 18th century. Early designs used to refrigerate sea

going meat storage vessels were mostly open-cycle air 

machines using reversed steam engines for the oom:pressors. 

A practical closed-cycle machine was pat~nted in 1834 [1) . 2 

Increasing interest in environmental applications of 

refrigeration equipment in the 1920 1 s and 1930 1 s led to the 

development of the finned evaporator still in wide use 

today [2] • Although this development made possible the com

pact evaporators needed to cool large quantities of air at 

low velocities and pressure drops, their design became 

almost exclusively a "cut and try" process due to the in

creased com:plexity 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~ 

ing the effect of moisture deposition on finned surfaces.3 

2Jaoob 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 degree 
of commercial success. 

3In the interest of clarity and brevity of the problem 
statement, references will be deleted. Chapter II contains 
a detailed literature survey. 
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It has been recognized for some time that, for a given temp

erature difference, a finned evaporator will operate more 

effectively (i.e. it will transfer more sensible heat) if 

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 program was 

established: 

1. Mathematically analyze simultaneous heat and 

mass transfer for humid air flowing betweem 

parallel flat plateso The solution must be 

sufficiently simple to make pa~ametric studies 

possible yet be sensitive to the effeot of 

mass transfer on sensible heat transfer. 

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

closed loop device capable of measuring actual 



performance of an exchanger configuration simi

lar to the mathematical model. 

3. Obtain data relating to heat transfer, mass 

transfer and frictional characteristics. Pre

sent in terms of the total (enthalpy) Colburn 

j-factor, total Nusselt number, sensible j

factor9 mass transfer j-factor and Fanning 

friction factor. Compare to dry (non-condens

ing) tests and to analytical predictions of 

the performance of the srune 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 lit-

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 

E.ven though exchangers designed specifically for cond-

ensation service have been built for well over a century,, 

the first analytical investigation of this phenomenon is us

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 l)o 

By assuming that the weight of the condensed flui'd 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 

p 2 2 
U = 2 II Q [21: - .L...J 

I-A u (J2 
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_ Figure l. Nusselt Pure Component Condensation Model 

•/ 

This made possible relationships tor the mass tlow ot conden-

.. sate in terms ot both mean velocity and thermal J>arem.eters. 

These e.xpression·s resulted· in a -ditterential equation for {j 
which has the solution 

6 = _4J4.v k Cts - tw) x v p itg 

Heat transter resistance was posVulated to result only trom 

the liquid film. Thus· 

Eckert and Drake [ 4] shQW the experimental valid! ty ot Nus- _._ 

selts result (reproduced in Figure 2) by plotting the actual 

Reynolds number 
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Figure 2. Experimental Comparison with Nusselt Analysis 

Re 6 (experimental) 
11 x (ts - tw) 

µ.ifg 

versus the result of Nusselt 1 s analysis 

. :kp2/3x (ts - tw} ]3/4 
Re;: {analytical) = l 8 . 513 U L 1.0 2 l.fg µ 

Figure 2 illustrates that higher Reynolds numb.ers 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. 

7 

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. Sparrow end 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 a 

buoyancy term neglected in the earlier analysis. The most 

important result of this analysis 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 numerical analysis of the boundary 

layer equations, makes Nusselt's solution quite attractive. 

8 

Several variations of Nusselt's original work appear in 

the literature. Koh solved the Nusselt-Sparrow-Gregg con

figuration by integral analysis but added no information to 

that already available [6). Similar analyses of the hori

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



body force) have been made 'by Koh [·1 J and Leppert and Nimm.o 

[a]. However, these studies do not have direct application 

to the present pr0oblem and are included merely to indicate 

the range of lit®ratmr'®l available in the general area. 

9 

There is an extensi:v® body of literature available on 

experimental work in the field of pure vapor condensation 

which is especially im:po:r•tant in those configurations that 

do not readily yi~ld to analytical investigation. For in

stance, Beatty and Kat~ [9 J corr~lated some 342 tests of 

pure component condensation on the outside of spiral-wound\~ 

low-fin tubi.ng and obtained the modified Nusselt equation 

h = o.689[ki P~ g irg]114[ 1 ]114.[l]114 
µ..r !). tvr Deq 

Katz, Young and Bal~kjian extended this work to corrections 

for tube bundles (10] . 

MixtuI"~ Condensation 

Whether by accident or design, many condensers must op-

erate in the presenc® of' a. :mixture of noncondl$nsable gases 

or a mixture of cond~nsable vapors that condense at varying 

rates. Performance tests on such devices show that the ap-

plication of infor•mation de.rived f'or pure component 

condensation leaves much to be desired as a criterion for 

design. Sparr•ow ar.d Li.n [11] analyzed much the same problem 

as described in r®fer~nce [5] with the addition of noncon

densables to the vapor. 1rh.e total heat transfe:r was shown 
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to follow the relation 

where H represents the height of the plate and ti is the 

interface temperature which must be calculated by a trial 

and error procedure outlined in the reference. The results 

of such calculations ar~ shown in Figure 4. This analysis 

predicts reductions in heat transfer on the order of 5~ 

compared with th~ 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 lowe:c•ing of the heat transfer rate compared 

to the case of the pure vapGr. 

In a later paper, Minkovycz and Sparrow reviewed the 
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-•• .. 0.40 • .. -0 
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Figure 4. Sparrow and Lin Analysis of Condensation in the 
Presence of a Noncondensable 

analytical state Qf the art concerning condensation on a flat 

plate [12) • Their analysis included, in addition to nonoon

densables, interracial resistance and variable properties. 

This did not significantly change the results obtained in· 

reference (11) . 

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. For 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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4. Wall temperature variation1 

Recognizing thesE.i limitations, Colburn approached the 

problem by means of 6Xperim6ntal data correlation (1~ • 

Using his own data as well as isolated experiments by other 

investigators involving a wide range or fluids (air, water, 

various hydrooarbons) and configurations (flow inside tubes, 

flow over tube banks, etco), he was able to show that con~ 

vective heat transfer in sensible systems could be 

correlated with th~ Reynolds number by the parameter 

j [ ht ] 2/3 t =-Pr 
Cp G 

Another significant result of this work was proof of 

Reynolds' oont@ntion that heat transfer and friction data 

could be simply correlat®d. Colburn showed that this rela~ 

tion, in terms of his pr~viously-defined 'j-factor'g is 

where f is the Fanning friction factor. It should be 

stressed that this relation applies only to turbulent flow. 

Figure 5 shows thie r~sul ts t1f' Colbu:r•n 1 s correlations of j 

and f. Note that s~parate lines for heat transfer data and 

friction data are requir®d in the laminar regimeo 

1Refer~nc~s [9J and [11) treat finned tubes experimen
tally. However 9 these fins were quite short compared to the 
tube diameter and were accounted for by an "equivalent diam~ 
eter" rather than an adjustment for wall temperature 
variation. 
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Figure 5. Colburn's Correlation of Heat Transfer 
and Friction Data for Flow Inside 
Tubes 
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The first extension of this work to condensation in mix

tures was published by Colburn in 1934 [14] . Further details 

of this study were 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 

2Chilton and Colburn 1 s original formulation was 

J. - fK Prs]sc2/3 
m - l G 

l . 

based on a 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 potentialo Considerably less 

data were cited in the latter work than in Colburn 1 s original 

paper on sensible correlations, especially in the laminar 

regime. No information was given to correlate jt and Jm and 

theory only indicated that 

Jt = C jm 

Since it was shown by experimental data that 

c::::::: 1 

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 outlining 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 

Leishman published a review including current work at the 



National Engineering Laboratory in Great Britain and sixty 

references in the field [1aj • 

Exchanger Design 

15 

The 'principal reason for basic studies in mixture con-

densation is the immediate problem of exchanger design. 

Therefore, design procedures-,were developed simultaneously 

with the theoretical inv~stigations cited previously. For 

instance, Colburn and Hougen [i~ published a method of sur

face area calculation for a cond~nsing exchanger in the same 
' issue that contained Chilton and Colburn's study of mass 

transfer j-faetors. This method :is a trial and error tech

nique which requires that the feed}stream be saturated and 

assumes that the sensible heat tra:nsf'er j-.factor and t~e 

mass transfer j-.factor are identical. Examples are present-
'j' 

ed that indicate earlier methods (lo~aJ:l'ithmic mean 

temperature difference, for instance) result in as much as 

100~ oversizing. 

Goodman published a series of aJ:1>ticles in 1938 and 1939 

devoted to the design of coils used specifically as refrig

eration evaporators [2~ • He suggested that an overall heat 

transfer coefficient for a wet surfaoe Uw be calculated by 

the relation 

where hair is the surface coefficient for the same exchanger 
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under dry (noncondensing) conditions, hz.er is the coefficient 

on the refrigerant side end K1 end K2 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 

transfer should be a logarithmic mean enthalpy difference so 

that in the relation 

Q=Auw6.e 

6.e should be defined as 

(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

changer (presented in the second article of his series), he 

showed that the psychrometric path of air being cooled 

sensibly and dehumidifi~d simultaneously should appear as 

shown in Figure 6. Although Goodman's work is somewhat 

dated by modern standards of technology, it is still widely 

used. 



---0 

DRY IULI TEMPERATURE 

u ,. 
-~ II. --Q U-
&11 ~ a. :::> 
(II) :c 

Figure 6. Psychrometrio Path of Air in a . 
Wet Coil (Goodman} 
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There are numerous modern refinements of the work ini-

tiated by Colburn and Goodman. Kusuda applied the 

effectiveness concept to wet coils (21) . McElgin and Wiley 

(22] and Wile [ 23) have updated the graphical approach. B.ell 

has outlined a very detailed algorithm for sizing multi

component condensers [24]. ARI Standard 410 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 are 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 th~ moisture content of the air but 

also of the ratio of sensible to total heat exchanged [26] • 

This conclusion, however, was based on relatively few tests 

of a commercial evaporator and should therefore be evaluated 

in qualitative rather than quantitative terms. In 1970, 

Bettanini published a study which allowed somewhat better 

interpretation of numerical results [2~ • 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 surf ace and did not 

model most practical exchangers. However, his result con

firmed a very interesting phenomenon whioB 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 t:r•ansfer calculated, the result 

was 2~ to 3~ higher than when dry runs were made and the 

heat transfer coefficient calculated on a basis or 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 noneondensing 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 Otaki 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 [28]. 



