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FOREWORD

The Dry Cooling Enhancement Program at Pacific Northwest Laboratory (PNL)

was initiated with a program scope that included the following near-term and

ultimate emphasis.

work

Near-term Objectives:

Develop economic and performance models for cost optimization of total
heat rejection systems using dry and dry/wet cooling.

Analyze and disseminate operating experience on existing dry-cooled plant
performance.

Demonstrate certain features of existing technology equipment to provide
confidence for specification by utilities.

Ultimate Objective:

Promote water conservation through industry use of dry cooling by develop-
ing and demonstrating the reliability of lower cost systems. The
development of advanced dry/wet systems is also considered to be within
this scope.

The following documents have been issued, reporting the results of the
toward these objectives.

Cost optimization of dry-cooled heat rejection systems:

A REVIEW AND ASSESSMENT OF ENGINEERING ECONOMIC STUDIES OF DRY-
COOLED ELECTRICAL GENERATING PLANTS. B. C. Fryer, BNWL-1976,
March 1976.

HEAT TRANSFER AND PRESSURE DROP CHARACTERISTICS OF DRY TOWER
EXTENDED SURFACES. PART I: HEAT TRANSFER AND PRESSURE DROP
DATA. PFR Engineering Systems, Inc., PFR 7-100, March 1976.

HEAT TRANSFER AND PRESSURE DROP CHARACTERISTICS OF DRY TOWER
EXTENDED SURFACES. PART II: DATA ANALYSIS AND CORRELATION.
PFR Engineering Systems, Inc., PFR 7-102, June 1976.

Analysis of performance of existing dry-cooled plants:

DRY COOLING TOWER PROGRAM: RESULTS OF INDUSTRIAL CONTACTS
THROUGH AUGUST 1974. BNWL-1878, November 1, 1974.




A SURVEY OF MATERIALS AND CORROSION PERFORMANCE IN DRY COOLING
APPLICATIONS. A. B. Johnson, Jr., D. R. Pratt and G. E. Zima,
BNWL-1958, March 1976.

EUROPEAN DRY COOLING TOWER OPERATING EXPERIENCE. J. G. DeSteese
and K. Simhan, BNWL-1955, March 1976.

MATHEMATICAL AND EXPERIMENTAL INVESTIGATIONS ON DISPERSION AND
RECIRCULATION OF PLUMES FROM DRY COOLING TOWERS AT WYODAK POWER
PLANT IN WYOMING. Y. Onishi and D. S. Trent, BNWL-1982,
February 1976.

ALUMINUM ALLOY PERFORMANCE UNDER DRY COOLING TOWER CONDITIONS.
A. B. Johnson, Jr., S. Begaj, M. W. Martini, and R. P. May, PNL-
2392, December 1977.

Advanced dry (dry/wet)-cooled systems:

PRELIMINARY EVALUATION OF WET-DRY COOLING CONCEPTS FOR POWER
PLANTS. W. B. Loscutoff, BNWL-1969.

COMPATIBILITY OF AMMONIA WITH CANDIDATE DRY COOLING SYSTEM
MATERIALS. D. R. Pratt, BNWL-1991, April 1976.

SCALE FORMATION IN DELUGED DRY COOLING SYSTEMS. D. R. Pratt,
BNWL-2060, March 1976.

AMMONIA AS AN INTERMEDIATE HEAT EXCHANGE FLUID DRY FOR DRY-
COOLED TOWERS. R. T. Allemann, B. M. Johnson, and G. C. Smith,
BNWL-SA-5997, September 1976.

AUGMENTED DRY COOLING SURFACE TEST PROGRAM: ANALYSIS AND
EXPERIMENTAL RESULTS. H. L. Parry et al. PNL-2/46,
September 1979.

A group of reports (including this report) has been issued that serves
the dual purpose of: 1) developing cost optimization models for dry cooling
systems based on available technology and 2) comparing the results of analyz-
ing the cost of these systems with the projected cost of several advanced dry
and dry/wet systems. Included in this group are:

AN ENGINEERING AND COST COMPARISON OF THREE DIFFERENT ALL-DRY

COOLING SYSTEMS. B. C. Fryer, D. W. Faletti, Daniel J. Braun,
David J. Braun and L. E. Wiles, BNWL-2121, September 1976.

A STUDY OF THE COMPARATIVE COSTS OF FIVE WET/DRY COOLING TOWER
CONCEPTS. F. R. Zaloudek, R. T. Allemann, D. W. Faletti, B. M.
Johnson, H. L. Parry, G. C. Smith, R. D. Tokarz, and R. A.
Walter, BNWL-2122, September 1976.
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DRY COOLING OF POWER GENERATING STATIONS: A SUMMARY OF THE
ECONOMIC EVALUATION OF SEVERAL ADVANCED CONCEPTS VIA A DESIGN
OPTIMIZATION STUDY AND A CONCEPTUAL DESIGN AND COST ESTIMATE.
B. M. Johnson, R. T. Allemann, D. W. Faletti, B. C. Fryer and
F. R. Zaloudek, BNWL-2120, September 1976.

COSTS AND COST ALGORITHMS FOR DRY COOLING TOWER SYSTEMS.
P. A. Ard, C. H. Henager, D. R. Pratt and L. E. Wiles, BNWL-
2123, September 1976.

A USER'S MANUAL FOR THE BNW-I OPTIMIZATION CODE FOR DRY-COOLED
POWER PLANTS. David J. Braun, Daniel J. Braun, Warren V.
DeMier, D. W. Faletti and L. E. Wiles, BNWL-2180, January 1977.

COMPARATIVE COST STUDY OF FOUR WET/DRY COOLING CONCEPTS THAT USE
AMMONIA AS THE INTERMEDIATE HEAT EXCHANGE FLUID. R. D. Tokarz,
Daniel J. Braun, B. M. Johnson, R. T. Allemann, David J. Braun,
H. L. Parry, G. C. Smith and F. R. Zaloudek, PNL-2661,

September 1978.

AN ENGINEERING AND COST ANALYSIS OF A DRY COOLING SYSTEM AUG-
MENTED WITH A THERMAL STORAGE POND. M. K. Dorst and
R. T. Allemann, PNL-2745, September 1978.

A USER'S MANUAL FOR THE BNW-II OPTIMIZATION CODE FOR DRY/WET-
COOLED POWER PLANTS. Daniel J. Braun, Judith A. Bamberger,
David J. Braun, Duane W. Faletti, Lawrence E. Wiles, PNL-2674,
Vol. I, May 1978.

A DESCRIPTION AND COST ANALYSIS OF A DELUGE DRY/WET COOLING SYS-
TEM. L. E. Wiles et al. PNL-2498, June 1978.

Four reports have been issued which consider the future need for any cool-
ing and the potential benefit/cost ratio of a large-scale demonstration.
AN OVERVIEW OF ECONOMIC, LEGAL, AND WATER AVAILABILITY FACTORS

AFFECTING THE DEMAND FOR DRY AND WET/DRY COOLING OF THERMAL
POWER PLANTS. P. L. Hendrickson, BNWL-2268, June 1977.

AN OVERVIEW OF ECONOMIC, LEGAL, AND WATER AVAILABILITY FACTORS
AFFECTING THE DEMAND FOR DRY AND WET/DRY COOLING OF THERMAL
POWER PLANTS. P. L. Hendrickson, BNWL-2268, September 1978.

ESTIMATION OF BENEFITS FROM DEMONSTRATING ADVANCED DRY COOLING
TECHNOLOGY: A FRAMEWORK AND PARTIAL ANALYSIS. J. W. Currie and
T. J. Foley, BNWL-2182, April 1977.

POTENTIAL USE OF DRY COOLING IN SUPPORT OF ADVANCED ENERGY GEN-
ERATION SYSTEMS. D. W. Mayer, E. M. Arnold, and R. T. Allemann,
PNL-3149, September 1979.
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SUMMARY

The ultimate goal of work performed in this project was to contribute to
the development of improved cooling facilities for power plants that would help
to conserve increasingly scarce fresh water supplies in an environmentally
compatible and economically viable manner. The specific objectives of this
work were to

e experimentally determine the performance and operating characteris-
tics of a plate-fin heat exchanger in dry/wet or "deluge" operations
and to

® continue development of the deluge heat/mass transfer model.

The experiments were conducted in a specially-designed wind tunnel at the
Pacific Northwest Laboratory, which is operated for the Department of Energy
by Battelle Memorial Institute. In the tests, air that was first heated and
humidified to specified conditions was circulated at a controlled rate through
a2 ft x 6 ft heat exchanger module. The heat exchanger used in the tests was
a wavy surface, plate fin on tube configuration. Hot water was circulated
through the tubes at high flow rates to maintain an essentially isothermal con-
dition on the tube side. Deionized water sprayed on the top of the vertically
oriented plate fins was collected at the bottom of the core and recirculated.
Instrumentation was provided for measurement of flow rates and thermodynamic
conditions in the air, in the core circulation water, and in the deluge water.

Measurements of the air side pressure drop and heat rejection rate were
made as a function of air flow rate, air inlet temperature and humidity, deluge
water flow rate, and the core inclination from the vertical. The data were
reduced to determine an overall heat transfer coefficient and an effective
deluge film convective coefficient.

The "deluge" model is an approximate theory for predicting heat transfer
from a wet finned heat exchanger that was developed in preceding work. The
mode1 was further developed and refined in this study, and a major extension
of the model was formulated that permits simultaneous calculation of both the
heat transfer and evaporation rates from the wetted surface. The model was
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used for reduction and correlation of the data and for evaluation of the
results. In general, the analytical predictons were in excellent agreement
with the experiments.

The experiments showed an increase in the heat rejection rate due to wet-
ting, accompanied by a proportional increase in the air side pressure drop.
For operation at the same air side pressure drop, the enhancement ratio
Qw/Qd varied between 2 and 5 for the conditions tested. Thus, the potential
enhancement of heat transfer due to wetting can be substantial.
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NOMENCLATURE

minimum free flow area

frontal area

primary (tube) side surface area

average tube surface area

total air side surface area

airside fin surface area

airside tube surface area

constants in equation for saturation pressure
relative surface area (wet - mass transfer)
primary side relative area

relative surface area (wet - heat transfer)
tube relative area

Biot number of fin, dry

Biot number of fin, wet

constants

moist air specific heat

primary fluid specific heat

hydraulic diameter

constant in equation for friction factor
crossflow correction factor

fins per inch of core length

fanning friction factor

effective friction factor including inlet and exit losses
fo evaluated at Re = 1000

mass flux of free stream air

gravitational constant 32.17

humidity ratio of saturated air at Tp
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humidity ratio of saturated air at Tr

humidity ratio of saturated air at TS

humidity ratio of free-stream air

heat transfer coefficient

deluge heat transfer coefficient

effective deluge heat transfer coefficient = hda:

surface heat transfer coefficient including fin effectiveness
primary side heat transfer coefficient

surface heat transfer coefficient

inlet temperature difference, Tp - T

enthalpy of saturated air at Tp
enthalpy of saturated air at Tr
enthalpy of saturated air at Tw
enthalpy of moist air at Te

log mean enthalpy difference
Colburn factor using hS

Colburn factor using h0

Colburn factor using U.

a parameter 1in equation for E/gm
thermal conductivity of primary flow
thermal conductivity of tube wall
thermal conductivity of water

fin length in flow direction
effective circular fin length

an exponent

mass flow rate of air (dry)

mass flow rate of air (wet)

water flow rate in the heater

mass flow rate of circulation water
total mass of circulation water
mass flow rate of deluge water

mass flow rate of evaporated water
number of tube coils

NTU rating for wet heat transfer
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N* -- NTU rating for wet mass transfer

m
NTU -- NTU rating for dry heat transfer
n -- an exponent
P -- barometric pressure
Pws -- partial pressure of water in moist air
Pr ~- Prandt1 number
Prp -- primary side prandtl number
APCore -- total pressure drop across core
APann -- pressure drop across annubar
Qde]uge -- heat gain in deluge water
ery -- total heat transferred under dry operation
Q]osses -- heat lost from system to surroundings
QO -- net rate of heat flux in deluge operation
Qperiphera] T qump = Qyosses
qump -- heat gain by system from pump
Qrej -- total heat transferred from primary side to air side
Qv -- heat flux attributable only to evaporation
Qwet -- total heat transfer from primary side to air side during wet
operation
-- an experimental result, also capacity ratio in Ne
Re -- reynolds number airside
Rep -- reynolds number primary side
ry -- outer tube radius
o -- equivalent circular fin radius
S -- surface area per unit volume
Td -- deluge water temperature
Tp -- primary fluid temperature
Tr -- fin root temperature
TS -- surface (air-water interface) temperature
Teo -- free stream air temperature
AT -~ temperature difference
ATh -- water temperature rise in the heater
ATi -- inlet temperature difference, Tp - Teo
ATp -- temperature difference in circulation water
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AT]m — log mean temperature difference