CHAPTER III 

THEORETICAL ANALYSIS 

The purpose of the analysis presented in this chapter 

is threefold: 

1. To predict psychrometric conditions downstream. 

from a given parnlTel plate condensing exchang

er with sufficient accuracy to make possible a 

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 ave1~age 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 Evaporator 

noise considerations [30]. Assuming the physical properties 

of air to be those associated with common summer design con

ditions, a diameter Reynolds number of less than 1800 may be 

computed which indicates that the flow is in the laminar 

regime. 

The length of flow passage required to obtain a fully

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

Lv ~ D}l[Rej = 1.88 feet 
20J 

Likewise, the length of channel required to obtain a fully

developed dimensionless temperature profile is of the order 
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The dimensionless concentration profile becomes fully-

developed at about 

L 0 = nii[~Jsc = 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 coµstant at some value below the dew point of 

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 [32J studied this 

problem extensively and ARI Standard 4.10 [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-direction. 

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, 

coDDD.only lmown as the Lewis Number Unity assumption, will be 
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Figure 8. Analytical Model 

discussed at length in Appendix A). 

One of the m.ost important 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 

u0u +v()u -~.1.. (;,p + 
7\X () y - p ~:' X 

~2 •. ( u 
,' "t;y2 (1) 

assuming constant properties and neglecting buoyancy effects. 

The continuity equation is 

.............................. ( 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 

~ . . . . . . . . . . (3) 

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 

. . . . . . . . . . . . . . . . . 
under ionditions -similar to those imposed on the energy 

equation. 

Boundary cori:di tions for this system of equations are 

@ x = o, u = U (constant) 

v = 0 

@ y = o, 

i = i 0 (constant) 

m ~mo (constant) 

u = v = 0 

(4) 

= 2b i = iw (a function of wall temperature) 

m = mw (a function of wall temperatuJ;'e) 

t::: tw (constant) 

@y = b, o/oy ;:: 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 µ;k) and the 

Schmidt number (Sc = µIr) for air as a function of water 

vapor concentration. From this nomograph it can be seen 

that the Lewis number (Le = Pr/Sc) is less than 1.25 for 

temperatures below 125°F, an acceptable limit for most re

frigeration applications. If, for mathematical simpl:tc;i ty, 

the ratio is taken to be exactly unity, it can be shown 

(see Appendix A} that the energy equation reduces to 

. . . . . . . . . . . . . . . . . . (.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 gi v·en by an 

equation of the type 



1.40 

1.20 

0.10 0.20 

WATER VAPOR CONCENTRATION 

Figure 9. Selected Properties of Saturated Air-Water 
Vapor Mixture 
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Therefore, the temperature profile t(y) is a function Qf both 

the enthalpy and concentration boundary conditions as is the 

sensible (Fourier) heat transfer. 

It is now necessary to integrate equations (1), (2), 

(4) and (5) using boundary conditions given previously. or 
the various methods that might be applied to these equations, 

the integral scheme was chosen for its simplicity and numer

ical flexibility. 1 The momentum equation may be rewritten 

(see, for instance, Goldstein [33] ) as 

- u)udy] dU JO + d~ (Uc 

0 

- u)dy = v~] 0 y y;;:;. 0 

. . . . . . . . . . . (6) 

where the pressure term is eliminated by the Bernoulli 

relation 

U dUc 
c dx =- 1 dP 

75 dX. 

and all other pressure gradients neglected. The continuity 

1This method as described in equations (ll.j..) th.rough (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. ln order 
to study the dependence of sensible heat transfer on mass 
diffusion, the actual values of the Prandtl and Soh;m.idt num
bers will be used in the energy and mass diffusion equations 
even though the Lewis number is not precisely unity. 



28 

equation in integrated form is 

{j 

0 J<u - U0 )dy + b(U0 - ii) = 0 • • .. • • • .. • • • • • • (7) 

The energy and mass diffusion equations are both of the 

same form as the more oonnnonly encountered ener~y equation 

in terms of the thermodynamic temperature 

. . . . . . . . . . . . (8) 

Therefore, by analogy, 

..51[ J(~ ... m)udyl == l .£1!] 
dx e p oYy=O 

0 

• 0 • • • • • • • • ' (9) 

and 

~ 
J!.. [ fc i ... i )udyl = k/C ... oil 
dx J' e . p -o Y Y = 0 

0 

q • • • • • • • • (10) 

The usual means of solving such a problem is to select 

a polynomial that will, as nearly as possible, satisfy the 

boundary conditions specified for the velocity profile and 

for each property profile~ One such profile for use in the 

momentum equation is 

. . . . . . . . (11) 
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which was first suggested by Schiller (as reported in ret

ereJ:'lce [34]>· 2 Sparrow, am.ong others, uses 

• • • • • • (12) 

for the energy equation [3~] . A similar expression will be 

used for the mass dif!'usio~ equation 

' ..... {13) 

By substituting the velocity profile from equation (11) into 

equation (7) and performing the indicated integration, 

6/b ::: 3(1 - U/Uo) • • • • • • • • • • • • • • • • • • • • • • • • (14.) 

Following a similar procedure with equation (6) and using 

equation ( 14) for 6, 

Defining 

x~~ = x V :c: 16 (x/Dh} 
7'1f Re· 

. . . . . . . . . 

• • • 0 • • • • • • • • • • • • • • • • • • 

u* = U0 /11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

2trhis relation ~does not satisfy the condition 
oP Io x :: f.J.( u 2u; o y2) ® y = o 

(15) 

(16) 

(17) 

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 furlction of 
the momentum equation in this application. 
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and 

6,)(. 6 .. = /b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (18) 

equations (14) and (15) may be expressed as 

. . . . . . . . . . . . . . . . . . . . . . . . . (19) 

and 

. . . . . . . . . . . . . (20) 

The physical significance of the fact that both the 

Prandtl and 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 

(21) 

and 

d [ (.(~ , J 6 J k/C ~ mJ d.X J ~ 1 e - i )udy + U 0 ( ie - i) dy c - T 
0 {; . p Y1y:zO 

• • • • • • • • • • ( 22) 

These equations may be written as differential equations of 
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the form 

[ *[3 * 1 * l ..ti::.!:. 1 6*41] 
d u B" 7'/ - .3 (; + E 7l * - !20 ~ 

= ~ ~= . . . . . . . . . . . . . . . . .. . . . . . . . ( 23) 

and 

. . . . . . . . . . . . . . . . . . . . . . . . . ( 24> 

where 

T/*=71/b • • • • • Q • • ~ • • • • • • • • • • 0 • • • • • • • ' • • • • (25) 

and 

• • $ • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ( 26) 

Solution of the momentum equation (20) can be accomplish

ed in closed form by rewriting it as 

fl-:t- u{E-

{E- ...l 
dx = 10 f <9 ... (27) 

0 l 

or 

(28) 

The mass diffusion and energy equations cannot be inte

grated quite so easily both because of their forms and 
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{!- i!-
because u cannot 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 

where dUi!-;ax* 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: 

dif!- - r, i!-[3 1 ~ 1 ~J]/ 
d 7li1- - Lu 'B' - 'B' 7li1-2 + ~ ~ 

[ . 9 [9 _ 16;uii- + 7/Uii-2] .. (1n.;1- _ i 6ii-2o nit-Sc er·~ · '3' 

1 6{!-2 1 (}i!-4 ...Q:_ 1 6*3 ] 
+ '8' 7f* .. 120 1f*3 + tt u* 77 .;1- - 111 77-1 .. 311.;i.] 

. . . . . . . . . . (29) 

In an identical manner, equation ( 24) may be transformed to 

. . . . . . . . . . . (30) 

It is now obvious that the advantage of transformation to 
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i!-these somewhat formidable equations is that x no longer 

appears explicitly in the integration but only parametrical

ly through Ui!- and 6 -?!- . 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 or 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 ot x corresponding to a point 

or interest (e.g. the exit). 

2. Calculate the dimensionless centerline velooi• 

* ty U from equation (28). 

3. Calculate dimensionless boundary laye~ thick

nesses 7?·~ and ~i!- from equations (29) anQ. 

(30) by use of the Runge-Kutta technique. 

4. 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*/dTti- and dU*/d6it-. 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 dUi!-/d tJ.i!- will be obtained here. 

The starting point for all calculations will be the 

entrance to the exchanger (x = 0) which is oharaoterized by 
JC. 

a perfectly flat velocity profile (i.e. U" = 1). Near this 
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location, the energy equation (24.) may be integrated for 

u*::== 1. Further noting that equation (14) indicates that 

6 ~~ * approaches zero as x approaohes zero, an approximation 

of' the behavior of !J. ·n· cen be obtained from the sinq')litied 

energy equation 

[1 *] 1 a dx* d TJ/j ::: ~ v --s* ooo•••••••• •• •••• ••••••• (.31) 

the solution of' which is 

_ta;* 
6~~:::: -v Pr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (32) 

* Substituting the value of' x from eq~ation (32) into equation 

(28), the following relation between /j* and u* can be 

obtained: 

'ff {:),*2 = it-[9U~~ - 16 ln(u*) - 7/U* - 2] _... (33) 

from which 

• • • • • (34) 

This relation cannot be used as shown at * x ::: O since it is 

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

Which, evaluated at x*:;:: 0 (u*':: 1) I gives the relation 

dU~~ '-J5 
d/5.*::; ~ Pr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (36) 
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which is the required starting value. Similarly, 

. . . . . . . . . . . . . . . . . . . . . . , . . . . . (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 

im = b1r j1udy 

0 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . (38) 

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 boundary layer (since 

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

pression is 

6 
im = l[ jiudy 

bU O 

Further simplification results 

range between 6 and 6 , u is 

in the range between 6 and b, 

(equal to ie). Therefore 

......... (,39) 

from noting that, in the 

a constant (equal to U0 ) and, 

i is a constant a.s_ well 
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Substituting equation (12) for the enthalpy into the first 

and second integrals in equation (40) and equation (11) tor 

the velocity into the first integral, the following polynom~ 

ial expression may be obtained: 

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 

im:;;; uii-[ ... 1-t(j{!- + (i - . ) J:{!-(-1 ... J ()ii-}3 
3-w e 1w u 12o[zsii-

-H~;)> + ie - ~(i9 - iwl6*] ...... (42) 

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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.... = u*[- joi..6* + <-. - !11w>6*<1~orn:J3 

_ ~rn:1) + .. _ ~( .... _ lllw>71*J . . . . . . !43) 
,., 

Note that both these equations 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 therm.odynsm.io properties of tbe mixture, 

any other thermodynsm.io variable may now be calculated by 

use of the appropriate equation of state. The details of 

determining suoh variables as dry bulb temperature and spe

cific hu1nidity are outlined in Appendix B. 