— tube wall thickness
— fin thickness

at -- time interval

U0 — overall dry heat transfer coefficient

U; — overall wet heat transfer coefficient

Upr —— overall primary side heat transfer coefficieng*

U; — equivalent coefficient for mass transfer = Cazb
amin — maximum air velocity at minimum flow area

V0 — frontal velocity

v —-— volume flow rate

) — velocity

Xi — a general parameter in uncertainty analysis

Yp — half fin thickness

X,¥,2 —-— coordinate directions

GREEK LETTERS

a — a parameter in equation for (Tp - Tr)

B —- a parameter in equation for saturation presence

By -~ ratio of water temperature range to ITD

By — ratio of air temperature range to ITD

u -— kinetic viscosity

DA -— overall coefficient for mass transfer

T -- ratio of inlet driving potentials for heat transfer
T — ratio of inlet driving potentials for mass transfer
s — product of (&m¢m/g¢), also boundary layer thickness
ne — dry fin efficiency

n? — wet fin efficiency

™ — fin efficiency for mass transfer

0. — core angle from vertical

v —— viscosity

£ —— transformation parameter for heat transfer

&m — transformation parameter for mass transfer
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air density

mean air density

water density

dimensionless x coordinate

overall mass transfer coefficient

free area/frontal area

constant in equation for f

surface mass transfer coefficient

relative humidity
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To Convert from

atm

Btu/hr
Btu/{1bm-OF)
Btu/(hr-ft-OF)
Btu/(hr-ft2-0F)
Btu/1bm

ft

ft2

ft3

ft/s

fte/s

ft3/1b

OF

gal/min.

in.

in. Ho0

in. Hg

1b/hr

1b/ft3

1b/ (hr-ft2)

ENGLISH TO METRIC CONVERSION TABLE

To

XxXiid

Multiply by

1.013 E+05
0.2929
4184.0
0.0120
5.6745
2324.4
0.3048
9.290 E-02
2.832 E-02
0.3048
9.290 E-02
6.243 E-02
Tk = (T + 459.67)/1.8
6.3090 E-05
2.540 E-02
249.15
3386.4
1.260 E-04
16.018
1.356 E-03
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SECTION 1
INTRODUCTION

This report provides the experimental data and the supporting theoreti-
cal relationships to substantiate a key portion of the design of an advanced
concept for dry/wet cooling of thermal power generating plants.

The work has been jointly supported by the Environmental Protection
Agency and the Department of Energy because of the dual incentive that exists
for developing improved cooling systems. Dry cooling has been the subject
of extensive studies by both agencies, as well as by the Electric Power
Research Institute, because of the growing realization that the use of fresh
inland water to provide a heat sink for thermal generation of power cannot
continue to increase indefinitely. Thus the EPA has been in the forefront
of early studies to identify the feasibility and cost of supplementing the
use of freshwater for cooling and thus reduce the environmental impact of
either consuming large quantities of freshwater by evaporative cooling or
returning an even larger quantity of water to its original source after being
heated by 8 to 12 degrees centigrade. The Department of Energy, in its con-
cern for the cost of power and the difficulties of siting power plants, has
also been interested in developing Tower cost dry cooling systems so as to
provide for improved siting flexibility with a minimum of extra cost.

Except in special situations, it is likely that the supplementing of the
use of freshwater for cooling will occur through the use of combination wet
and dry systems. This is because using a small amount of cooling water
reduces the cost of a dry cooling system far more than a proportionate dif-
ference in its cost and that of an evaporative system. Nevertheless, the
cost of present dry/wet cooling systems are so high that utilities generally
agree they will be used only in isolated situations unless significantly
lower cost systems can be developed. However, because of the uncertain mar-
ket for dry cooling, it is difficult for manufacturers to expend a great
amount of private capital to develop and demonstrate radically new approaches.
Public agencies such as the DOE and EPA and the utility-industry-supported
research organization, EPRI, have consequently taken the lead in developing
advanced technology for dry/wet cooling.

The Pacific Northwest Laboratory (PNL), operated for the Department of
Energy by Battelle Memorial Institute, has a major program, portions of
which are funded by these organizations. The multifaceted work includes:
(1) identifying the need for dry/wet cooling, (2) assessing the state of the
art and potentials for improvement, (3) identifying promising advanced con-
cepts, (4) developing technology in support of selected advanced concepts,
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(5) assessing new concepts as they are proposed, and (6) carrying out a
large-scale test of the most promising advanced concept.

Of the many novel concepts that have been proposed by investigators
around the world, a process has been selected for large-scale testing which
uses ammonia to transport the reject heat from the last stage of the turbine
to the air-cooled heat exchanger. The design features of such a system and
the rationale for its selection have been covered in previous documents 1,2)
from the Dry Cooling Enhancement Program at PNL. The chosen system also
includes the use of evaporative cooling to augment the dry cooling in either
of two ways:

(1) Deluge cooling in which water is allowed to flow in excess over the
dry cooling surface, and

(2) Parallel condensing of the ammonia in an evaporative condenser (one
in which the bare ammonia condenser tubes are cooled by water and
air flowing simultaneously over the outside surface).

Deluge cooling, in which the dry heat exchanger surface is covered with
a thin film of water so that evaporative cooling and sensible heat transfer
occur simultaneously, appears to be a relatively simple and inexpensive way
of achieving augmented cooling (i.e., dry/wet cooling). It has been used to
some extent in air conditioning applications in this country. However, for
large-scale power plant use, several uncertainties must first be overcome in
performance prediction and proper design of the extended surface to permit
good dry performance, together with proper water distribution to avoid scal-
ing and corrosion. The concept has been under study at PNL.

An initial report(3) of the performance of the "Forgo" plate-fin heat
exchanger surface, developed by and manufactured for the HOTERV Institute of
Hungary (hereafter identified as the "HOTERV" exchanger) has been issued. It
covered both the dry and the dry/wet performance of this exchanger, as well
as the dry performance of two configurations of a chipped fin (or skived)
heat exchanger surface manufactured under license from the Curtiss-Wright
Company.

The present report provides the data and theoretical basis for predict-
ing the performance of another plate-fin heat exchanger, manufactured by the
Trane Company for air conditioning service. This was selected for testing
in the ACT facility because it was more readily adaptable to ammonia conden-
sation and procurement was more convenient and less expensive, due in part
to Trane Company's manufacturing capability in this country.

The objective of the work carried on in the Water Augmentation Test
Apparatus (WATA) is as follows:

(1) To determine all-dry nonaugmented performance for comparison with

other air-cooled heat exchanger surfaces such as the HOTERV and
Curtiss-Wright surface.
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(2)

(3)

(5)

To establish the magnitude of the potential benefit due to augmen-
tation.

To measure dry/wet heat transfer performance and air-side pressure
drop as they are affected by weather conditions (air temperature
and humidity), air-flow rate and deluge flow rate.

To compare measured performance to performance predicted by analy-
tical models developed at PNL to verify and help define those
models.

To determine the physical operating limits of the deluged surface,
particularly the limits of air flow and deluge flow such that a
wetted surface is maintained.
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SECTION 2
CONCLUSIONS

The conclusions that may be drawn from the results of this project

relate to three principal areas:

2.1

operating characteristics and potential benefits of the deluge concept
for cooling electric power plants

comparisons of the dry/wet performance of the two types of plate fin
heat exchangers that have been tested

the applicability and accuracy of the deluge heat/mass transfer model.

CHARACTERISTICS AND BENEFITS OF DELUGE COOLING

The notable operating characteristics observed in the experimental

study of deluge cooling, as compared to dry cooling, may be summarized as
follows:

The primary parameter used in this study to characterize the per-
formance of a dry/wet cooling system was the ratio of wet to dry heat
transfer at the same operating conditions and the same air-side pres-
sure drop. This parameter was determined to vary between 2 and 5 for
conditions tested in this study.

The size of a dry cooled system needed to meet heat rejection require-
ments at peak ambient temperatures could thus be reduced by a factor of
1/2 to 1/5 by the use of deluge cooling enhancement. The actual reduc-
tion in size would depend on the system design and operating conditions.
In particular it would depend on the amount of water available for
evaporative cooling.

Since water would be used only during periods of peak cooling demand,
the water consumption of the deluged system could be substantially less
than in a wet tower of similar capacity.

The increase in heat transfer due to deluge must be compared to dry heat
transfer at the same pressure drop. At a fixed air flow rate, deluging

was accompanied by a substantial increase in the air-side pressure drop.
Both the heat transfer and pressure drop were observed to increase, with
increases in either the air velocity or deluge water flow rate.
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2.2

In the anticipated dry/wet operation, a variable number of heat
exchanger modules will be deluged operating in parallel with the
remainder of the modules dry. Therefore, all modules will operate at
the same air-side pressure drop which, for a given deluge flow rate,
will determine the air flow rate in both wet and dry sections.

At superficial air velocities greater than about 6-8 ft/sec, appreci-
able quantities of water droplets were blown from the back side of the
heat exchanger. Droplet drift may thus impose an upper bound on the
air flow rate when the system is being deluged.

The heat rejection rate during deluge operation was found to be dra-
matically dependent on the ambient air conditions. The enhancement

was greatest for low ITD and low humidity (i.e., Q,/Qq %5 at ITD ~200F,
25% RH) and Towest at high ITD and high humidity (i.e., Q,/Qq %2 at ITD
~500F, 75% RH).

Therefore, heat transfer enhancement using deluge is most effective and
thus most attractive where the need is greatest: in hot, dry regions
where water is scarce as, for example, in most of the western U.S.

In addition, however, deluge cooling is also likely to be attractive in
humid regions where the availability of fresh water for cooling is
limited. In all cases, a system design optimization will have to be
performed that will be highly site-specific.

DRY/WET PERFORMANCE COMPARISONS

In the course of the present and preceding tests, dry performance data

were obtained for several heat exchanger configurations that may be com-
pared to the present dry performance results. In adition, deluge tests were
performed on a plate-fin heat exchanger of substantially different design.
The results of comparing these performance data may be summarized as follows.

For dry performance, the principal basis of comparison was the heat
transfer per unit ITD, per unit volume as a function of fan power. On
this basis, the chipped fin Curtis-Wright design selected for the ACT
facility performed best at all fan powers.

The Trane wavy fin design selected for ACT and a design based on a
five-tube bundle of wrapped helical fin tubes were next in performance
at about 10% lower overall rating than the top C-W system. The per-
formances of the Trane and helical fin designs were essentially the
same.

Comparisons were also made with two other C-W chipped fin assemblies

and with a HOTERV perforated plate fin assembly. A1l three of these
performed below the preceding three at all fan powers. The HOTERV
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performed better than the two C-W assemblies at low fan power but sub-
stantially Tower than all of the other assemblies at high fan power.

e For wet operation, the primary performance comparison was based on the
ratio of wet to dry heat transfer rates at equal air-side pressure drop
and equal air inlet superficial velocities as a function of inlet con-
ditions. On this basis, the Trane core consistently outperformed the
HOTERV core by a ratio of about 1.2 at comparable conditions. The
principal reason for this difference is the higher pressure drop of the
HOTERV core at the given conditions.

2.3 EVALUATION OF THE DELUGE MODEL

One of the primary objectives of this work was to continue the develop-
ment and evaluation of an analytical model for predicting the heat transfer
from a deluged heat exchanger. This was accomplished with considerable suc-
cess. In addition, in the course of this work the model was extended to
allow prediction of the rate of evaporation and, thereby, the outlet condi-
tions of the air passing through the system.