The heat and mass transfer oorrelation pareuneters 

(Colburn j-tactors) can now be obtain•d from siln.ple energy 

and mass continuity balances aoross the exchanger. The total 

(sensible plus latent) heat trans.fer j•facto~\ ji is defin~d 
as 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . <44> 

where h1 is the convective heat transfer coefficient based 

on en enthalpy potential and oe.n be obtained from the energy 

balance 

. . . . . . . . . . . . . C4.5> 

All enthalpies in equation C45) are mean rather than ldcaf· 



values. 

The sensible heat transfer j-tactor is defined as 

• • 0 • • • • • • • • • • • • • • • • • • • • • • • (46) 

where the sensible heat transfer coefficient ht is based on 

a thermodynamic temperature potential according to the 

energy balance 

. . . . . . . . . . . (47) 

In an analogous manner, the mass transfer j-factor jm 

may be defined as 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . {4.8) 

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

tration potential as defined by the relation 

. . . . . . . . . . . . . . <4.9) 

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 



versus the factor 

2 (x/D) 
Re Pr 

,39 

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 e~ressed in the abscissa) (29] . For the case 

presently under consideration, the sensible plus latent heat 

transfer Nusselt number may be defined as 

and plotted against 

16 (x/D) 
Re 

• • • $ • • 0 • • 0 • • • • • • • • • • • • • • • • • • • • • (,50) 

~f 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 nsingle curve" characteristic predicted by 

the Kays and London analysis, agrees precisely with th~ cir~ 

* cular tube analysis at low values of x where the boundary 

layer is quite small compared to the distance between plates. 

At larger values of x{!-' the solution is as-y:m:ptotie to a mean 

Nusselt number of 7.54, the value recommended by many refer

ences for fully-developed flow between parallel plates {see, 

for example, reference [31] , page 11 7) • 



A second immediate result ot this analysis is a rational 

approximation ot the locus of exit psych:rometric conditions 

which ma7 be expected when humid air passe1;1 thr~gh a heat 

exchanger, the surface of which is maintained below the dew 

point ot the air. Previous investigaters assumed a linear 

variation detined 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 tor a given geometric configuration 

(L/D = 12) with tixed entrance and exit conditions aud vari

able Reynolds number. The result is that, tor higher 

Reynolds numbers, the process talls on the straight line de

scribed above. A decrease in Reynolds number tends to turn 

the curve downward but a turther 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: 

1. Constant fluid properties 
ll 
2. Laminar !'low 

3. Constant wall temperature 

~. No effects due to condensate deposition 

The fourth assu:nq>tion 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 ~6, 27, 2~have indicated 

that moisture deposition alone significantly increases heat 

transfer coefficients, the analysis presented in Chapter III 

would be incomplete without some comparison with empirical 

data. The purpose of this chapter will be to outline brief

ly the means used to acquire this data. A detailed technical 

description of the apparatus 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 study' [35] . 
The apparatus operates as follows: A three-stage cen

trifugal 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. 

42 
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Having thus obtained the desired psyohrometric 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 i..: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 approximates 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 

exohanger. The air then passes through a series of baffles 

which directs the air to a horizontal duct run and simul

taneously removes moisture droplets formed on-the exchanger 

walls. Psychrometric properties are measured again and a 

pitot-static tube is 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 outiined above. Subscripts and functional 

dependence refer to the points shown on Figure 12. For 

example, the heat transfer coefficient based on an enthalpy 

potential as defined in equation (4.5) can be calculated 

thus: 



All parameters given in equations C44.) through (50) can be 

evaluated in a similar maru:::i.er. 
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The pressure drop across the core can be easily measured 

and the Fanning friction factor calculated for comparison 

with the Reynolds analogy in this flow regime. Details of 

this calculation 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 meanso Subsections in this chapter deal 

with the behavior of the total (enthalpy) j-faotor, the mass 

transfer j-faotor, the sensible heat transfer j-factor, the 

Fanning friction factor and the Nuseelt nW11ber. In appro

priate oases, the relation between wet and dl-y operation 

is illustrated. 

Total J•Faotor 

Figure 13 shows the relationship between the total beat 

transfer j-t'acrt.or and the Reynolds num.ber. The lliO'St 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 ot the 

exchange~ walls due to condensate deposition). The 
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differences that did occur are probably due to the thickness 

of the water passages causing unaoeounted•tor disturbances 

at the entrance to the air passages and to tree-stream. ~urb

ulence. It must therefore be concluded tkat moisture 

deposition is the m-S::jor-:raotor acoounting tor 1~reases in 

the heat transfer coefficient. It can be shown that the only 

other factor differing in the wet and dry oases (mass dif

fusion) does not affect the value of j 1 . 1 

Since the analysis considered laminar 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-taotor. That 

is, for a given Reynolds number 1 the difference in the con

centration or water vapor at the wall and in the free stream. 

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

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

reduces to 

i = (CPair + WCPvapor)t :, ~pt, 
Therefore. the solution for- the enthalpy from equation (5), 
valid for the wet ease, is identical to the solution for 
(Cpt), valid for- dry cases only. Substitution of this value 
into equation (45) 1 howeve~, does not af'teot the value of' 
the entllalpy heat transfer coefficient and the resulting ji 
is the same r-egardless of whether wet or dry operation is 
considered. This conclusion is, of course 1 subject to the 
Lewis Number Unity assUDlptiona 
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does not affect the total heat transfer j-factor. 2 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 dependent 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 con:unonly 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 

~he data scatter observed in the wet tests was consid
erably greater than in the dry tests. Th,is scatter, however, 
proved to be random with respect to moisture oontent and is 
most likely a result of inaccuracies in measurement or 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. , 



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 1 probably due to a continuous increase in the turbu ... 

lent activity in the stream.. In the wet case, however, 

droplet formation apparently tends to "trip" the stream into 

ve"l!'T turbulent motion ll'ltlch earlier than at the same Reynolds 

number in dry tests. This effeot tends to produce a scatter 

of data rather than repeatable results in the transttion 

region and should therefore not be considered a reliable 

phenomenon which oan be depended upon for design purposes. 

It nevertheless represents one further example of the affect 

of condensate deposition upon flow characteristics. 

Mass Transfer J•Factor 

Figure 14 shows the result of theoretical and experi

mental calculations of the j-factor based 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 oan 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

faotor but this could easily be a result of increased data 

scatter in the Reynolds number range of 2000 to 3000. 

A particularly interesting result of comparisons be

tween jm and ji is that the mass transfer j-factor is not 

incr&ased by boundary layer disturbance in the same propor

tion as the enthalpy j-factor. Tests indicate that the 

increase in jm above the analytically predicted value is 

more nearly comparable to the dry heat transfer j-faotors 

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 

dif:rusion 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-faotor. Since a portion of the total heat 

transferred is a :runction of the moisture-dependent boundary 

conditions, the parameter 

. . . . . . . . . . . . . . . . . . . . . . . . . . (51) 
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was selected for correlation purposes. This definition has 

the advantage of physical significance (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 above the dew po~nt of the mixture 

(i.e. the dry case). 

The values used to plot the curves in Figure 15 were 

obtained by parametric studies of the sp.ee\tftic humidity 

boundary conditions. Since the Reynolds number can be con

sidered an essentially independent variable, a plot of 0 

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 parameter ~ discussed in the preceed~ng 

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, 

~orms of the correlation parameter ~ other than the 
one used in Figure 15 were analyzed, e.g. 

fl• " [win - Wout]/ww ln [~:t : ~=] 
but showed no particular advantage. The final decision was 
made baseq on the degree to which the correlation para:m.eter 
separated data at a given Reynolds num.ber. 
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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 0 sufficiently separated, 

reasonably reliable 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 0 for 0 > 1 is 

the same in both cases, i.e., for a given Reynolds number, 

jt is inversly proportional to 0. However, this relation is 

not continuous for the noncondensing case (0 = 1) according 

to the test results but rather lies in the midst of the con

tinuous family of curves 1 < 0 :! oo. 4. The .. reaa•~ 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 ( l < 0 ~ <:>0) • 

Therefore, these curves are shifted upward while the curve 

representing fl.= 1 remains in the same location. It is in

teresting to note that this effect does not overshadow the 

~his 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. Thar.efore, 
as 0 approaches large values, the lines of constant ~::.ap
proach the line jt = o. Since moisture deposition increases 
all heat transfer exoept in the dry case, it is logical to 
expeot 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 shitt the 

soale.5 

Fanning Friction Factor 

Although the particular analytical procedure used does 

not produce reliable pressure drop estimates (recall that 

arbitrary specification of a polynomial satisfying the ve

locity boundary conditi0ns, while adequately describing the 

centerline ... lecity, does not meet the momentum 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 ~O~ to 6CYfo and 

in turbulent flow on the order ot 3~ to 5~. These results 

correspond closely to the findings of Yoshi et al (2aj . 

Nusselt Number 

The relation between the Nusselt number as defined in 

Chapter III for wet and dry tests of the exchanger described 

5It noncondensing (~ ; 1) data were available tor this 
exchanger with the surface artificially roughened (as in 
reference [27J ) , th.is data would lie above the line tor 
91=1. 5 in Figure 16 and the curves would be continuous tor 
1 :: ~!:co as predicted in Figure 15. 
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in Chapter IV is shown in Figure 18. The conclusions con

cerning the Nusselt number are not significantly different 

fron those concerning the total j-factor. However, theory 

indicates that a single line should suffice regardless of 

geometry. Modifications to this theory are discussed in 

Chapter VI along with recommendations for the use of this 

data in the design of exchangers with LID 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 

III adequately describes the j-factor trends in 

the Reynolds number range tested although actual 

numbers obtained by this method are mmecessar

ily conservative. The true total (enthalpy) 

j-factors are related to the theoretical values 

approximately as follows: 

ji (actual) _ . -3 r Re ]5 • 2 .3 
ji(theory) - 1.59 + 2.91 x 10 li'O'O'O 

in the Reynolds number range between 800 and 

2000 and by 

61 
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;Ji (actual) 3 [ Re ] ~6 • 36 
Ji (theory) :: 2 .11 + 2 .47 x 10 l lOOOJ 

in the Reynolds number range between 3000 and 

6000. The corresponding equations for the mass 

transfer j-factors are 

jm(aotual) _ . • 2 r. Re ]3.4.7 
jm(theory) - 1.32 + 1.94. x 10 ll'O'O'O 

and 

jm( actual) f Re ]-l. 80 = 1.27 + 8.05 ---jm(theory) 1000 

for 800:: Re:: 2000 and 3000::: Re::: 6000, respectively. 