The principal application of the deluge heat transfer model was to
develop correlations used in reduction and presentation of the experimental
data. The primary quantity derived empirically from the data was the effec-
tive deluge film convective coefficient hqy. When these values of hyq were
used in the model equations, predicted correlations were in excellent agree-
ment with the data for a large range of operating conditions. The present
experiments have thus shown that, given suitable values for hq, the deluge
model based on the enthalpy difference driving potential will serve as an
accurate model for predicting wet performance of a finned, air-cooled heat
exchanger.

The present study generated empirical results for hq as a function of
operating conditions that may be used to predict the performance of the Trane
core. Furthermore, these results for hq are quite similar to the previous
results obtained for hy for the HOTERV design, which differed significantly
in design and performance from the Trane core. Thus, for design purposes,
it is probably safe to use either of these results for hy for a plate fin
design similar to, but different from, either of the above. For a radically
different design such as a bundle of cylindrical finned tubes, these results
might also suffice for an estimate of performance using the deluge model.
However, the validity of this approximation cannot be verified at this time.

The mass transfer extension of the deluge model could not be exten-
sively evaluated in this study because accurate, independent measurements of
the deluge water evaporation rates were not obtained. However, from the
approximate measurements that were obtained it appeared that the model cor-
rectly predicted trends, but that the rate of evaporation was overpredicted
by about 20%. This result is highly tentative, and additional measurements
are required before a more definitive assessment can be made of this aspect
of the model.
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SECTION 3
RECOMMENDATIONS

Recommendations arising from the results of this study are of two prin-

cipal types:

3.1

design and operating criteria for wet/dry cooling systems and

recommendations of additional tests and analyses.

RECOMMENDED DESIGN CRITERIA

Based on the results of the present experiments, a number of specific

features arise as recommended design/operational criteria. The major find-
ings are as follows.

For the design conditions selected for the ACT facility, the wavy fin
heat exchanger configuration performed better than the slotted fin geo-
metry for both dry and wet operation. These findings thus confirm the
selection of the wavy fin geometry for the ACT facility.

The results of the experiments essentially confirm the selection of the
250 heat exchanger inclination angle for the ACT facility. However,
since the performance was found to be relatively insensitive to angle,
any angle in the range of 200 to 300 could be used in future designs (or
in future modifications of the ACT facility) if other design criteria
should make it desirable to do so.

The onset of water droplet drift from the back of the heat exchanger at
higher velocities effectively bounds the maximum air flow rate. To pre-
vent drift, the present tests indicate that the input air superficial

velocity should be limited to about 6 ft/sec. A more definitive opera-
tional limit will have to be determined in tests of the actual facility.

The heat transfer performance was found to increase slightly with
increasing deluge fiow rate in the range 1.5 < mq < 3 gpm per foot of
heat exchanger. However, the enhancement factor Q,/Q4 was found to

be essentially insensitive to mq for this range of flow rates. Thus,
the optimum deluge water flow rate may best be specified as the minimum
value that provides sufficient flushing action to keep scaling to an
acceptable level. This will probably be a very site-specific factor
due to changes in water quality.
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3.2

In the present tests, the deluge water was sprayed on the very top sur-
faces of the fins and allowed to trickle down the vertical fins under
the combined forces of gravity and shear due to air flow. This tech-
nique worked well enough and confirms this choice for the ACT facility.
However, previous tests using a packed particle bed which dripped water
on the fins worked equally well. Either technique can thus be
recommended.

The tests were performed at a relatively large scale to study the
effect of the falling water film over a vertical length that was simi-
lar to that of the prototype system. Although some problems were
experienced in handling the deluge water, these were specific to the
WATA facility and should not be relevant to the prototype design. In
general, no operational problems related to the deluge water system
were experienced that should significantly detract from the operation
or performance of a deluged air-cooled facility.

Based on the heat transfer and frictional performance observed in this
study, the deluge cooling technique appears viable and worthy of seri-
ous consideration for cooling tower applications. However, the poten-
tial problems related to scaling and corrosion of the wetted surface
must be addressed and proven manageable before this technique can be
recommended for general use.

RECOMMENDED ADDITIONAL WORK

As is frequently the case, the tests and analyses performed in this

project in answering one set of questions have uncovered others that could
not be addressed within the scope of the project. The principal areas
recommended for additional work are as follows:

o Dry/wet performance tests should be run of additional heat exchanger

designs other than the plate fin configurations. One of the most
important parameters to be determined in these tests is the deluge
film coefficient for the different geometries. The present plan calls
for testing a system based on a bundle of cylindrical finned tubes.
Hopefully, other geometries may also be tested in future studies.

The WATA system should be modified to allow accurate measurement of
the instantaneous deluge water evaporation rate. Tests should then be
run with the wavy fin heat exchanger and with all future systems to
evaluate the accuracy of the mass transfer extension of the deluge
model.

Additional tests should be performed to investigate the effect of pri-
mary side temperature. This is one aspect of the model that has not
been adequately verified experimentally.

Another effect that should be studied is alternative means for apply-

ing the deluge water to the fins. Other means of improving wetting
might be devised.
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e Tests should be run to determine the effect of wetting agents (or other
additives or impurities in the deluge water) on the heat transfer and
pressure drop performance. Preliminary studies run as part of an ear-
lier program indicated increased heat transfer due to addition of a
wetting agent. However, this was offset by higher pressure drop.

This may be dependent on additive concentration and heat exchanger
design. These ideas should be pursued.

e An analysis should be performed to determine a theoretically optimum

heat exchanger design for dry/wet applications. If possible, a proto-
type heat exchanger based on this design should then be tested.
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SECTION 4
BACKGROUND

4.1 PREVIOUS WORK IN THE WATA FACILITY

The Water Augmentation Test Apparatus (WATA) was built to experimentally
assess the operational characteristics and performance of finned heat
exchangers designed for dry cooling when operated with wetted surfaces.
Another principal objective of this work was to assist with the development
and evaluation of the "deluge" model for predicting the heat transfer
enhancement due to wetting.

In the course of the previous studies,(3:4,5) tests were conducted of
dry heat transfer performance for a HOTERV plate fin heat exchanger and for
two Curtis-Wright chipped fin configurations. Wet performance data were
obtained for the HOTERV surface only. In addition, however, limited data
were also obtained with one of the Curtis-Wright assemblies operated in the
"Separate Channel Augmented Tower" or SCAT configuration.

The dry performance data indicated that the slotted C-W surface had
slightly better performance based on the heat rejection rate per unit of fan
power. However, the differences in dry performance were insufficient to
clearly indicate a preferred chaice without detailed economic analysis.

Comparison of the deluged HOTERV surface performance with dry operation
of the same system and with the CW systems showed that the enhancement due
to deluge can be substantial. Enhancement ratios (Q,/Q4 at equal air-
side AP) of 2 to 5 were obtained for typical operating conditions. Thus, the
potential for heat transfer enhancement due to deluge was found to be quite
significant and worthy of further study.

During the preliminary design and bidding procedures that subsequently
led to the design of the ACT facility, it appeared that a plate-fin heat
exchanger designed by Trane could provide performance equal to or better than
that of the HOTERV system and at lTower cost. Thus, it was decided that tests
of the dry/wet performance of the Trane plate-fin design would be performed.
The preliminary results of these tests contributed to the selection of the
Trane design for the dry/wet section of the ACT facility. In addition,
results of the tests contributed in several ways to the final design of the
facility. The final results of these tests constitute an important part of
this report.

4.1



4.2 DEVELOPMENT AND EVALUATION OF THE "DELUGE" HEAT TRANSFER MODEL

An important part of the preceding and current test programs has been
the development and testing of an approximate analytical model for predicting
heat transfer from wetted surfaces. For brevity, the resulting formulation
has been referred to as the deluge model. The model has been very useful in
planning the test program in reducing and correlating data and in interpret-
ing the final results. The model predicted the qualitative aspects of the
HOTERV tests very well. However, because of incomplete development and
inadequate means for computing two critical parameters in tge model, the pre-
dicted heat transfer rates reported in the previous study were generally
20-30% too high as compared to the measurements.

Due to recent advances in the development and interpretation of the
deluge model, the predictive accuracy for calculating heat transfer from a
wet surface has been greatly improved. In addition, the model has been
extended to allow prediction of the rate of evaporation of deluge water and
the resultant air outlet conditions.

An up-dated, detailed development of the deluge model that incorporates
all of the recent simplifications and refinements is given in Appendix A. A
brief outline of the principal steps in the development and a summary of the
results will also be given here to provide the background and introduce the
terminology that are needed to effectively read and understand the remaining
material in this report.

4.2.1 The Surface Heat/Mass Flux Analogy

The analysis of the heat and mass transfer from an element of wetted
surface is based on the control volume shown in Figure 1. Equations, 1, 2
and 3 in Table 1 contain expressions for the energy and mass balances for the
control volume for dry and wet operations. For conditions where the assump-
tion of heat/mass transfer similarity is valid, it may be assumed that Lexl
where the convective Lewis number is defined by

Le = —x— x1 (51)

Equations 3 and 4 may then be given approximately by Equations 5 and 6.
There are a number of additional assumptions and approximations employed in
obtaining these results that are discussed in Appendix A.

The results in Equations 1, 5 and 6 are entirely analogous in form and
each of them contains the same heat transfer coefficient hg. The important
difference is that the equations for transport of heat and mass from a wet
surface are written in terms of the enthalpy difference and humidity differ-
ence instead of the temperature difference. The significance of these
results is that dry surface heat transfer data can be used to compute wet
" heat and mass transfer performance by merely changing the form of the driv-
ing potential employed. This is the basis upon which the "deluge" heat/mass
transfer model is formulated.
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TABLE 1. SUMMARY OF EQUATIONS FOR THE SURFACE MASS/ENERGY BALANCE
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The mass/energy balances for the air stream are given in Equations 7, 8
and 9. When combined with Equations 1, 5 and 6 these yield analogous dif-
ferential equations for the distribution of temperature on a dry surface,
Equation 10 and the distributions of enthalpy and humidity on a wet surface
Equations 11 and 12. In principle, Equations 10, 11 and 12, may be inte-
grated if the relevant variables can be given as functions of the dimension-
less distance X. However, the information required to perform the necessary
integrations would seldom if ever be available except for the simplest heat
exchanger configurations (i.e. a flat plate).

4,2.2 Extension to Finned Surfaces

The surface heat/mass transfer analysis has been extended to the treat-
ment of heat transfer from finned surfaces (as illustrated by Figures A-2 and
A-3, Appendix A) with introduction of the overall heat/mass transfer coeffi-
cients. The results of the analysis are summarized in Table 2. Equations
13, 14, and 15 are the analogous equations for heat/mass transfer based on
overall coefficients and overall driving potentials from the primary (tube)
side to the free stream (air side) conditions. The analogous expressions
assumed for Uy, UE and Uy = CaZ¥ are given in equations 16, 17 and
18 respectively.

The thermal resistance 1/Ugy is given in the conventional form as the sum
of the thermal resistances of the tube side film (l/hpap), the tube wall
(t/kat)/and the finned surface (1/hgag) where ag, the relative effective
surface area is given by

a = Ast + Mg Ass
S Ase* Ags

(52)

The fin efficiency is defined in the conventional manner where the actual fin
area Agf is replaced be an equivalent area nfAgsr which, when assumed to be
uniformly at the fin root temperature T,, will dissipate the same amount

of heat as the actual finned surface. The fin efficiency can be given by a
function (Equation 21) or a graph (Figure 2) as a function of the heat
exchanger geometry and operating conditions. The function given in Figure 2
for cylinderical fins may also be used for plate fins if the equivalent fin
length 1¢ and equivalent radius rg are computed such that the resulting

area is equal to the actual area of the plate fin configuration.

Equation 17 for U§ is analogous to Equation 16 for Uy. However, an
additional thermal resistance has been added to account for the deluge water
film (1/hga¥) and the sum of the resistances from the tube side to the
air/water interface has been multiplied by a resistance transformation
parameter.

The deluge film convective heat transfer coefficient hq is an effective
or "lumped" parameter that incorporates the effects of nonuniform water flow,
air flow and surface wetness. The technique employed for determining this
parameter from experimental data is described in the subsequent discussion.
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Figure 2. Fin efficiency solution for an annular fin (also used
to model plate fin with equivalent radius).

The transformation of the inside thermal resistances is required to
match the internal expression for Q based on the temperature driving poten-
tial to the surface heat flux based on the enthalpy potential. The relevant
derivation is given in Appendix A. The resulting definition for & is,

(ip - i7)

A e (19)

a‘'pr

The evaluation of this parameter and the analogous expression for §, are
discussed in detail in Appendix A.

The relative effective surface area for wet operation ag is analogous
to ag. The wet fin efficiency may be computed from the function or graph
for the dry efficiency by the transformation of variables given by Equations
22 and 25.

An overall mass transfer coefficient Up = CaZp is defined by Equation 18
in a manner completely analogous to the expression for U§, Equation 17. It
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is assumed that the actual internal resistance to heat transfer can be con-
verted to an "effective" resistance to mass transfer by multiplication with

a resistance transformation parameter £p. This is completely analogous to
the transformation wherein the equation for U was obtained from the expres-
sion for Uy. The efficiency nj and area Af are then determined by the trans-
formation of variables given by Equations 23 and 26. In many cases, it may
be assumed that £y ~ £ and thus nj¥ = nf which greatly simplifies the model.

A general, vigorous technique for computing £y is described in Appendix A.

When the equations for dry surface heat flux, equation 13 and wet sur-
face heat/mass flux, Equations 14 and 15 are equated to the respective heat/
mass gains of the air, Equations 1, 5 and 6, differential Equations 27, 28
and 29 are obtained that describe the air property variations with distance
in the airflow direction. For suitable conditions these expressions can be
integrated to obtain the distributions of temperature, enthalpy and humidity
-in a heat exchanger. However, closed form solutions would probably be possi-
ble in only the simplest applications. (see for example the analysis in the
next section).

4.2.3 Analysis of a Wetted Plate-Fin Condensor

The expressions in Equations 27, 28 and 29 will now be integrated for a
plate fin condensor in cross-flow. The principal assumptions are,

e the primary or tube side temperature is constant
o the air mass flux Gy is uniform in any plane normal to the flow
e the NTU parameters N, N* and Nj are constant

The results of the integrations are summarized in Table 3.

Equations 30, 31 and 32 give the distributions of the air temperature
in a dry heat exchanger and the air enthalpy and humidity in a wet heat
exchanger. In addition, using the computed values of i, H~ and psychometric
charts, the distribution of the dry bulb temperature in a wet core can also
be predicted. This Es the analytical analog to the graphical procedure
developed by Mickley(6),

The total heat/mass transfer from the heat exchanger is obtained by a
second integration where the results are given in terms of the effectiveness
¢, 9* and ¢5. The analogous expressions for heat and mass transfer are
given by Equations 39, 40 and 41 where the corresponding expressions for the
effectiveness are given by Equations 45, 46 and 47. The advantage to this
approach is that the heat/mass transfer is given in terms of the inlet con-
ditions without the need of the outlet properties.

Equations 13, 14 and 15 can also be integrated to obtain alternate equi-
valent expressions for the heat and mass transfer, Equations 42, 43 and 44.
The only disadvantage of this approach is that both inlet and outlet condi-
tions appear in the log mean property differences defined by Equations 48,

49 and 50. This generally requires an iterative solution technique.
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TABLE 3. SUMMARY OF MODEL EQUATIONS FOR A DELUGED CONDENSOR IN CROSS FLOW
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3. Ty < Tw: very high heat transfer and evaporation rates, low ITD,
Tow humidity high hg, air stream is cooled evaporatively.

A1l of these conditions have been observed in the experiments. Varia-
tions in T, of 100F to 20 OF can result in 10-30% variation in & with nearly
proportional variations in UJ. Thus, values of T, used in evaluating £ should
be as accurate as possible. When T, is not known, equation 19 can still be
used to estimate £ (i.e. by assuming T, = Tw Or some other reasonable value).
When practical, however, values of T, and & should be computed by an itera-
tive procedure such as that used to extract T, and hq from the data as
discussed below.

As mentioned above, the deluge film coefficient hy is a Tumped para-
meter that incorporates the effects of nonuniformities in airflow, deluge
water flow, surface wetness and all other forms of ignorance not specifically
accounted for elsewhere. It is thus probably impossible to predict this
parameter from first principles. In addition, it is extremely unlikely that
empirical correlations exist that would be useful for this application (at
least none have been found). Thus, there is presently no recourse for deter-
mining hq except by extracting it from experimental data.

According to the deluge heat/mass transfer model, the heat rejected by
the core for given operating conditions can be given by any of the following
expressions,

<i'-T;,>

C

_ a

'B; i SR T (53)
2 h_a ka h ,a

it -3
-2; = hgat <—Cq—”> (54)
Iil ¢* (‘|I = 100)1
%; i < ES) . Ca (55)

Equation 53 gives the heat transfer from the tube side to the root, Equation
54 gives the heat transfer from the root to the air and Equation 55 gives the
heat transfer in terms of the overall enthalpy difference. If the model is
to be internally consistent, values of hq and & must be used that simulta-
neously satisfy all three of these expressions. (In fact, only two of these
expressions are independent, since, for example, the first two can be used

to obtain the third.)
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For a given set of operating conditions defined by values of (hy, hg, my,
Tps Tew, Hes Mg) and the corresponding measured value of Q for that condition,
any two of the above equations constitutes a set of two simultaneous equa-
tions with two unknowns. The solution of these equations will yield unique
values of T, hq for each data set. Because of the complex interrelation-
ships of the variables in these equations, an iterative solution such as that
described in Appendix A is required. The results obtained by this procedure
are presented in Section 6.

The values of T, and hq thus determined are empirical results determined
from experimental data according to an assumed heat transfer formulation; the
deluge model. The values of hgq that result are empirical in exactly the same
sense that hg and hy, are. Furthermore, all of these heat transfer coeffi-
cients are "lumped" parameters in that they account for nonuniformities in
geometry, flowrate and surface conditions in some average way that cannot be
precisely defined. The only difference in hq is that the amount of ignorance
"Tumped" into this parameter is somewhat greater because of the additional
effect of nonuniform wetting.

The procedure used to derive hq values from the data also yields cor-
responding values of T, (and thereby of &) for each data set. Although the
fin root temperature T, has a physical interpretation, as illustrated in
Figure 3, the values of T, extracted from the data are only approximately
related to any actual temperatures in the heat exchanger. However, the same
would be true of root temperatures calculated for a dry operation of the same
system since the same type of assumptions and approximations are involved.

At one time it was suspected that the temperature of the deluge water
dropping off the core (T4, a measured parameter) could be used to approxi-
mate T, and thus to compute & and hgq. HoweYeS, when this approach was used,
predicted values of U, were high by 20-30%. 3 Furthermore, the model was
internally inconsistent because calculation of the root condition from the
inside would not match that obtained from the surface to the air. This
approach was then abandoned in favor of the approach just described.

The analysis in Appendix A contains many details of the above analysis
including justification for the approximations employed. The theoretical
basis for data correlations used in Section 6 are also developed. For these
and other details concerning the basis and use of the model, the reader may
consult Appendix A.
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SECTION 5
EXPERIMENTAL APPARATUS AND PROCEDURES

5.1 DESCRIPTION OF WATA LOOP

A1l testing took place in the Water Augmentation Test Apparatus (WATA),
an experimental test facility designed by PNL and shown in Figure 4. Fig-
ure 5 shows a schematic diagram of the facility. The WATA consists of three
fluid loops: the air loop, circulation water loop, and augmentation water
loop. These loops come together in the heat exchanger test section.

The air loop is an open-ended single-pass loop designed to provide uni-
form airflow through the test section at a desired temperature and humidity
and at approach velocities from 3 ft/sec to 16 ft/sec. Outside air is
brought in through a centrifugal blower whose output is variable from 2100
cfm to 12000 cfm. After leaving the blower, the air passes through a steam
heating unit and then through a steam humidification section to provide inlet
air at the desired wet and dry bulb temperatures. The air then flows through
a restricted mixing section before passing through a vaned expansion section
with a 2 ft x 6 ft outlet. A screen pack at the expansion section outlet
helps maintain flow uniformity. The air then passes through a vaned 2 ft x
6 ft 900 elbow, and another screen pack, and then through a 4-ft approach
section of the same cross section as the 2 ft x 6 ft test core.

From the test core section the air flows through a 3-ft section of
2 ft x 6 ft duct, through a contraction, through a flexible duct, then into
an 18-in. diameter, 20-ft long section of straight duct before being
exhausted to the outside. The straight section is equipped with an Annubar
flow sensor used to measure the air mass flow rate through the test section.

The air loop has been designed to permit flexibility in core orientation
and airflow direction. Figure 6 illustrates the means provided to vary the
core orientation.

The circulation loop provides the heat to be rejected by the test core.
A centrifugal pump capable of up to 365 gpm flow pulls water from a 400-gal
storage tank. Part of the flow is passed through two SCR-controlled electric
circulation heaters providing a total of 135kW of heat. The heated water is
then mixed with the remainder of the circulation water flow and fed to the
test core inlet manifold. After being cooled in the test core, the circula-
tion water returns to the storage tank and is ready for recirculation.
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The augmentation loop is used for evaluating deluged heat exchangers for
integrated dry/wet towers. A centrifugal pump with a 25-gpm (maximum) capac-
ity draws water from a 40-gal weigh tank and pumps it to the deluge injection
point located at the top of the deluged test core. After the deluge water
passes over the air-side surfaces of the core, it is collected in a catch
basin at the base of the test core. A second pump then returns the deluge
water to the weigh tank. Water may be added to the weigh tank from a deluge
storage tank when the water in the weigh tank has been depleted by evapora-
tion on the test core.

The three loops come together in the test core. The test core section
consists of a 6-ft high x 2-ft wide x 1-ft deep duct section surrounding the
specific heat exchanger core being tested. Specific cores tested will be
discussed in subsequent sections.

5.2 INSTRUMENTATION
Five parameters are measured in the WATA facility:
5.2.1 Temperature

Calibrated shielded copper constantan thermocouple probes (Type T) accu-
rate to +0.50F are located as listed below:

a) blower inlet

b) in the airflow 17 in. upstream of the test core (6)
c) in the airflow 17 in. downstream of the test core (6)
d) in the airflow adjacent to the Annubar
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exposed to room air adjacent to the test core
circulation water storage tank (2)

135-kW heater inlet (2)

135-kW heater outlet (2)

core inlet manifold (3)

core outlet manifold

augmentation water storage tank

augmentation water weigh tank

augmentation water injection point
augmentation water collection basin

J3 3 =X =TT h
e A el e e e P e P

5.2.2 Differential Temperature

Two thermocouples are used to measure the differential temperature in
each of two locations:

1) inlet to outlet of the 135-kW heater
2) inlet to outlet of the core

These thermocouples were calibrated individually but they were picked to have
closely matching calibration curves. The resulting emf's were measured with
a Dogic microvoltmeter. Uncertainty in these measurements were estimated at
+0.59F,

5.2.3 Air Dewpoint

Air dewpoint upstream and downstream of the test core was determined
using two General Eastern Model 1200 EP optical hygrometers fed by aspirated
probes. Two probes were located 15 in. upstream of the core and five probes
were located 33 in. downstream of the core. Under laboratory controlled con-
ditions these units have a claimed accuracy of +0.440F, Error in the data
logger sampling technique caused the actual error to be about +1.0°F.

5.2.4 Air Flow

Total airflow is measured with an 18-in., calibrated Annubar with a
manufacturer's claimed accuracy of +4% of reading. Readout is accomplished
through a Dwyer Model 246 inclined manometer with a claimed accuracy of
+0.02 in. Hy0. Nonuniformity in the flow distribution upstream from the
annubar increased the uncertainty in the measured airflow rate to about
+10%. Airflow uniformity was checked by traverses in front of the test sec-
tion using a Thermo Systems Model 1054B linearized hot film anemometer with
a manufacturer's claimed accuracy of +1% of reading.