2. The sensible j-factor in condensing operation 

varies with the parameter ~ as indicated in 

Figure 16 and, like the enthalpy and coneentra

t ion j-factors, is affected by condensate 

deposition. However, most practical refriger

ation applications seldom encounter values of 

~ greater than two or three which makes 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 < 0.::: 3 is 

It is most important to recognize that, in wet 

operation, condensate deposition affects jt in 



a manner sim,ilar to 31 and that use of dry test 

data for jt in designing equipment f'or wet 

operation ean r•sult in significant errors in 

performance predictiQn. 

3. The influence of' condensate deposition on the 

Fanning friction factor can be exp~essed by the 

relation 

t (wet) [ Re ] O • 25 
f (dry) = 1 · 23 + 0· 246 1000 

for 800:: Re•2500 and 

f(wet) -4( Re ]2.79 
t(dry) = 1.,38 - ).92 x 10 1000 

f'or 2500 c Re :: 6000. 

Further productive investigation could be conducted in 

several areas. Although considerable latitude is possible 

in psychrometric conditions, it has been shown that ji and 

3m 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 nWllbers of 

practical interest. 

Probably of more immediate importance is the testing of' 

models with other L/D ratios. Figure 18 represents an 



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 

In order to study a model more nearly like those in 

common use, the effect of tubes may be simulated by pressing 

metal disks into the flow passages. This system would allow 

studies of the hydrodynamic effects on thermal performance 

caused by various tube sizes and configurations without the 

complications induced by non-uniform surface temperatures 

encountered in real evaporators. 

Further studies should, of course, include actual 

11.n the absence of specific empirical data, some use 
may be'" made of the data in Figure 18 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 may 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 comm.only about five or six. Therefore, the 
boundary layer remains quite thin throµghout 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~f- 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
sel t number to the analytically obtained value decreases with 
increasing xi~ and appears to approach 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 preeeeding paragraph ""'1ld provide a means of study

ing the influence of the surf ace temperature distritution on 

exchanger performance. 

It was shown in Chapters II and III that some disagree

ment exists concerning the psychrometrio path of air under

going dehumidification. A series of tests specifically 

designed to study this problem would be of value for coxn

pari son 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 make polynomial or exponential fits of data 

possible which might prove simpler to use for purposes of 

predicting exchanger p-ertormance · than the method presented 

in -this work. 
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APPENDIX A 

LEWIS NUMBER UNITY SIMPLIFICATION 

OF THE ENERGY EQUATION1 

The differential equation expressing conservation of 

energy in a steady flow system with mass dif.fusion in the 

transverse direction involving two or more species is 

iJi iJi 0['7~·] GX0'i + Gy0Y - o Y l.. j ~ o-Y 1 j -
j 

where ~j is related to the diffusion coefficient Dj by 

The final term in the energy equation represents conduction 

heat transfer due to tbe temperature difference in the y-

direction and can be rewritten in terms of the various 

species that make up the system: 

1This simplification procedure can be found in many 
standard references. The procedure given here comes primar-
ily from reference [33] , page 302. · 

70 



where r is the thermal diffusion coefficient 

If the ideal gas assumption 

is made, then 

~[k~] 
()Y ()Y = ~[r L mj ~iyjJ 

j 

The Lewis number 

Le j =Pr/Sc j 

can also be written as 

It can now be seen that if, for certain mixtures, Lej = 1 

(i.e. '5 = r), the last two terms in the energy equation 

are 

0 [ ('. ~ . \ ~11 ()Y r L 1 j oY + Lmj oY 
j j 

which can be combined in a derivative form 
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The energy equation therefore reduces to 

which is mathematically identical to the energy equation 

with no mass diffusion. 

Although the Lewis nwn,ber unity assumption re·stricts 

72 

the number of mixtures that oan be analyzed by this method, 

it is fortunate that one of the more common mixtures enoount-

ered in engineering design, air and water vapor, oan be 

represented quite adequately. 



APPENDIX B 

NUMERICAL SOLUTION TO ANALYTICAL 

DESIGN EQUATIONS 

This appendix will be devoted to a detailed description 

of the various oaloUlation procedures leading to the solution 

of equations presented in Chapter IIl. The chronology of 

this section will follow that of the computer program shown 

in Table I. 

Input Data 

In keeping with the u~~l design specifications in work 

of this type, input data for the air stream is given in 

terms of the wet and drr bulb temperatures. Property input 

data required includes the Prandtl and Schmidt numbers. 

' Data relating to exchanger dimensi,ons 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 tlow rate and wall temper-

ature. 

Thermodynamic Properties 

Saturation Pressure Corresponding !,2 ~ Te!:J:?erature ! paj 
Pg = 14.696 (218.167] x lo·Y 
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where 

y == x[3.244 + (5.868 x 10 ... 3 + 1.170 x lo-8 x2)x)/ 

[(((t - 32)/1.8) + 273.16 1) ( 2.188 x 103 x)] 

and 

x = 647.27 - (((t ... 32)/1.8) + 273.16] 

Vapor Pressure [37] , page 65 

Pv = Pg(wb) - [{Pair - Pg(wb)) ( t(db) - t(wb>}/ 

(2800 -1.Jt(wb) }] 

Specific Hu.midi ty ~ Concentration [38] , page 414. 

m = 1/(1 + l/W) 

Density ~9 J , page 1.51 

p = 0.09734(1 + W)13.55Pb/((l l.607W) 

( t (db) + 460 >] 

where Pb is the barometric pressure m.oasured in inches of 

Mercury. 

Viscosi tz [39] , page 154 

µ. = 0. 0393742 + 6. 794.74. x 10-5 t (db )-2 

-2.65385 x 10·8 t(db) 2 (lbm/ft-hr) 
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Enthalpy [37] , page 67 

For t(db) less than or ~qual to 70°F, 

i = o.24t(db) + l ~w [1061.7 + 0.439t(db)] 

For t(db) greater than 70°F, 

i = o.24t(db) + 1 _;1W (1060.5 + o.4,5t(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 

U = (CFM)/2bW 

and the dimensionless passage length 

Equation (28) is then used to calculate the dimensionless 
{~ ~~ core velocity U • Since U' is not an e;x::plicit function of 

;~ x, Newton's method is used to approximate the root of 

equation to within 10-6 of the actual value. After this 

solution is complete, the dimensionless boundary layer 

thickness O~i- 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 

variable. Starting with initial values of dU-ii-/d T/-ii- and 

dU-:"/d !J.-l~ 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. 

Output Data 

The calculations described above produce dimensionless 

thicknesses of the concentre.tion 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) and (43). 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 

w = 1 

[~ - 1] 



and equations or the type 

shown previously are used to calculate a mixe4 mean dry 

bulb temperature. 
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Other output data in elude equation (44) (total j-:factor), , 
equation (46) (sensible j .. ;factor), equation (4.8) (mass 

transfer j-faotor), equation (50) (Nuaselt number), equation 

(51) (concentration ratio) and Reynolds number. 
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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 psyohrometric 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 room. While 

this operation requires more time for stabilization and is 

more directly dependent upon room conditions, it is never

theless satisfactory. 

The ductwork consists of four-inch schedule 40 stain

less steel pipe in the vicinity of the blower discharge and 

six-inch diameter commercial circular sheet metal duct 
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between the main humidifier and the flow-straightening 

section. Specially fabriQated 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 centri.f'ugal 

blower capable of a maximum pressure of sixteen inches of 

water and 200 cf'm at eight inches of water (which is approx

imately the maximum flow ratit ·possible with the loop 

assembled). It is powered by an 1800 rpm direct-drive 

220-440 volt, three phase, three horsepower motor. Flow 

control is accomplished by a 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 a six-inch 

diameter body 13 inches long. Nichrome ribbon is mounted on 

ceramic insulators forming a series connection which crosses 

the flow path. Total heater resistance is 7.062 ohms as 

measured by a ~eatstone bridge. Power is supplied by a 

220-volt motor-driven autotransformer. A voltmeter and an 

annneter in the heater circuit measure power input. 
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Humidifier 

Humidification can be accomplished with two different 

systems depending upon the humidity range 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 sparger 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 oil 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 diameter 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 ~ained 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 m.icromanometer, 

a section of two-inch schedule 4.0 galvanized steel pipe 

approximately three feet long is located upstream from the 

blower. Aluminum honeycomb straighteners separate the tube 

from the blower to minimiz• 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 rollQtype 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 0 filled test tube which minimizes 

fluctuations in cold junction temperature during ice renewal. 

A Leeds and Northrup potentiometer is attached 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 thermocouples to the 

bulbs of liquid-in-glass thermometers. 1 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 

4. Pitot-static head 

Items (1) and (3) are used tor density calculations 

and, while important. do not ser~ously affect the accuracy 

of the calculations due to the pressure characteristics of 

the blower. Therefore, these measurements are monitored 

continuously with two 16-inoh vertical w~ter manometers. 

Items (2) and (4) are both smaller and more critical to 

accurate results than items (1) and (3). Thus, a more so

phisticated mioromanometer is used. This device operates on 
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the same principle as the simpler water colUJJm 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 main 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. ~he 'least count of 

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 di~eters) upstream. and three feet (seven diameters) 

downstream from the test exchanger. The taps were construct ... 

ed by soldering one-fourth-inch brass ferrule fittings on the 

outside of the duct and 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 40°F, would require about ae 

~uarter of a ton of refrigeration. Using chilled water as 
/,' 
'~ 

the 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 centri:f'ugal 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 an 18-inoh by 18-inoh by 12-ineh 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 or the evaporator reservoir and sprays 

it over the coil. All referigerant connections are made 

with stainless steel AN shoulder fittings. Coil joints are 

made with soft solder. Water connections are made with 

flexible hoses and aluminum AN fittings. 
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Figure 19. Actual Experimental Dehumidifying Loop 

Figure 200 Water Chiller 



APPENDIX D 

DATA REDUCTION 

Reduction of wet test data is accomplished with the 

computer program. shown in Table II. This description will 

f'oll"OW the chronology of that progra. The dry test data 

reduction program. is shown in Table III. 

Input Data 

In addition to the obvious g•om.etrical parameters which 

do not change during the tests, experimental data indicated 

in Table II is required. Since it is most convenient to ob

tain temperatures directly f'rom the recorder (which provides 

output in "percent or scale"), the upper and lower scale 

limits <Eu and EL) are read .as input and the corresponding 

thermocouple emf readings calculated by 

E = EL +-[Eu 1; 0 Et. J x scale reading 

The corresponding temperature is then calculated from a least 

squares curve fit of' ther.m.ooouple output 

t = 32.045 + 4.6.573 E - 1.161 E2 

which is accurate within O.l~ of the published data for 
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copper-constantan (within the limitations of instrumentation, 

a hypsometer used in conjunction with an ice-water cold 

junction showed that the thermocouple wire performed accord

ing to the published nominal predictions). 

Property Calculation 

Properties at each 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 · ~~; , page 152) 

cP = 0.2407 + o.2062W (BTU/lbm-°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 cente~line reading by 

Pm= o.9226Pt 

in accordance with specifications of F.W. Dwyer Manufacturing 

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

v = 1096.2-Jo.922/lPt' 
Pair 

(ft/min) 
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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 

area of the water passage at about 509& (due to the pres~nce 

of baffles), the velocity (and therefore the Reynolds 

number) of the water is calculated by the continuity equa

tion. Since this con.figuration is approximated by Figux-e 

10-71, page 218, of ucompact Heat Exchangers" by Kays and 

London [2~ , the j-factor is estimated to be 

j - exp [ -0 • 3 ln (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 

there!' ore 

u l 

1 + 1/38 
Fi 20 

where the second factor in the denominator represents the 

thermal resistance of the stainless steel walls. Equating 

the enthalpy change of the air to the convective heat trans

ferred through the walls to the cooling water, 
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where ta is the average temperature of the water passing 

through the exchanger and A is the total heat transfer area. 
The wall temperature tw calc~lated by this method is, on the 

average, less than one-half degree d.ifferent from the mean 

measured wall temperature. 1 

J-Factor Calculation 

These calculations are identical to those described in 

Appendix B for analytical computations. The Prandtl number 

is calculated by the relation 

Pr 2/3 ;;:: 0.803014 - 1.1057 x 10-4 t(db) 

+ 6.88933 x lo-8 t(db) 2 

as suggested in reference [3~ , page 153. 

Friction Factor Calculation 

The Fanning friction factor is calculated according to 

Chapters 2 and 5 of "Compact Heat Exchangers" by Kays and 

London ~9] . 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 

1Ideally, 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 

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 Ke and Kc 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 cf + 0.99202 

and 

Kc= 0.796 + 0.051U - 0.445e)'2 

For a Reynolds number of 2000, 

and 

Kc = 0.14-97 - o.002(J' - 0.40662 

For a Reynolds number of 10000, 

Kc = 0.468 - 0.012U - 0.388cJ2 
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Ke is not a particularly strong function of the Reynolds 

number in the rang• of Cf considered here and is thus taken 

to be the s8Ille as for Re = 2000. Values of K0 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 due.t in the 10 to 200 

cubic feet per minute range 

/:J,.p = (4 .. 301 x lo-4· (cfm) + 1.29,3 x 10-5 (ctm.) 2 

- 3.86 x lo-3] 160 (inches of water) 

according to a curve fit of data taken from a Tra»e 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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Energy input to the loop from three sources is consider• 

ed. The heater input is calculated by the relation 

Q}l = 3.413(volts)(amps} 

assuming totally resistive heating. Input from latent 

sources (humidification) is calculated by 

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 establ~shed that the energy 

input from the blower is related to'the flow rate by 

~ = 1101.2 - 5.126 (cfm) + 5.946 x 10-2 (cfm) 2 

These three contributions are compared to 

Qremoved = ( 6 i} Mair 

Large differences in the energy input and energy removal 

indicate instrument malfunction or non-steady state 

operation. 
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n:.:r·r =O. oc-pt.•I ( 1.+~H!"l I/Cl. +l .'lOT*SHO 1 l*t Pl+l3.55•ATfolPR I/ CT C5 I+ 

!4"0• I 

":'1Lr11\ 4.Tin~~ ·1r.: 11J6."'E1H ~EV-l'iOLOS. lloi.UM~ER 

Ff1P.=11;l.f!Ol\ro~.TI0.92?.*VP*&2 .4/0ENEJ 
H_ p-, T=r"lf ~ E- ill U, i T•Ft>,.. 
r"IH•r,,",O/<.,, 

,:;~ 

-..J 
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c 
c 

c 
c 
c 

c 
c 

c 
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XV'~l-=-'-1_'·1-T/((f~ \f•+il•'lf''*t-N*CJ\P*t-IG/.J><rl.\ 
""' 'IV'! *·;AP~':·lr,1;-.'-.... 

'vi"'= IT I '1) t- T (I+\ ) I...,• 

rs~·-=< ~.r}c;.·~--,'+2+ )• f'ir+7<t~-::>*TMM-2:.6?~Pc:_~-q*p~,~~'~?J/,...o.· 
~= 1 <:'<VFt ..::r·~q, 1 i-· -~•-P+ :'Ip;.-, 12. 1 tv I c:,r. 
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i'"\-q-;r:i.: ('I- \11. f!°""\•x·.;/\TUP..i" ... 'tASUIJFMC\jT ~y Ht~r RALANCE ;11\; WATER 

rt ~·T\-.J=lQ.*f·.131l. 

V\.=;. ! ('T'..J*:?''''•*?.'.?.I I').) .4*C.*( ~'-Jt-1.I *CEPTl-i} 
;: , ... ,1...,..:.. ~: 'J.' · '- ... ~. v .-1 / ( ~ .? • o!< 6 ·1. * 1 • ,i. F -5 l 
0\'I' .J ::< v '' { -0 • l * f\ '- 'l :~ ( i: f· w ) -2 • "l } 

H=&O.•WJ*VW*6?.4/!0**0.66667 
ll=!./! ll./H I +ll.ll3Z.*200.l II 
J-=(1-l~-~4)•FL'1QT*h0. 

A-=2. *n'*i_,.-.p rH* F lf;/ l 4'+ • 
T"-.,.=lrf71+T(~l)/?. 

TWC=T~W+IQ/(lJ*A)) 

r•<,•S!T•-rwc1.Gr.2.01T~·T~C 

C~l CIJLtTl~~ l!F <:fll!Sl?Lt: J-FACTOR 

V•Rl= ALOG!(T(31-TM l/(T(4l-T~ ll*GAP/(Z,•uEPTHI 
CJ5=Vt•l*lC.8030!4-l.1057E-4*!!T!!l+T!411/Z,J+b,88933E-8* 

H lIL3-l+TL4UJZ..11 

C•LrULITlCT~ 1F ~•ss J-FACTO? 

TK=({T~ -~2.t/l.R)+2?3.16 

XX•A47,27-TK 
Y•XX*'~.244•{5.B~RE-O~+l,l7E-J~*XX**2l*XXl/ITK•(l,+Z,188E-03*XXll 
P~W~~ -=lk.606*21~.1~7/f lO.**Yl 
SHW•0,622•tP5WB~f{l4,6QA-PSWBMll 

PHI=! .q;p,~_sHPJ/ C.2.-..*S"W I 
CONCP=~Hl/tl.+SH~I 

CfJl\JCf=SHD/ t l. +SHOI 
CO~CW=SHW/f!.+SH~t 

v ,~.Q '"'!"" 1\1 : 1c ( ( c ""l\i( n -rci\iC·d I { (r"Jrf,-(flNCW, l *GAP I ( 2. •DEPTH) 
rJ~=vA~2•~r•~J.~~~67 

· dLC:JLATT111< ilF S' '. HL[ + L ATElllT J-HCTOR 

HI.~- t I. ~().:..,?*SHw+,?407l*P"+SHW*( t061.7+.43qCr.fMl l/l l.+SrlW} 
V ,'\L ·.i.,,. 1\ L i1G I ( H :;- HW l / C 114 -H;.i l ) *I.AP I ( ? • •nE PT~) 
f .Jf=V' > ~*( .~0101 1~-1.1 Y57C-4*1IT(31•T(4) )/2.)+A.8Aq331--Aili 

l ( I r I:.)_. 'ff ·I 1 /2. J l 

("\I r1q i>l"IC'-~ \f- ~AN'\lft-.,(; fl.: rri·r·i.,; ~ACTOQ. 

~Ir~~~=~:~l*!;AP/N!~TH 

IF!' .IT,?000.IGflTf'AO 
FKE_=!.003~q-2,Q~77Q*Sl~~A+l.OO?~~*SIGMA~*2 

-Fl<.( 1=fl.4q7">,4-0 • .)0! 6 Fi* SI Gt-tA-0. ct-OS 59 %$I hM-A**2 
F¥f?~0.4A75G-0.01?30*51G~A-O.~q7q~*~IG~A**2 
FK[=••t!-(tl~-20na.111cooo. l•!••Cl-FKC~I 
(;r'T0f-1 

FVf=0.·1Q~3?-:1 .3°73C*~IGYA•Q.OQ1~4*SIG~A**2 
Fl'.( G. ?'~-5~·J+t1.u" i'3~*SfGf.~A-C. 1-+44"'4*$1G""~A**2 
C''"-l y•.•ur: 
s0 v =,. /f'p.ri 

( 

c 

.~PV- -! .11)~ ·' 
~··v·1~!;~v1+~Pv; I/?. 
r.=~I r~•hl.~!44./(Fi--!*Ft f*r.A.D) 

((~1:.,~ccrtn•>J fnp ('1JCT L l~S 
0P(~r1 ~:-(-o.co~Rh!6+0.00C430ll*ICF~P•F~1+0.000012933•1CFMP*fN)**2• 

l*0.0Z 

F =- ( I 1 ''r·· C ~-r .? • 4 / l.? • l *If, 4. 4*3fi0 0**2 IG ** 2JISPV1 l - (FI< C + 1. - SIG" A* *2 ) 
1-?.*I I ·:..PV?./SPVl 1-l. J+tl.-Fl<E-(jJ_G~A.**2)*(SPV2/SPVll )* 

1c~~v1·~~•GAP/ISPVM•?.*FN•OEPTH}) 

c \jVPfl.P I sr~.J f:F fl fO 1~V t.f',D Mti.SS 3ALANCES SY TliF.RMOCCUPL E:-

~·f:" '\C'l~.lr;<; :\'~{ 'If. !=CT ~~t.SUR::-~r::~r 

F"!!il><=CCr..*'"-?.4*~J. /( 1728.*TlMi.::*2.54**31 
F~IN~~1rc·~c0-roNCCJ*FLOPT*60. 