5.2.5 MWater Flow

Cox turbine flowmeters, calibrated to an accuracy of +0.5% of flow, are
used to measure three water flow rates:
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a) total deluge flow rate

b) total circulation water flow rate

c) circulation water flow rate through the 135-kW circulation heater.
5.2.6 Pressures

Static pressure is measured upstream of the test core and downstream of
the test core with a Wallace and Tiernan precision aneroid manometer claimed
accurate to +0.03 in. Hg. Ambient barometric pressure is measured with the
same device. Air-side pressure drop across the core is measured with a Dwyer
Model 246 inclined manometer claimed accurate to +0.02 in. H»0. Four static
pressure probes are located 21 in. upstream of the core and four are located
21 in. downstream of the core. The downstream probes are in fully recovered
flow.

5.3 TEST CORE SPECIFICATIONS
Table 4 contains a list of the important dimensions for the Trane core.

A sketch of its general construction is shown in Figures 7 and 8. The sur-
face is made of aluminum and is contained in a steel frame work.

TABLE 4. TRANE CORE SPECIFICATION SHEET

Heat Exchanger Dimensions

Height: 6 ft

Width: 2 ft

Depth: 0.375 ft
Tube Orientation: Horizontal
Number of Tubes: 144
Tube Cross Section Dimensions: 5/8" x 0.049 circular
Airside Fins: 0.0085 in. (10 fins/in.)

Ammonia Side Air Side

Frontal Area: -- 12 ft2
Minimum Flow Area: 0.0939 ft2 6.408 ft2
Fin Area: N/A 931.00 ft2
Total Surface Area: 39.74 ft2 974.14 ft2
Hydraulic diameter 0.0439 ft 0.009724 ft
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Figure 8. Trane plate fin heat exchanger design.

Deluge distribution is accomplished by forcing the water through a flat
spray "floodjet" nozzle size #40 manufactured by Delavan Inc. The nozzle is
housed in an air tight plastic box which allows for proper location and ori-
entation of the nozzle. A plastic deflection plate in the box insures that
a majority of the spray impinges on the core. Water is allowed to enter and
leave the test section through 4" gaps in the top and bottom surfaces of the
steel frame. A plastic box at the bottom of the test section serves to col-
lect the unevaporated deluge water.

5.4 UNCERTAINTY ANALYSIS SUMMARY

Any experimentally derived value has an uncertainty associated with it.
That uncertainty is caused by the inherent uncertainty in the measured vari-
ables and parameters used to derive the value. The purpose of an uncertainty
analysis is to estimate the probable uncertainty in an experimentally derived
value based on the uncertainty of the measurements used to derive it. In
this way the unexpected magnitude of scatter or inconsistency in the experi-
mental results can be estimated. If the actual observed inconsistency is
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appreciably greater than that predicted, problems such as the existence of
uncontrolled variables may exist in the experimental facility or procedure.
This may also indicate the methods being used to analyze the data or the
theory to which the results are being compared do not fully account for all
the controlling variables. An uncertainty analysis aimed at predicting prob-
able experimental uncertainty is particularly valuable in the WATA test pro-
gram where the analytical methods being used to predict deluged performance
are as yet unproven and may not fully account for all variables.

The probable uncertainty for the WATA test results to be presented in
Section 6 is indicated by bars showing the uncertainty range for representa-
tive data points. Where data points are very close together, uncertainty
bias are shown on representative points. Probable uncertainties (?R; have
bﬁen determined using the method suggested by Kline and McClintock 7) in
which

172

2 2 2
3R 3R 3R
6R = <6X1dxl> * <ax2dxz> : (ax dx ) (56)

the experimental result, a function of several variables (X;)

where

R

S8R = the probable uncertainty in R at 20:1 odds
6Xj = the uncertainty in Xj where Xj = X;j * 8X; at 20:1 odds
and where.§§_ has been evaluated approximately using the expression
i
R(X; + AX.) - R(x;)
A lim X (57)
AX1.—>0 i

[ %)
>| 0
ne>

R(X. + 6X.) - R(X:)
Y, : (58)

R

It should be noted that the determination of values for dXj to be used
in evaluating SR requires some judgment on the part of the experimenters.
Uncertainties in the individual variables measured in the WATA facility have
been estimated based on instrument manufacturers' claims, observed instrument
fluctuation noted from repeated readings under steady-state conditions, and
past experience. The major sources of uncertainty have been found to be the
measurement of temperature rise across the circulation heater and the mea-
surement of air dewpoint temperature upstream and downstream of the test
cores. Uncertainty in the circulation heater temperature rise affects the
uncertainty of both dry and deluged results, while dewpoint temperature
uncertainty affects only deluged results. A complete calculation of the
uncertainty for certain important parameters is given in Appendix C.
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5.5 SUMMARY OF DATA REDUCTION TERMINOLOGY, EQUATIONS, AND PROCEDURES
5.5.1 Dry/Wet Pressure Drop

The values for pressure drop across the core during both wet and dry
operation are commonly represented by a non-dimensional friction factor f or

loss coefficient fy. Equation 59 was used to reduce the pressure drop data
to fanning friction factors.

3 2

i chpm AP AC o AC N'E
f=— > - A (59)
m_~ A S
a ''s
where AP = total frictional pressure drop (1b/ft2)
N' = number of coil banks
E = contraction and expansion losses
_1.75 2.75 +1 (60)
o 2 Of
f_‘
0¢ = fin free area ratio
=1 - FPI - tf (61)
FPI = fins/inch

The first term in Equation 59 is an overall friction factor or loss
coefficient and the second term accounts for the expansion and contraction
Josses. Thus, Equation 59 can be rewritten in terms of f,:

2, i
o} ACN E

S
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It was assumed that Equation 59 was appropriate for use with both wet
and dry pressure drop data. This is technically not true, since the wet
film increases the apparent thickness of the fins and thus increases the
expansion and contraction losses.

The air flow rate is calculated using Equation 63 which is an empirical
formula supplied by the annubar manufacturer

m, = 90326 /Agnn Yo (63)
APann = manometer reading of pressure drop
across the annubar (in. H20)

Dry air densities were used in the above calculations in place ot moist
air densities. Since P is directly proportional to m§, any errant effect
this substitution might have is cancelled out when calculating f, or f.

5.5.2 Dry Heat Transfer

A1l individually recorded temperatures were recorded 4 times at one
minute intervals. These four values were then averaged and the average was
used in the calculations. 1In the cases where thermocouples were located at
several positions to measure the same temperature, the positional average as
well as the time average temperature was used. For instance, the air tem-
peratures at the inlet and outlet to the core were each measured in six dif-
ferent locations. With each temperature measured four times, there were 24
temperatures for the inlet and 24 temperatures for the outlet. The average
of these 24 was used in each case as the core inlet and outlet temperatures.

Emf readings for the differential temperatures were measured in micro-
volts (uV) and are converted to OF by dividing by the constant 24 uV/OF (for
Type T thermocouples). Inlet and outlet air temperatures (Tu, Tw2) and inlet
water temperatures (Tpj) are measured directly. The outlet water temperature
(sz) is the inlet wager temperature minus the ATp(core) measured differen-
tially. These four temperatures are used to determine the ATyy in Equation
48. ATcore Was generally 20F or less. Thus the assumption for much of the
analysis that Tp is constant is valid.

The total rate of heat rejection from a given test core may be deter-
mined from the equation

QREJ ) mpCpATc (64)
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QREJ = rate of test core heat rejection, Btu/hr
hp = circulation water mass flow rate, ]bm/hr
Cp = circulation water specific heat, Btu/]bm F
ATp = temperature drop of circulation water across the core.

However, to insure fully turbulent circulation water flow in the test core
and to approximate the near isothermal core tube temperature that would be
found in an ammonia cooling tower, it is desirable to maintain high circula-
tion water flow rates during testing. This results in ATy values of only 1
to 20F. Because of the high percentage uncertainty that would result from
measuring such a small temperature drop, an alternative means for determining
Qreg was used based on the following equation:

Qreg = ™CpATh * Qpyup = Qpgsses (65)
= MCoATh * OpeRIpHERAL (66)
where
QREJ = rate of test core heat rejection, Btu/hr
mh = circulation water mass flow through the circulation
heater, 1bm/hr
Cp = circulation water specific heat, Btu/lbm—oF
ATh = temperature rise across the circulation heater, OF
QPUMP = rate of heat addition to circulation water by the
circulation pump, Btu/hr
QLOSSES = rate of heat lost to the atmosphere through piping, tank
walls, and manifolds, Btu/hr
UeripHeraL = Bump - Qosses

During testing, my was adjusted to give a value of ATy of over 100F as
measured by a differential thermocouple circuit. This insured an acceptably
small uncertainty in the measurement of ATp. For the test core, a curve was
generated relating QpgripHERAL to the average temperature difference between
room air and circulation piping at a constant circulation water flow rate.
These curves were generated by well insulating the air-side heat transfer
surfaces of the test core and measuring the rate of temperature change of
the known circulation water inventory for various circulation water tempera-
tures at zero heater input. Thus,
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QperipHERAL = Mp'p 2T

(67)
where
mp = circulation water inventory, 1bm
%{-= change in average water temperature over time interval at, 0F/hr

Once a curve was generated, the value of QpgRIPHERAL could be determined
for any test condition and added to the circulation heater rate to obtain the
core heat rejection rate. For all cores tested, QpgripHERA| Was positive
(i.e., the pump added more heat than was lost by the pip1ng%. Typically,
QpERIPHERAL Was less than 10% of the total Qpgg.

The previous information may be used collectively to determine an over-
all dry heat transfer coefficient (Uy) by using Equation 42. Equation 16
may then be used to determine an average air-side coefficient hgy which
includes the fin efficiency.

-1
1 1 t
= (- 7 - ) (68)
k
0 U hpap

The water-side heat tra?sfer coefficient was calculated using the
Dittus-Boelter correlation{8) for turbulent flow of a liquid being cooled.

h = 0.023 X Re¥-8 py0-3 (69)

Under nominal operating conditions the velocity of the water on the pri-
mary-side of the Trane core was about 10 fps. At this velocity the water is
fully turbulent and hp is calculated to be about 2200 Btu/hr-ft2-OF,

As discussed in Section 4, the fin efficiency can be extracted to yield
the surface coefficient, hg.

A
h = ({—=2—\h (70)
S <ASt + r‘fAsf) 0

Since nf depends on hg, determination of both nf and hg for a given
ho must be done by iteration.

The heat transfer capabilities of a surface are commonly given in the
literature in terms of a Colburn factor. This may be calculated both with
and without efficiency as shown in equations 71 and 72.

0 Pr2/3 (71)
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5.5.3 Wet Heat Transfer

Temperatures were recorded and used exactly the same way as described
in the previous sections with just one exception. The thermocouplie located
closest to the downstream distribution box was recorded but not averaged in
with the rest. Air circulation into the distribution box and back out caused
this particular thermocouple to read excessively low.

A1l calculations for wet heat and mass transfer were done on the com-
puter (see Appendix D). A routine given in Reference 9 was used to calcu-
late all the needed air properties from the measured dry bulb and wet bulb
temperatures. This was done by calculating the appropriate ?ftgration pres-
sures using the following formula given by Keenan and Keyes: 0

‘091o<ﬁ%?77> - -TB_<a T ZBCB3> (73)
where

pWS = saturation pressure, atm

B =647.27 - T

T = absolute temperature, Ok

a = 3.2437814

b = 5.86826 x 10°°

¢ = 1.1702379 x 107%

d = 2.1878462 x 107

Total heat transferred from the circulating water to the air was deter-
mined as previously discussed. During wet heat transfer, a certain amount
of heat is also being added to the deluge water if total equilibrium has not
been reached. In this case Qpgg becomes

QREJ B mthATh * Qperiphera] B Qdeluge (74)

where Qde1uge - rhdcp(TdZ h Td1)

U* i CaQ(ej (75)
0 ASA]Qm
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In general it was not practical to wait for total equilibrium so that T4qj and
Tq2 were usually slightly different.

There are two fundamentally different, although equivalent, means for
using the overall heat transfer coefficient for the prediction of heat trans-
fer. These are:

e the log mean temperature difference (LMTD) and the analogous log mean
enthalpy difference (LMED) approaches

e The NTU-effectiveness approach.

The analogous equations used in these two approaches are summarized in
Table 3.