-:;}-HT' -=-V' l TS*h"'P~*'• 413 
·"JP! :<=1 l01.2-S.12.l.i*CFMP*FN+0.0':'946*(CFMP•fN)**2 
Ol ~T:f.'.' l~li1*10h0. 
Qi'•lR=n~TP+Cnl~+QLAT 

QI f, ---1,,, ( H 7 -l:ik) *Fl _()?T$ri0 '! 
I Fr l(f-IK.EO.!. )t;CT'170 
~QITf t6.G'00) 

900 FO R~.AT Ll.HlJ 
WPIT!-'.f6,q01) 

901 F~VM•T(//f/' PHYSICAL D!MtNSIONS'lfl 
l•ffJ Tf ~ ~ ,90?) \~fl_P 

Q02 fr'·r.~·t,Tr• f·JST"~.cr- fd=rwi:~N PLATES= 1 ,Fl!.f.,• INC!-lfS'l 
w 0 JT!=-(f..,f1(-.<)~I G 

qQ3 Ff_1f:f"t:.Tft Pl tlr:· LF'\.r.,TH-= 1 ,FP.4,' INCt-1!=5'-t 
·,n1ri:1.:,cct.)n' nTH 

904 F!·P~~!.T( 1 ~-)rJ~bJ,_~::-: 'lfPTH = 1 ,FR.4,' }t-.'(Hf$ 1 ) 

~~-=P 1 +. :JQOl 
WRIT!=(if:.,QOi.:;)N 

'JO'i FORMtlTI' "'·1Jlo1Q;'.~P 11-f 0 A';StGFS lf\! EXCHANGE:R = 1 tl3) 
w1;JT[(J.,c1c1 

'~~o ~r~;;-M~_T{/////' ~'.)('j.}l.'DT''.~r,!TPl rt.TA.'f/J 
_,•+. l r r ( ,c ! · 1 ,-.,, 

9lt F 'C;M£:1 ft 1J 1 P~ V-"~c51JPE f 11--"1P = 1 1 f6.4, 1 INCHtc ;""")f WAT~P.t) 

WPTT• (~-, 0 ~£ I Pl 
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r-rQMtl{t p-~:f_C::.S!!".'r: !JP<)Tt.}~t.. n.r·"-' FXCh1NG~R = •,F7.-.,• lf'..CHE--S nr WlT 
l ~;>I ) 

WP [ T~ 'f.. (C 1::;.) fl"""> 

:n~ ~·i-1•H,T( 1 ~:{Tf,T '"-;CTlfW rc-t.SSURE-: •,f7.4,• li\ICtifS Of WATFF-') 
;,J~fTf(f-,Gl'·IVP 

01t• f1 1 i::\A.tTft r·-~·TE-PtT•,f:: PITCT-5Tl\Tlf 4.EAl'lr..J".; = 1 ,f6.4, 1 Jt\i(H£.t.:, r}f W!.T[ 
!::>') 

qqi:; 

00~ 

OJ' 

ql;.. 

Q17 

~·IT~f;,,~ae)A~~~.V0L!~ 

r:r>q''liTI' t·!'""~T-._ p .. •r.\JT = ',f-~.?, 1 AMPS AT •,F6+2t' VOLTS'• 
~PlT~1~,q~~1rr···,T{Vf= 

i:'.:;}:-'-11\T{' ( 1.:~-Jt"""' 1,:)IHE cc~LLE.CTJ(~~ = 1 ,f6.Z_,• cc. IN •,ft-.2,• MINUTfS'J 
W~'JT;.:(f.,9~';)T(l) 

i: q I<~~ t. T ft f':: Y ,""'llJL 1 Tf~P!:F-ATIJPE- H 1-SE(TICN " I' F 7. z'. CEGR EES PI 
W~JTC: ('-, 0 11-,)7"(2) 

i::rr-v~ TI 1 i-t.T i·H!Ln T:::~··°Ft:"ATIJl='.F AT <\-Sl:CT!ON = 4 ,F7.2,' CEGPfES Pl 
;.JCT l r.: ( ! • ~ l.,) T (?) 
r-r t,;>/>'. t, T ( t rot:v Sill" T[~-·~f~ATUPE IT ~-$FCT!ON = ', f 7. 2, 1 DEGPEFS Pl 
WI. IT'= f .-:, 'q l 0 IT ( 4 J 
r;~J-;!<,• /1 T (I ncy ~'lllq T~HPEl=:ATUf':.E AT C-S(CTlON = • ,f=7. 2 •• CEGREES f'I 
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l1' ~ ! T •: ( "" ' C' 1 ·~ ) TI "- ) 

9J q F'- ,11_TI' Y 1-lLJL.~,. \4P~->-Altl~.'._ '\"f 'l-Sf(.T[C' 1 ,1 7,2,' OEC.PEE~· F•I 
WPIT~(f- ,o?f• )T(A) 

Q ~'.) F' t"J'T(t fl'. T P.1)1_' TPAP~r....,lll~'t l\T 1)-5t:CTI0!\J 
TA VW = f T \ 1 ) + T ( :.i ) ) I) • 

' 1 f7.'l,' Gi::GPEES F'I 

wt;rr .... u.,q711 r.o.vw 
Q2J F'i~'~,'\Tf 1 .'J.V[t-A(t (L'i.1 llP'~f; V.ATq· T~'"IPr·-1\TU~_ 

1 A.V:-.=-( "T {~-. J +T ( iO) l/? • 
t 'f 7. 2'. DEGP Ef s F I } 

qn 

P~'=( Tf lC)-T( '?)) /'2. 
wrIT~(h,02?)TAV~ 

Fr~"'1ATfl t.vt:-:-Ar.F MfASIJDfr WAll TF.\.\PF.RATIJR.E 
~ .... I I 

ii 0 IT!'.- ( {- 'Q z ".: ) p 'A 

07-:i, ~flJ'~tiTf•+•.r.;:.,x,•_ •,r7.i:..,• r'Jt:~D1--c:.; r)'J 
,..1:qrr:u_,0741 

'1?4 F 1"".r.'J.f\l 1///11' C!..llt•L.~TEL l'ATl.'//) 
'llf...'1 1 r( ~ ,~("-)FLCf<'T 

q2~ i:.r:·PMAT(' vt.~'- fLJ':! PhTi:= = •,F-1.·~,, to.r1,/'"1IN'l 
WPIT~(A,OQltCfMP 

•,F7.2,' DEGREES F 

gq] Ff'k'"'AT( 1 vr,LU·..,E HOW r::h,Tf Pf~ pt;<;<;~Gf = 1 .F6 •. ,,, CU~J( FE:FT/'-'l\• 1 1 
WIJTT~-r1-.,,c2~-)Q,-

"26 FC·H.,/IT(' PEY"JQ.i.,f)~ Ntl'1Rf~ = 1 ,F'"' .• l.I 
1..iGJTi(t ,q?7)[XVfl 

027 f-1Jl-'"1~Tft PAS'AGF VElJCYIY = 1 1 i:=8.2 1 1 f-'..fT/MIN') 
WP1TE(6,9q4)1' 

q94 Fr:F"1ATI' ~tTF~-stnE '\JQFA(f CC!EFFIClfNT = 1 ,F1.2,• fHU/HR-SQ FT-OE 
lG FI ) 

i<F IT 5( 6, 903 l TWL_ 
9q-:>. F-1 P'.~/\TI' t1VE:!".i.AC.E Wt.LL TEMPEf:..ATi.Pr:: (CALCUL~TE;-JJ = 1 ,F7.2, 1 OEGRFES 

1 F' l 
WP!TEU-,932 ITM 

9'3:? F1---~"1ATf' V.l\Ll T[""PfQ.f!T!Hf USE) II\ Ct.tnlLJ\TIO~~s = 1 ,F1.2,• CEGRE:ES 
lF' l 

WP JTE (i,, 9e.O_l QDJR _ 
qao Fr'PMAT(I APD;<.~XIM~TF E"JEFC-Y t~PUT TG LOOP= •,FB.2, 1 BTU/HJP) 

WR!TrlA,o•JlOINO 
981 ECR~AT(' [N£P{;_y_OE!'QV~L HO~ qo = ',FA.2, 0 ~TUIHR'I 

!.Hk Ir f 1 "'"', 9 r? l r. MOIR 
OR2 FrP:ll't.T(' ADPP:lXlr-lt.T~ CONOE.-NSATE R=.MCVAL F~0'-1 l)(/P = •,Fa.6, 1 LeM/H 

lP I) 

~PJTf (6,oA?)FM}Nn 
G83 Fflf"'\.\ATl• (t~1/'GE IN NIUISTU~f CONTl:'.~H OF A{Q CRCt;SJNG fXCHANGER = '• 

lF~.6,' Lr~/H~'J .. 
wr. I TF ( f., Qt..} I 

141 FC'R'~~T(I co:~rc:~.<TV.l\TTON RATIC 10 1 ) 

_WkIT~(~ 1_942)Pt--il 
942 FCqMfl.Tl 1 +' 1 ?lXt 1 11 = 1 ,F7.3) 

wo1rt=-(r),c2p1rJs 
')2'='.' F;~'f..•\llAT{• Sr'.j5lf'L": H~AT T\.'.ANt;t-;-R J-Ft.rrn+:< :; •,F7.5) 

·:1• T Tl ( r. ,:w? ir,J t 
qq7 i::r·\'.-"lfl.T(I T 1-1T~L (SFNSTklf PLUS Lt.r::Nr) Hf'.\f TQAN~i.::c;.. J-t-ACTrk 

l 7. ~} 
1off.:·JTF(6,q;'C)rJM 

<"1?.:q F=-!_"fl~ATC• '""f\S~ TPAt'SF!=V J-f'.=/lCT:'lQ 
~~TCI=CJl*G/.7•e.f.~~~7 

Ff'!ttS=HTf1*n~ 1 /I .ol~/.24) 

....i;) r Tr ( ,.. , 1-')C 1 t'.:l\)l:' 

6')0 FlfWf\T(t /'-llS'- LT 1·JlJ~l-\f.=. = ' 1 F7.31 
l.J f.! y T (, f ._,. O'lCJ Ii:-

' , I- 7. 5 I 

-=nri f'.f"H,'Jlt'"(' r.~Ji·lffl(; rf:'Il.TIU~ Ft(T(lP ., • ,r7.5l 
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TABLE III 

COMPUTER PROGRAM FOR REDUCTION OF DRY TEST DATA 

c 
c 

c 
c 
c 

' 

DA'rA RBDUCTIO!I POR EXPERIMENTAL HEATING LOOP 

INSTPllCTIONS FOR DATA INPUT 

114 

CAROllJ IPPINT (1PTJmn FOR COfo!PLETE PECORO OF CALCULATIONS, PtACE 
•o.o• ON THIS CARO. FflR LESS llETAILt PtACE 1 1.0•. CFl0.51 

CAPD 112 'i:TEMPERATllRE RECP.ROEP SCALE FACTORS1 LOWER ANO UPPER 
LJMJTS C1N MVI REPA:ESftHFO nv·•ot• AN-0 1 1001: 1 LlN THE PECORDER 
1.~flO..a5L 

f CAP() 111 flltfPMtJ(l'lllPLf CllN~TANT'i) CONSTANTS A,e ANO C OF EQUATION 
. .(____·-- I :: A + B .. l~YL..:LC..tl!OCL!!L___ -------

READ 111) 1501 IOP, Pl ,p3 tYP,ATMPR 
RF~Ot 51~01 I l:Ul'l t DAV 1 F"'O• YR 
lPUN•~IJN+.0001 
l l"'IAY=--flAy+.0001 
Mn•F Joi('+, 0001 
IYP,.YR•.0001 

2/4 

-{-°l FOP"'i \I f5FlQ..i) _________________________ _ 

C CALCULATION OF TEMPEPATURES FROM CHART READINGS 

00501=1,10 
EflF• ff i['P-P(IT I/ 100. I *Cl 1 I +Bf1T 

,0 ··---Tl 11 ~.TC l •tcz_•E~F_ Ht 3•!:~F __ •~z 
r 
C C.A.t (UtATIPN OF ._PEClflC HUMIOITlf.~t ENTHALPtfS ANO DENSillES 
c_ 

C OF10.'i1 TK•(!Tl71-32.l/l.S1+213.lb 
C . XX•b47 .27-TK 
_(._~~s JONS,. DJ STANCE BETWEEN PLATES (INCHES> .I ONGE SI QUCI V=XXtl..l....Z._44+t5. 81,Fl.f-OJ+l .l 7~XX••2 >•xx I /CTK•I l.+2.188E-03•XX1) 

C t;,Jflf (JtH'.HfS), l~NGTll OF PLA.TE~ PARALLEL TO FLOW DIRECTION PSWA(?J=l4,6Q6*218,l67/(10.••Y1 
C llNCHFSl 1 SUORTfST DUCT SIDE (INCHESl1 NU"4P.ER OF PASSAGES, VPA::;>SWfH7!-lll4,6Qb-PS\irlf'l21l•tTttl-TtZll/(2800.-1.3•Tf21H 

P • TT . T N I 6 5 .------5..!:!!==0,h??~'{yPA/(14,f>Qb-VPAll 

C IFflBl,GT,70,0)GOTOJOO 
C CAPO Mt; tTfMPERATlJRE RECORDER READINGS, 'I OF SCALE) TOS fA), H~•(f0,20t.2•SH.a+,?407l•Tt3hSHA•0061,7+,439•TUttt/U,+$f.U.) 
C IWBCAL ID!dB), TDBl(I TDBfOl T GQ'Tf'IJ-"-o---,-,-,-~~~~~-----~-~~---~--------
C WALL p., WALL OUT (\0F5.l) 300 H3:( ( .20h?*SHA+.2'•071•Tl31+SHfl*I l060,S•.45•T( 3111/( l.+SHAI 
C 301 TK~llTIOl-'.\2.l/l.R,+273.16 

Rn flf.. tPPFt;t;URF OATA. JNCHFS. OF WA.TERI PRE!i.SURE OROP ACR 
C EXrHANGE~, SU.TIC PRE5SUP.E UPSlREAM FROM EXCHANGER, STATIC 
C PRESSIJ.,.E AT PITOT SECTION, PITOT STATIC PRE:SSURE, ATMOSPHERIC 
r PR~t;S.URF UNCHES nF J!IERCURYl 
c 

XX"441'_,77-TK 
Y•XX""C -,.244+ 15. ~68E-03+1. l 7f-OB•XX•*21•XXI IC Ttc.•C l••2.188E-03•XXI 1 
PSWl\16 I =14.6Q"* Zl 8 • l&-7/ C 10.••YJ 
~JE?_'i__W~_(_~_) ~Ul4..__6qb-PSWR( 6' J •IT( ii; l-Tf 6, J /( 2eoo.-1. 3*' (6) u 
c;HO•J.622• t VPl"'l/ 11'• • f>q6-VPO, I 

C CAPO 117 I IOENTIF!CATIONI FUN ~U..,P.F.R, CAY, 140NTH, YEAR l4Fl0.51 IF (T ( 4) .r.T. 70. I GtlT0302 

-"---------------------------------;! :n;k}*Qh2.!..51:fil.+. 24071 •TP.J •Sl-4Q•f 1061. 7•. 43C)•T. 41, "fl· •ifilll 

r 
c 

A £\LANK C.A~O AT THE ENO THE OATA Will PROPERLY SPACE THE OUTPUT. 

OJMENSf('IN COO! ,T(!Q),PSWRC61 
PfAOC5,504lCHt< 

ICt-if.sCHK•0.001 
tff Ifl-tt<..L T .1 lGOTOq63 
WPTTF (t-..~nn' 
WPtTC:flJ,A.011 

A.00 fnP~ATClHl.1/1//.• RfVNOlOS l'RV £\UtA TE"IPS CF) we 
__ __.1_._r_c,,_,uL!l.....LE..!.! ... 1..fJ __ _wAI 1 pBESS mmP 1-EAcroP. FANN JNG• 1 

801 FOll:..,l\TI' NU'48EP. TU.1 TCA1 TICJ TtOl TCAl T 
1101 TF~P IF1 IIN WATEP:l FRIC FACTOR'/l 

302 H 4 =fl,20"2*SH(H,2407l•ll4l+SH0*(1060.5+,41j•tl41))/(l.+SH0> 

301 T~=<-.1.!!..l.ili~~~----------~-~~--~~----~ 
Of-NP..,O, QCl734* I ( l .+SI-IA II 11. +l .601*SHA 11*IPl+l3.5'50.Tfi!P~ I/ (T ( 3 )+460. 

c 

11 
l)rNC=Q,QQ734*1 I l .+SHO )f 11. + l .607*SHO 1 J• I P1-0P+l3.'i5•ATfllPR t /(Tl 4 I+ 

1460. l 
n~f'J~:O .OQ73'•• I I l .+StlO 1/f1. •1 .607•SHO l l* I P3+l 3. ~5*AT~PR JI l TIS I+ 

141-0. I 

C CALCllLHIO~ Of OlA!tillETfG. Pt:YNOLOS NU~~ER 

c________ -------
F PM~ l ~ ~, f-..•o:;(JPT I Q,Q2 ?• VP•(.2 ,4/0ENE I 
FL {1f( T~ n[N~·· '1,t>l T •FPM 

- ____ fll\t11:f, ... £./fl _ _. ______________ -- ---------------------~---··
EX.V[l ooFLC'-PT / ( fDFNE\+OENC )•f. N•GAPHLG/ 2Pfl;, I 
CFMP=>XVEl*GAP*FlG/ 144, 

5()1 FORMAT I ZFlO. 5) VJ sc-, ( o.03q3-r4z+b, 7q4 74£-5•T~~-2 .65385E-R•T1"1M.••2 )/60. 
R~Ael 5 .503 JTfl. TC2 'TC3 c p !:=I !:XVEL•f"H•C'{'EN~+nENC I 12. !IV ISC l

-~=1~11/Z, 
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APPENDIX E 

This appendix contains the experimental data obtained 

during the course of thi.s study. All important r 0 aw 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 r•ee.dings I•efer 

to the location or their measurement on Pigure 12. 
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TABLE IV 

WET TEST DATA 

p t:y~,.-,, D;-Y flUI ·< r~ vcH. r F) wt'T BlllB TEMPS IF I WALL PPESS DROP TOTAL MASS SENSIBLE FANNING 
t-.:1.!'-'P.P"' TI A I ;1•1 ~ (.f' Tl r I TIA! TIDI TEMP IF I (I I'; WA TERI J-FACT()R J-FACTOR J-FACTOR FRIC FACTOR 

en. q9.q') fJf..01 63.1)9 64.80 86 .17 63.19 45.36 o.0564 0.01833 0.01682 0.01137 0.08431 
9'>Q· 87.92 ... ~-,. 74 r: p. ~1 5°.5~ 77_,,46 51,95 41._45 0.06Q2 Q._QJ~8J_ 0.01554 o. 0.1609 0.01857 