Calculation of the heat transfer by the LMTD (or LMED) technique
requires a trial and error solution to determine the appropriate outlet
stream conditions. In the NTU approach, Q is computed using only the known
inlet conditions. However, an equation for the effectiveness ¢ must be
available for this calculation. In the WATA studies, the primary side flow
rate was very high to simulate the operation of a condenser. For this case
the Trane core effectiveness can be modeled by Equation 45 or 46 (note that
the crossflow correction has been neglected).

The above heat transfer calculational schemes provide alternative means
for determining U§ from the data. From Equation 42 we obtain Equation 75
where Qpei is the heat transferred from the circulating water to the air.
(See Equation 74).

The NTU technique provides two alternative means for determining Ug.
From Equations (32), (40) and (46) we obtain

o %k
* maCa 0 .
U = - sLn/]_ _red } (76)
0 AS m;A1]

Or, by using the definition of ¢*in Equation 40, we obtain

Aim
in ’1-__

. (77)
At

Equation 76 depends on measurement of the heat rejection and the inlet
enthalpy difference. Equations 75 and 77 depend on the air stream enthalpy
rise which, in this study is not precisely measured. Thus, Equation 76 is
likely to be most accurate. Theoretically, all three of the above determina-
tions of U§ should give the same results. Thus, a comparison of the three
results gives a good check on the internal consistency of the data.
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For experiments with deluge heat transfer, the enhancement ratio Quet/
Qdry is of particular interest. This is the ratio of heat transferred under
deluge operation to the heat transferred under dry operation with all inlet
conditions the same and with the same overall core pressure drop. Comparison
is done in this manner since actual operation of dry/wet cooling towers will
have part of the tower wet and part of the tower dry simultaneously; thus
equal pressure drops.

To obtain this enhancement ratio, the measured value of Qrej under wet
operation is used. The dry heat transfer coefficient is then cafcu]ated for
the same AP. With this value of U3 and the inlet conditions under which
Qrej was measured, Equations 36, 39, and 45 are used to calculate ery.

Predicted values of the various parameters are calculated as discussed
in Section 4. Sample calculations are given in Appendix B.

5.5.4 Wet Mass Transfer
Experimental difficulties prevented direct measurements of the amounts

of deluge water which was evaporated. This value was calculated indirectly
however using Equation 78

Using this value for my an overall mass transfer coefficient can be calcu-
lated using Equations 44 and 50.

* m

w
Taq = 71— (79)
01 ASAHRm

Similar to the heat transfer calculations Iy may be determined a second way
using Equations 38 and 47.

(80)

The only difference between Equations 79 and 80 is that 80 assumes that
the primary side of the heat exchanger can be modelled as a condensor. Thus
the two values are very nearly identical and only one is plotted in
Section 6.
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SECTION 6
TEST RESULTS

6.1 DESCRIPTION OF TESTS PERFORMED

Prototypic tests were performed to investigate the dependence of heat
transfer and pressure drop on several independent parameters. These param-
eters are:

1 inlet temperature difference (ITD)

N

air side inlet relative humidity (¢)

S w

deluge flow rate (mg)

)
)
) air side mass flux (Gg)
)
5)

core angle (6¢)

A complete list of the tests done is given in Table 5. Tests #1-#9, #11,
#12, and #14 were done twice. A third run was done for #4 and #5 only. A1l
data available was plotted in the following figures. Insufficient data were
taken to make any qualitative decision to whether the data from a certain
test was "good" or "bad".

6.2 DRY/WET PRESSURE DROP RESULTS

Pressure drop under dry operation is significantly dependent only on Gg.
Under wet operation AP is dependent on both Gy and 4. For the isothermal
tests the ITD was set at 0 (Tw = Tp = 1000F) to minimize any effect heat
transfer might have on the pressure drop during wet operation. The core
angle was set at the nominal ACT design of 25C and ambient humidity was
used.

Figure 9 gives the results of AP as a function of Gy and m4q. Data for
dry heat tramsfer are represented by the line my = 0. These tests were done
several times in order to establish the apparent uncertainty in measuring AP.
The bars in Figure 9 indicate this uncertainty.

Figure 10 gives the same results in terms of a fanning friction factor

f (see Section 3). The solid line indicates the correlation given by the
Trane Co. for their surface.
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TABLE 5.

TEST MATRIX OF WATA TEST PROGRAM FOR TRANE CORE

DN 3 las | 6 | Tp-120%F 2] 2 |50 | 75 T, = 120°F
2 |1 | 2|3 | 6.2 20 [0 |0 12| -
3 |4 |5 | 6 | 1y -9 0 |13 | 5 |14 | Vv =450
5 [ 8 9 d-50% 40 15 | 16 m, = 3.0gpm
50 17
G R
Yo 20 | 25 |30 | 15-120% g 20 | 25 |30 | T,-120%
3 | s | a a3 | 1 ,-9%F > 2| 2 [26 | vy-45ps
45 P19 | 5 |24 | @-50% 3w | 5 || Tgy -9
6 20 6 [ 25 | mg=3gpm 5 | 22 8 | 21 = 50%
WET HEAT TRANSFER
i | las| 6 ] o [12 |15 | 7p-100%
0 0 Ty = 100°F
, TEST COMPLETED o, - 25°
BUT NOT
3 NUMBERED ® - AMBIENT
5 [
PRESSURE DROP TESTS
Vo |3 |as |6 | | 12 | 15 Toy - 125%
TESTS COMPLETED BUT NOT NUMBERED | T, - 85°
6 - 25°
DRY HEAT TRANSFER @ - AMBIENT
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The data shown are in relatively good agreement with the correlation.
However in both cases the slopes of the WATA data appear to be slightly
greater than that of the Trane correlations.

6.3 DRY HEAT TRANSFER RESULTS

Heat transfer tests without deluge water were done for a wide range of
velocities as indicated in Table 5. The results are shown in Figure 11 in
terms of a surface heat transfer-coefficient with and without efficiency (h,
and hg, respectively) and an overall heat transfer coefficient, Ug. The
uncertainty in U, was calculated to be about 10% (see Appendix C) and is

shown with bars in Figure 11. A11 data points lie within the uncertainty
bands.

<
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Figure 11. Plots of Uy, hg, and hg versus Gg
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The Uy values were also converted to j values as shown in Figure 10.
These can ge compared to the correlation given by the Trane Co. indicated by
the solid line. In both cases fin efficiency effects have been removed.

Measured values of j agreed well with the correlation at high veloci-
ties, but tended to be higher than the correlation at low velocities.

6.4 WET HEAT TRANSFER RESULTS

The results of the wet heat transfer tests are presented as plots of
Quet/Qdry, UE and hJ as functions of the various independent operating param-
eters. ¥he experimental values of U were computed using Equation 76 since
this expression resu]ts in the least experimental uncertainty. The experi-
mental values of hd were computed from the experiments by a technique out-
lined in Section 4 and described in Appendix A.

Figure 12 shows the measured heat transfer per unit ITD, Q/(Tp-Tw), as a
function of the nondimensional inlet driving potential ,

] (81)

Increasing T corresponds to increasing ITD and/or decreasing humidity, both
of which contribute to a larger driving potential for heat transfer. A plot
of T as a function of conditions is given in Figure A-5 of Appendix A.

This parameter is also useful for correlating other aspects of the heat
exchanger performance as shown in the subsequent discussion.

The data in Figure 12 show that Q/ITD rises linearly with increasing T.
The majority of the data were for Vo = 4.5 fps. One point each is plotted
for Vo = 3.0 fps and V, = 6.0 fps. A Tine predicting the relationship
between Q/ITD and T is also shown for each of the three velocities. The
Equation used to calculate this is given in Appendix A.

To make these pred1ct1ons it is necessary to assume values for both &
and hd As discussed in Appendix A, the value for £ does not change substan-
tially with any of the independent parameters except Tp. Since all of the
tests done on the Trane core were at the same Tp, a constant value of 9.5
(see Figure 24) is used for £ in all of the theoretical calculations. For
predictions in F1gure 12 hd values are taken from Figures 13 and 16. These
values were: hJ = 18 at Vo = 3.0; hd = 26 at Vo = 4.5; and h§ = 24 at Vg, =
6.0.

It is apparent that the theory is in excellent argreement with the data.
This good agreement is not coincidental since the hj values were obtained
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Figure 12. Normalized heat transfer versus T.

from the same experiments. The agreement does substantiate the validity of
the model. Uncertainties in the predicted values of hyx are very difficult
to quantify but are reasonably large.

The data for hg and U§ vs Gg, My and B are shown 1in F1gures 13, 14 and
15. It is apparent from these figures that both hd and Ug increase w1th
increasing Gy and increasing mq. There appears to be very little if any
effect of core angle on e1ther parameter to within the experimental uncer-
tainty. In Figure 13, hd appears to have a slight maximum or at least a
leveling off at Gy ~1000 However, the data scatter is too great to con-
clude that the apparent maximum is real.

Predicted lines for U§ are shown in each of the three figures. As dis-
cussed above £ = 9.5. For Figures 13 and 15 hj values were taken as 18, 24,
and 24 correspond1ng to Gy values of 750, 1150, and 1575 respectively. For
Figure 14 h§ values were 20 24, and 28 correspond1ng to my values of 2.0,
3.0, and 5.0 respectively. The good agreement between the pred1ct1ons and
the data is assured because of the method for determ1n1ng hd (see Section 4
and Appendix A for discussion). The method forces Uj (predicted) values to
equal Ug (experimental) values.
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The dependences of hd and U§ on the nondimensional dr1v1ng potent1a1 r
are shown in Figure 16. There 1s an apparent tendency for hg and ug to
decrease with increasing I'. However, because of the experimental uncer-
tainty, it is not apparent whether this effect is real. High values of T
result in high rates of heat flux and thus greater tendency toward drying of
the surface. This would tend to reduce hj and thus U§. The tendency toward
decreasing values of these parameters with increasing F is thus plausible.

There are other important parameters that correlate with I'. Figure 17
shows the results for (Tp-T,) and & as a function of I'. These results were
determined simultaneously with hq in analysis of the data (see Appendix A).
It is seen that the ratio (T,- ?/(T -Tw), increases linearly with I'. This
is exactly as predicted by the mode] The resistance transformation param-
eter £ is seen to be essentially independent of I' for the range of conditions
shown at a fixed value of Tp. This is potentially a very useful result that
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can be used to devise an approximate means for evaluating £ when the root
conditions are not known. This is discussed further in the subsequent
discussion.

Since the prediction of (T -Tr)/(Tp-Tw), comes from the same formulation
as the prediction of Q/ITD, the assumptions used are exactly the same. Again
the model predicts the experimental data very well. Although the predictions
indicate a change in slope with different air flow rates, the data tend to
show that the value of Ty is independent of air flow rate.

One of the most important parameters used for characterizing the per-
formance of a deluged heat exchanger is the ratio of wet to dry heat trans-
fer, Qy/Qq. To best evaluate a real operating condition, the comparison is
made for the same core temperature, the same inlet air conditions and the
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same air side pressure drops. The predicted value of this ratio is given by

Equation 82.
Mo a)e )
(82)
Qd (ma> y

where T is the ratio of input driving potentials discussed above.

The data for Q,/Qq for the Trane core and the corresponding predictions
is given in Figure 18. It is apparent that the data correlate very well with
I and that the prediction is in excellent agreement with the data. The same
assumptions apply here as were used in Figure 16.

Additional results of Q,/Qq for the Trane core are shown in Figures 19
and 20 as a function of Gp, 6. and my. There appears to be very little
dependence of Qy/Qq4 on the air flowrate G, as shown in Figure 19. The pre-
dicted dependence of Q,/Qq shows a very s?ight reduction in enhancement at
higher airflows, but the effect is well within the expected uncertainty.

The data in Figure 20 show the dependence of Q,/Qq on md and the pre-
dicted value based on the model. There may be a slight maximum in Q,/Qq at
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Figure 16. Plots of hj and U% versus T.
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myg = 4 gpm, however this effect may or may not be real. The predicted values
for Q,/Qq also show the maximum but to within the expected uncertainty, the
enhancement appears to be essentially independent of md

The assumptions made for predictions in Figures 19 and 20 correspond to
those made for Figures 13, 14, and 15.

6.5 WET MASS TRANSFER RESULTS

According to the model developed in Appendix A, the rate of evaporation
of water from the surface of the heat exchanger to the air can be described
in terms of an overall mass transfer coefficient L that is analogous to the
overall heat transfer coefficient Uj. Although the experiments were not
designed to obtain an accurate measurement of the deluge water evaporation
rate, an estimate of evaporation rate was obtained from the measured
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Figure 18. Plot of Enhancement Ratio versus T.

difference in the air moisture content across the core by Equation 15. Two
values of Ip1* were then computed using the log mean humidity approach (Ip1*
Equation 79T and the effectiveness approach (Zyo*, Equation 80) where I} was
calculated with

sz - Hw]

¢*=—T'_———
m Hp Hw]

(82)

The results for Ipi* and Ipyp* determined from the measurement were very
nearly equal. This was expected since the difference between the two methods
of calculation is only thé assumption that T, = constant (i. as in a con-
densor). The values for Z,1* are plotted in'Figures 21 as a funct1on of T
for T 1200F, Vo ~ 4.5 ft}sec and my = 3 gpm. Predicted values of Ly}
deterﬁ1ned w1th Equation 39 were computed for each measurement and p]otted
in Figure 21 for comparison. A general predicted value for I is also shown
by a Tine at Zﬁ = 6.56. This value is calculated based on the same assump-
tions as used in Figure 16 with the additional assumption that £, = 0.95¢&.
The later is taken from Figure 23. The difference between the 1nd1v1dua1
predicted points and the general predicted 1line is the values of hd used in
the calculation,
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The uncertainty and the resultant data scatter are large because I is
based on the difference between two humidity measurements both of which have
substantial uncertainty. The outlet humidity in particular is doubtful
because nonuniformity in the outlet air conditions could not be adequately
accounted for. Since the data scatter exceeds the estimated uncertainty it
is also possible that there were other unaccounted for variations in the
tests. The data scatter was sufficiently great that no attempt was made to
fit a curve to the data in Figure 21.

Because of the extreme data scatter no detectable trend with I can be
inferred from the data in Figure 21. The predicted values of I appear to
increase slightly with increasing I', but the effect is small. Ignoring some
of the anomolously Tow values of Zf, it appears that the deluge model over
predicts the data by about 20-30%. It is not apparent to what extent the
fault is in the data or in the model.

The data for £} as a function of Gy are given in Figure 22. Again Ip*
is shown and the theoretical prediction is given for comparison. There
appears to be a tendency for increasing Ly with increasing Gy, similar to
the result for U§. The theoretical prediction is still somewhat higher than
the data at low air flowrate but is in better agreement with the data at the
higher flowrates.
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The data in Figure 23 illustrate the relationship between & and &, as
derived by the procedure described in Appendix A. For £, this is the same
results as shown in Figure 17. For the most part, it can be seen that &£ and
Eqn are essentially equa] to within the expected uncertainty. However, at
larger values of T, £y is noticeably smaller than £, These results are
essentially in agreement with the prediction computed in Appendix A. The
conclusion to be reached is that it is probably sufficient to assume £y =&
except for conditions where the driving potential for evaporat1on and heat
transfer is very high. Since the prediction of ¢* and ¢ gives the outlet
air stream conditions in terms of i, and Hwp respectively, the outlet dry
bulb temperature can also be predicted. Figures 24 and 25 present ¢*, o* Mms
and ¢ in terms of experimental data and theoretical predictions. The experi-
mental data was calculated from measured inlet and outlet conditions.
Although experimental values agree reasonably well with the theory for ¢*
and ¢*,, a large discrepancy exists for values of ¢. From a psychometric
chart one can see that the dry bulb temperature is very sensitive to the
values of enthalpy and humidity. The discrepancy is probably due to both
experimental uncertainties and inadequacies in the model.

From the limited data presented here, it appears that the deluge model
tends to overpredict the rate of evaporation. However, because of the large
uncertainty in the measurements, more and better data are required before
any definite judgments should be made.
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An additional parameter of interest in evaluating the performance of a
deluged heat exchanger is fraction of heat transfer that is attributable to
evaporation. Denoting Q, as the total heat flux and Q, as that due to
evaporation (the latent heat component), the ratio Qv/ao may be calculated
for each operating condition using

Q, - Qp - M4Ca(Top=Tooy ) (83)

q, ]

0

The results of this computation for the present experiment are given in
Figure 26, plotted as a function of T. A technique for predicting Q,/Qq is
derived in Appendix A and predicted results for the conditions of the experi-
ments are plotted with the data in Figure 26.

From Figure 26 it can be seen that the data correlate quite well with T
and that the prediction is in good agreement with the data. It can be seen
that the proportion of the total heat flux attributable to evaporation
increases at high T (i.e., low humidity high air flowrate, low ITD). For
values of T 220, Qy/Qgy 2 1 for the conditions shown in Figure 26. For these
values of I' the air is actually cooled by evaporation and the sensible heat
flux to the air is-negative. None of the present experiments ac?i ved this
condition, however; some of the tests performed in previous work 3) resulted
in core outlet air temperatures below the inlet conditions. These results
are relevant to optimizing the operating conditions to get the maximum cool-
ing value from the water used.
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SECTION 7
COMPARISON OF SIMILAR HEAT EXCHANGER SURFACES

As noted earlier, one of the prime objectives for testing the Trane
core was in order to compare it to other cores designed for similar appli-
cations. This section will compare performance of various cores both under
dry and wet operatng conditions.

7.1 DRY/WET PRESSURE DROP CHARACTERISTICS

Pressure drop characteristics are important because of their influence
on system costs due to fan power consumption. Figure 27 gives the total
pressure drop across each core for the HOTERV and Trane surfaces under both
wet and dry conditions. The wet operation is with 1.5 gpm per lineal foot
of core or 3 gpm total for the WATA test section. Under dry conditions at
an air mass flux less than 2000 1b/hrft? the pressure drop of the two
cores is essentially equal within present experimental error. Above
2000 1b/hrft2 the HOTERV core has an increasingly larger pressure drop.
Under wet operation the pressure drops are nearly equal at very low mass
flow with the HOTERV core pressure drop becoming quickly much larger. At
Gy = 2000 1b/hrft2 the HOTERV core pressure drop is approximately twice
as large as that for the Trane core.

This same data is plotted in Figure 28 in terms of a loss coefficient
or friction factor. The method of reduction is discussed in Section 5. The
friction factor for the HOTERV core is essentially constant with that for the
Trane core being larger at Gy < 2000 and smaller for G, > 2000. Also
shown in Figure 28 are values of j, for both cores. These values are equal
within experimental error.

7.2 COMPARISON OF DRY HEAT TRANSFER PERFORMANCE

The performance of the Trane heat exchanger surface operating in the
dry mode may be compared with that of the HOTERV and the two Curtiss-Wright
exchangers reported in reference 3. Several methods of presenting this
comparison have been discussed in the literature. Cox and Jallouk (11)
suggested combining the heat transfer and pressure drop performance by
plotting an air-side standardized heat transfer rate (Q per unit AT) as a
function of the fan power or the fan power per unit heat transfer rate. the
heat transfer rate was expressed in terms of a unit of surface area (air-
side) or a unit of heat exchanger volume. In reference 3 the heat transfer
rate was related to a third parameter, the frontal area.
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The standardized heat transfer rate of Cox and Jallouk is essentially a
heat transfer coefficient and consequently it does not reflect the incentives
for high air flow at a given power expenditure which will reduce the air tem-
perature range through the heat exchanger and thus increase the effective
temperature difference.

A more meaningful comparison of heat exchangers is the total heat
transferred per unit of frontal area as a function of the power expended per
unit of frontal area. If this is divided by the depth of the exchanger, the
total heat transferred is related to the required volume of the heat
exchanger. These ?oTparisons for the Trane surface and the three surfaces
previously studied(3) are shown in Figure 29.

The expression used for this comparison is the following (see Appendix E
for derivation):

C
Q 1 [1 ox [ -n/(3-mi]] 1/(3-m)
TA AT = 7 -exp |- C,P P (83)
CPAT].AfL L 2
where
1/(3-m)
1000 ug, [ D, (1+m)
S (84)
2LV fr 1000wu
-n -2/3jr
- El 10001 (1+n) (4 LP. (@)
2 o Dh 10001
P
P = power per square ft of frontal area; i.e., _XE%EEll
f
Jy = j-factor based on the overall heat transfer coefficient, U
jp = Jy evaluated at Re = 1000
fr = fy evaluated at Re = 1000
m,n = constants from the fit of fy and jy vs Re number; i.e.,
= -m

fo = fr (Re/1000) (86)

. -m

3, =3, (Re/1000) (87)

(The expression for jy is assumed to contain the influence of fin effi-
ciency and inside film coefficients.)

A1l other terms are included in the nomenclature.
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This expression is obtained by combining the Equations for: (1) fan
power as a function of mass velocity, (2) the rate of heat transfer, and
(3) the air-side heat balance for an isothermal heat exchanger (e.g., a
condenser). A-similar expression for a heat exchanger with temperature
range on the liquid side is shown in Appendix E, together with the develop-
ment of Equation 83.

Figure 29 includes curves for three different widths of Curtiss-Wright
exchangers; one 5.4 inches thick, as proposed for the Advanced Concepts Test
(ACT) facility, and the other two 6.9 inches, as tested in the WATA loop. Of
these one has slotted fins, the other unslotted fins. Table 6 lists the
design parameters used in these calculations.

On the basis of these comparisons, the relative performance of the Trane
and HOTERV heat exchangers depends on the power available. At the design
point of the unit being produced for the ACT facility, the Trane exchanger
is about four percent more effective than the HOTERV under the same power-
expended conditions which is within the uncertainty band of the data. The
Curtiss-Wright surface shows slightly better performance characteristics
when compared on the basis of 5.4-inch depth being supplied to ACT. On the
basis of volumetric performance, the 6.9-inch depth unslotted surface tested
in the WATA loop shows superior performance.

Typical power levels used with these surfaces are roughly 104 ft
Ibs/hr-ft2, The rather sharp "knee-effect" in the curves of Q/AT;C
versus power is shown more clearly on a linear plot of these parame%ers,
Figure 30. Typical data obtained in the WATA Toop are also shown.
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TABLE 6. CHARACTERISTIC DIMENSIONS OF HEAT EXCHANGERS
Helical Finned CURTISS-WRIGHT CURTISS-WRIGHT CURTISS-WRIGHT
Tubes HOTERV TRANE Plate Fin Slotted Fin ACT
Tube diameter = Plate fin - Plate fin wavy. Extended channel| Extended channel| Extended channel
0.42 in. Fin slotted. Tube Tube dia.: w/skived fins. w/skived fins. w/skived fins.
dia. (outside)= | dia: 0.764 in. 0.625 in. Fip Fin pitch: Fin pi}ch: Fin pi}ch:
. 0.861 in. Fin Fin_pitch: 8.76 | pitch: 10 in-T, 9 in~!'. In- 12 in~!'. In- 10 in~'. In-
Description pitch: 8.72 in-L.|in-1. Six rows | Three rows line channel line channel 1ine channel
Five rows staggered 2.36 staggered w/plain fins. w/slotted fins. w/slotted fins.
staggered 0.975 | in X 0.984 in. equilateral
in X 0.80 in. 1.5 in.
Dh ft 0.01452 0.0127 0.00972 0.01455 0.01088 0.0133
s, ft2/et3 | 136.0 155.2 216.0 172.0 221.0 216.0
o 0.494 0.493 0.534 0.629 0.603 0.719
L, ft 0.3384 0.492 0.375 0.575 0.575 0.4478
fr 0.0531 0.032 0.0300 0.0254 0.0217 0.0327
m 0.23 0.0 0.600 0.691 1.133 0.473
b 0.226 1.205 0.117 0.5002 3.509 0.169
n 0.4 0.684 0.3544 0.5911 0.901 0.402
jr 0.0113 0.00680 0.00568 0.00755 0.00619 0.00867
n' 0.565 0.811 0.697 0.629 0.919 .499
ne .99+ inc]gded in inc]gded in inc]gded in included in included in
Iy JH Iy Iy Iy
= 1000.

fr is the value of f0 at Re

r

J,. and n' are the constants
0.02 for the tube

for Jy = jr(Tg%U)—n

wall and inside film coefficient.

which is calculated from j, = bRe "

assuming a resistance of
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7.3 COMPARISON OF WET HEAT TRANSFER PERFORMANCE

Wet heat transfer performance may be compared on the same basis as dis-
cussed in Section 6. The enhancement ratio is important because it is a
measure of the gain in heat transfer due to deluging. Figure 31 repeats the
data given in Figure 18 and includes data for the HOTERV core.