1008. 108. !? 103.4? f.., 1. 'l? 6A,65 ql.52 62.01 43.11 0.0637 0.01525 o:oi3s6 0.01491 0.06l93 
lMO. \03,bA •00.07 ,~.47 69.63 85.30 66.32 45.55 0.0111 0.01432 0.01266 0.01433 0.06718 
1096. 18.7P 9~.4! 02.2~ ~lt_,Q8 Ei~.Ol 5_3,_50 38. 77 0,0702 Q.0147!1 o.ona_6_ 0.0\455 o.06558 
113'1, q4,q7 c7. ":\7 6~ .A'? 64,71 77.55 60.20 42056 0.0808 0.01453 0.01314 0.01424 0.01103 
1218. 107.10 !0~.42 68. 74 11. 51 so.20 63 .18 44. 30 0.0877 0.01428 0.01223 0.01461 0.06334 
127 l. 97.40 eh.17 63.90 64,AO 76,66 6?.19 42 .97 o.ocio9 0,.<)1210 0.01078 O.OUJ>O 0.06296 
1297. »p. 10 Ph,70 62.~P ~J.oq 73,29 57.67 41.08 0.1095 0.01388 0.01366 o.01269 o. 07644 
1319. ~0.5• 79.A4 59. 71 59. 75 70.Rq 57.13 40.ll 0.0932 0.01235 0.01113 0.0\214 0.06126 
P82. 11)8. Jt. I Ot.. 70 72 • 5A 74,44 01. u Q.4.'t4 45 •. n o. n9-l (),_Ql371_ 0,0J3l6 a. 0\285 0.065_9_8 
l4CJA, l 05. ,~ I0?,4g 12. 'l 74.27 A0,37 65.42 45.n 0.1658 0.01238 o.0101s 0.01254 0.08320 
15"1. ~5. 51 l'.t4.51 60.4? 1.4.o~ 65.87 55,77 42.28 0.1350 0,01280 0,00878 0.013'15 0.06024 
1762. 94.!q C:Z._b2 10,QS 11.-.z_ 7~ •. 67 65 .• l.6 't!>oZ3. Q, 1425 o.ou!l3 o .• OlU.9 o.QJJQJ 0.04618 
1'150. 88.27 R7, 22 All. 56 69,90 7q,05 67.22 46.51 0.1730 0.00'!'18 o.oo8n 0.01015 o.ot;64o 
1964. RO.ZO 7q.4q 61•5A 62. 73 64.80 55.59 40.67 0, 1804 0.00'193 0.00819 0.01021 0.05082 

.2115.a._ __ !la.2.6 9"1 • .Q-2_ I't-• .bZ _7!t~fil)- U.'t-Ei (>3 ... 99 "~-- --- .. WMQ Q.dllS7 .JW!1-lli. _Q_,,J)!!944 .o.ouz.5 
2260. 87.75 %.96 08 .6!' 6Q, 45 72.31 60.74 44.44 0.2276 0.01115 0.01237 0.00932 o.04801 
2346. 81.25 PO.Bl h2. 73 64.08 65,6'! 56.86 4lo 17 0.2216 Q.00945 0.00128 0.01009 0.04635 
24•,2. 85 .• 2.1 134.!'l .b.6 .• -6!> 1>8_ •• u .. 68_,q_z 59J-5.1 __ 't!t__.2.l. _____ .Q...Z'tZ.Q ll_.j).!l9'!~ .. o~ Q.._J!lt954 !l..!l~Jo 
2676. ~5.74 P:4. At &7.67 67.93 69.l<> 59.75 43. 71 0.2535 0.00922 0.00859 0.00995 0.03836 
?738. QS.713 r.,t., • ~ .3 73,64 75, 77 11.01 64.53 47.47 0.2990 0.01201> o.o 1372 0.00974 0.04033 
3oa2. B0.64 ~o. 37 60.47 65.6_9 65.25 57,85 't3.94 ___ (l. 33 79 O,stUZ!! 0_,_00f>73 o.p1399 0.03845 
~316. R9 • .?..,, AA.62 73 ,J? 74.lP 78.52 67"3 50.35 0.3891 0.01012 0.01011 0.00866 0.03525 
3367. R3.10 ~2.~6 67.1.7 &a.2q 68.83 59.12 45.04. 0.3957 0.01061 o.ou12 0,00842 0.03614 
llill}._ ___ ..liB.10. ~ L.~ .. --1.l.J3 -· - _1z_._15_ - . _____ H ... -3.5 ____ Jn. 6..9 __ 'tj!__.n_ ____ O.ti_UQ 9_._Q!Hl.'1~- _J.t.l!QI8 l o. 009_,!U____ _9_.9_}281_ 
3825. 8'1.84 89.15 70.44 72.13 68.47 61.38 46.28 0~3000 0.00821 0.00433 0.00949 0.01449 
3883· 87.31 86. 70 70.53 12.22 &9.'10 63,09 47.84 0.4806 0.00792 0.00543 0.00891 0.03060 
4-1-13 ... _. BL-8_1 __ _ l!l~4.3 ___ b9~!t~ 70L1J_ _ n.22 .65.!t.Z. __ 't'LJl'L ... ___ Q..:6l_U IWl07_il_ _o.o_ot_l.L __ o.oOT9L _!!_.03825 
4325. 103.42 10?.22 85. 74 86,44 85,39 77,63 59.62 006150 0.00744 0.00611 0.00808 0.02895 
46l4. 88.45 R7.92 73 .47 74.qp 74.00 67,13 51.31 o.&304 0.00112 0.00619 0.00831 0.02681 
5004. a.a.r..s ---.81~!12-. ___ 73-.9L 15 .• 51 72,_93 66.59 .. 51.Z.Z. _Q.._1lfilL .Q.OJ!7'tl _ O..lNli_ll o .. !!Ol26 a.oun_ 
5452. ~7 .14 86.70 73.02 73.55 73.11 67.04 52. 3b 0.8485 0.00695 0.00458 o.ooe41 0.02594 

:,.. • .,,.,!-

(") 
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TABLE v 

DRY TEST DATA 

p EYN''Lns :ik.Y RULr:- T~~PS (FI We T BllLP TE~PS If I WALL PP E SS DPDP J-FACTDR FANNING 
NU'\O[P TI A I T ( I~) TIC I TI[' l T( A I T ID I TE"P (fl (IN wA TERI FRIC FACTOR 

808. 9c:'i, PO q3. 06 111. 09 108. 93 71.t-9 76.62 125.79 0. 04 32 0.01424 0.06345 
1011. 8A."-2 P7 ,o< 107."2 10". 2 2 n9.14 T1..2Q 125,9R 0.0456 0.01232 o. 03565 
llR5, 90.45 Q~ .f.2 lOf..76 1Q4.C6 i) 8. ~ 7 7?. q5 125. 73 0.0697 0.01101 0.04399 
145 7. 91. 7f. OQ.45 lOS.73 104.lq og. 5i:. 72,49 126.35 O,Q<>24 0.0()915 0.03650 
1617. 92. ()? qQ.5P 1a4. •: lO:.Fo 70.48 75.15 12 5.98 0 .1110 0.00850 0.03485 
lRl6, 80. ~ 7 F8.4C: 102.?? !Ol.R7 7Q,OP 73.29 !25.9P 0.1292 0.00774 0.03159 
2175. 91.11 pc• G'l 101.~7 101.n 69.6R 73.02 124.79 0.1765 0.00692 0.03303 
2?16. qi. ?2 qz.i:;;4 10 4. lf 10?.~~ 74.40 77. 55 l 2 5. 23 0.1885 0.00111 0.03330 
236R. po.Ao RO,J2 lu 1.?, 100.L. 6 '.)9.41 73,95 125. 36 0.1958 0.00676 o.029s1 
241!.'l. oz.PO 01.r:i ~ 02 .c:o !OC..71' 74. 35 n.01 12 5. 42 0.2176 0,00670 o. 0294_0 
2685. 91. ")7 H).4"" i.. 01. ~ 2 101. l 0 72, R9 16.62 125.17 0. 25 37 o.00640 0.02979 
2976. 9?,02 0 1.11 1a1. 62 101.1 a 73.02 77.0l 125.17 o. 2989 0.0060'l 0.02793 
34Q4. 9Q.P5 QQ, Jt· 10Q,5R qc.pt 70. 62 73.15 124.86 0 .37 41 0.00595 0.02434 
3772, 80.67 PCl:.75 q0, 16 n. 3q n9.28 71. 82 124, 13 o.4224 0.00564 o. 02340 
4161. 88.10 ~7.57 98.13 q7.6 l 6 7. 53 70.48 12 s. 54 o. 5312 0.00538 0.02503 
494~. ~8.10 .~7. 5 7 9 7. ?·5 9~. ~6 &8.07 11.02 125. 3!> o,6Hl ()._OJ)l,95 0.0_1_9()2_ 

~· 01 



VITA 

.John Lou:l. s Gu111ory 

Candidate 1'or the Deg1""0e of 

Doctor oi~ Philosophy 

Thesis : DEHtJMID Ilt'I c A'I1 I ON OP AIR F'LOWI.NG 1·3ErrwEEN p ARALLEL 
PLNrEs 

Major Pield: Mechanical Engineering 

Biographical: 

Personal Data.: Born in Lake Charles, Louisiana, 
January 8, 1940, the son of Mr. and Mrs. Clarence 
P. Guillory. 

Education: Graduated from La.Grange Senior High School, 
Lake Charles, Louisiana, in May, 1957; received 
Bachelor of Science degree in Mechanical Engineer
ing fro!ll the University of Southwestern Louisiana, 
Lafayette, Louisiana, in May, 1962; received 
Master of Science degr•ee in Mechanical Engineering 
Fr•om Louisiana State University, Baton Rouge, 
Louisiana, in ;ranuary, 1965; completed require
ments for degree of Doctor of Philosophy at 
Oklahoma State Unlversi ty in l"iay, 1973. 

Professional Expe1"'ienr.H~: G:r•s.duate teaching assistant, 
Mechanical Engineering Department, Louisiana State 
University, 1962-64; i:nst1•uctor, Department of 
Mechanical Engineering, Univer•si ty of Southwestern 
Louisiana, 1964-65; mechanical development engin
eer, Ethyl Corporation, 1965-66 and 1967-69; 
::i.nstructor, Mechani.cal Enginetn~ing Department, 
Louisiana Sta.te Uni Vfn•::d ty 9 1966-67: ~raduate 
teaching assistant, School of Mechani.cal and Aero
space Engineering, Oklahoma State University, 
1969-71; assistant p1•ofessor, California Polytech
nic State University, 1971-72; pollution research 
engi.neer, ~Tohn Zink Company, 1972 to present. 

Profess i.onal Associations! JU:111~rican Society of 
Mechanical Engineers; Hegistered Professional 
Engineer (Louisiana). 