The results for the Trane and HOTERV cores in Figure 31 are not directly
comparable because they are for different operating conditions. The Trane
data are for Tp = 1200F and V, = 4.5 fps whereas the HOTERV data are
for T, = 1109F and Vo = 6 fps. Both data sets use the same deluge
rate of 3.0 gpm.

Another important factor to consider when comparing performance of the
two cores is the inside heat transfer coefficient used in determining Ug*.
Both cores were tested with water as the primary fluid. Because of the
different internal construction of the two cores, the primary-side heat
transfer coefficients were considerably different (Trane - 2200 Btu/hr-ft2-OF
HOTERV - 625 Btu/hr-ftz-OF). During real operation in a cooling tower,
for instance the ACT facility, the primary side fluid will be ammonia vapor
and the condensing coefficients will be very nearly equal.
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Figure 31. Plot of enhancement ratio versus I'.

For the reasons mentioned above, in order to compare the two cores
directly, a predicted line was calculated for the Trane core for identical
operating conditions as the HOTERV core (T, = 1100F; V, = 6.0 fps;
hy = 625 Btu/hr-ft2-OF), The line shown in Figure 31 falls below the
ogher Trane data and above the HOTERV data. The uncertainty in this predic-
tion is unknown but qualitatively the conclusion from this graph would be
that the Trane core performs as good and probably better than the HOTERV
core under identical operating conditions.

A predicted line for the HOTERV data was also calculated and shown in
Figure 31. The same hg* and & values were used as for the Trane calcula-
tion. These values may not be applicable, however the prediction agrees
reasonably well with the data.

The same type of calculations was done for Ug* and Q/ITD. They are
shown in Figures 32 and 33 as a function of air mass flux Gy. Qualitatively
the conclusions are the same as for Figure 31. The Trane core seems slightly
better in performance than the HOTERV core under identical operating
conditions.
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Figure 32. Plots of Ug* and Gy for HOTERV and TRANE surfaces.

Predicted values for the HOTERV core in Figures 32 and 33 differs sig-
nificantly from the corresponding experimental data. This indicates that
using the same hg* and & values as for the Trane core is not a good
approximation. Other analysis indicates that the primary error is in the
hg* values.
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SECTION 8
SUMMARY AND DISCUSSION OF RESULTS

8.1 SUMMARY OF PARAMETERS AFFECTING PERFORMANCE
8.1.1 Dry/Wet Pressure Drop

The data in Figures 9 and 10 depict the measured pressure drop per-
formance of the test core as a function of the air and deluge water flow
rates. The present results for f (dry) are in good agreement with the
results reported by Trane. The slight difference in slope of the f versus
Go curves may be due to edge effects since the test case used by Trane
(I' by 1') was smaller than that used by PNL (2' x 6').

The wet data for Ap and f illustrate increasing flow friction with
increasing deluge water flow rate. From Figure 10 it is clear that the
slope of f versus G, becomes steeper (more negative) with increasing
deluge water flow rates. Data are not shown for wet performance at V, >
6 ft/sec because the higher air flow rates resulted in drift of water drop-
lets off the back of the core, an unacceptable operating condition.

8.1.2 Dry Heat Transfer Results

The dry heat transfer data presented as Uy, hg and hg are given
in Figure 11 and as the Colburn factor j in Figure 10. The present data for
j are generally in good agreement with the Trane results. However, as with
f, the slope of the present data for j versus Gy is somewhat greater than
the Trane results possibly because of the difference in the sizes of cores
tested.

8.1.3 Wet Heat Transfer Results

The wet heat transfer performance results are presented in various
forms in Figures 12-26. Where possible, predictions obtained with the
deluge model are also provided for comparison. The presentation of wet heat
transfer data is substantially more complex than dry data because there are
a larger number of variables that must be accounted for.

A parameter commonly used to characterize heat exchanger performance is
the ratio Q/ITD. For dry operation with a given heat exchanger, this ratio
is dependent upon the air flow rate and is essentially independent of the
core temperature for the range of conditions normally of interest for dry
cooling. For wet operation, Q/ITD is dependent on both core temperature
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Tp and the air inlet conditions Tw], ¢»]. For fixed air and deluge

f?ow rates Q/ITD has been found to correlate with the dimensionless inlet
driving potential I' as shown in Figure 12. The predicted values of Q/ITD
generated with the deluge model are also in excellent agreement with the
data.

The deluge model employs an overall heat transfer coefficient Uy*
that is completely analogous to Uy. The experimental results for Ug*
are given in Figures 13-16. It can be seen in Figure 13 that Ugy*
increases with increasing Go but that the dependence of Uy* on Gy
diminishes at higher flow rates.

Figures 13 and 14 show that Uy* is also an increasing function of
deluge water flow rate but that the rate of increase diminishes with
increasing mq. Referring to Figures 9 and 10, it can be seen that
pressure drop also increases with increasing Gy and/or mg. It is not
apparent from these results alone to what extent optimums in air flow and
deluge water flows exist. For example, the benefits of increased heat
transfer may be offset by losses due to increased consumption of power to
run fans and pumps.

The results in Figures 14 and 15 indicate that Uy* at 8. = 250
was higher than at 200 but that increasing the core angle beyond 250
resulted in no further benefit for the operating conditions tested. The
conclusion to be drawn from these results is that there is no apparent
incentive (with respect to heat transfer performance only) to increase 6.
beyond 250, However, in the WATA experiments, the air does not experience
the acceleration/deceleration effects in passing through the test section
that it would in passing through the A-frame arrangement that will be used
in the ACT facility. Consequently, this influence of core angle on air
flow distribution and resulting effects on heat transfer performance and
pressure drop are not present in the WATA data. However, since the
observed dependence on 6. is small, considerable design flexibility
probably exists.

The dependence of Ug* on the inlet and core conditions is shown in
Figure 16 as a function of the normalized driving potential I'. Although
there may be a slight trend in the data for decreasing Uy* with increas-
ing I', to within the accuracy of the present experiments, Ug* may be
assumed independent of the air inlet conditions.

One of the most important yet i1l defined parameters in the "lumped"
deluge heat transfer model is the deluge film coefficient hy (or hg* =
hgAs* which includes effects of wet fin efficiency). A11 of the known
film flow heat transfer correlations predict substantially higher values of
hg than were observed. It is postulated that the nature of the incom-
plete wetting of the surface together with possible bridging of the fin
gaps in some regions of the core account for the apparent discrepancy.
Unfortunately, to evaluate hy one must resort to assumptions that do not
explicitly account for the influences of partial wetting or bridging even if
it was possible to measure these effects. Thus, the only credible means for
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determining the "effective" hq is empirically from the results of
experiments such as those reported here.

The results for hg* (including the effects of fin efficiency) deter-
mined from the experiments are presented with the data for Uy* in Fig-
ures 13-16. The data show that for the conditions tested, hyq increases
with increasing air flow and/or deluge water flow much lTike Ug*. There
may be a slight maximum in h4* at Gy~0.012 (1b/hr ft2), however, the
observed effect is within the uncertainty and is thus inconclusive. These
results also suggest that the degree of surface wetting is improved by
higher deluge flow rates and increased air velocity but that the benefits
achieved diminish as the flow rates are increased. This might be due to
increased bridging and the resultant reduction in the effective air-water
interface area.

The data in Figures 14 and 15 illustrate little clear dependence of
hg* on core angle 6. consistent with the result for Ug*. Similarly,
the data in Figure 16 indicate no significant dependence of hg* on the
ambient operating conditions.

Another parameter of critical importance to the deluge model is the
resistance transformation parameter £ whereby the internal thermal resist-
ances are converted to a form compatible with the surface enthalpy driving
potential. The definition of & is

_(i2-i)
£ = 19)
Ca T -¥r (

P

where "r" denotes the fin root conditions. The root condition Tp,i',

(and thus & through Equation 19) were determined empirically in the same
procedure used to extract the values of hy* already discussed. The cor-
responding results for the root conditions and £ are shown in Figure 17.

The primary to root temperature difference divided by the ITD was
found to be linearly related to I' for given core temperature and flow con-
ditions. The data in Figure 17 are seen to be well correlated and in good
agreement with the deluge model prediction. In addition, the values of
Tp-Tr were found to be unaffected by core angle and only slightly
dependent on the air and deluge water flow rates.

The results for & in Figure 17 show no significant dependence on
The value of £ is however dependent on the core temperature T,. For the
range of variables tested, & showed no significant dependence on 6., Gg
or mg. This is an important result because it implies that for a given
Tp, £ may be assumed constant.

One of the simplest and yet most meaningful parameters used to char-

acterize the performance of a deluged heat exchanger is the enhancement
ratio Qy/Q4. For this calculation Qg is the heat rejection rate of
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the heat exchanger in question at the same core temperature, inlet air con-
ditions and air side pressure drop as in the wet operation corresponding to
heat rejection rate Qy. The ratio Q,/Qq represents the approximate
relative improvement in the heat transfer performance of a wet section of
heat exchanger as compared to a dry section operating in parallel with it
at the same conditions. Since the wet and dry sections operate in parallel
with a common source of fan induced air flow, the flow through each section
will be self regulated in response to the same overall pressure drop.
Values of Q,/Qq determined in the present experiments and the corre-
sponding predicted values computed with the deluge model are presented in
Figures 18-20.

Values of Q/Qq for widely varying conditions of air temperature
and humidity were found to correlate very well with the parameter . These
results are shown in Figure 18 along with the predicted correlation based
on the deluge model. The agreement of theory and experiment is excellent.

The data_in Figures 19 and 20 for Q,/Qq show no significant depen-
dence on Gy, My or 6. to within the uncertainty of the experimental
data. This is a very important result because it implies that the heat
transfer performance is relatively insensitive to several important design
and operating parameters. Thus, for example, alteration of the core angle
from the nominal 250 chosen for the ACT design could be accomodated, if
necessary without loss of performance. Similarly, it should be possible to
vary G, and mq to optimize constraints such as minimizing fan power,
droplet drift and/or scale formation without significantly altering the
heat transfer enhancement.

The predicted values of Q,/Qq are also shown in Figures 18-20 for
comparison with the data. Although the theory shows variations that are
possibly observed in the data due to scatter, theory and experiment are
generally in good agreement.

8.1.4 Mass Transfer Results

Although the design of the experimental apparatus was intended to
allow for accurate collection and metering of the deluge water operating
difficulties resulted in uncontrolled water loss, especially at high angles
and high deluge flow rates. As a consequence accurate measurements of the
deluge water evaporation rates were not obtained. However, an approximate
measure of the evaporation rate was determined for each test by subtraction
of the average inlet and outlet humidities. The results of computations
derived from these measurements and the corresponding predictions are
presented in Figures 21-25.

Figure 21 presents measured and predicted values of the overall mass
transfer coefficient for each test. The solid line is the prediction based
on constant values of £y and hq*. The experimental data are seen to
scatter widely due presumably to difficulties with sampling and averaging
the outlet air humidity and temperature. Disregarding a few of the lowest
data points the analysis would appear to overpredict Z,* by about 20%.
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There appears to be little if any dependence of Ip* on T but the uncer-
tainty in the data are too great to be conclusive.

The results in Figure 22 show that Ijy* increases with increasing
Go analogous to the variation of Uy*. The deluge model agrees reason-
ably well with the data at high Gy but overpredicts Ip* at low velocity.

The mass transfer extension of the deluge model employs a resistance
transformation parameter &, that is analogous to £. Values of & were
computed using the deluge model and these results are presented in Fig-
ure 23 as the ratio &y/E where the £ values used are those given in
Figure 17. It can be seen that &, is approximately equal to & to within
+ 10% for the range of ambient conditions used in the experiments. How-
ever, whereas £ was shown to be essentially independent of operating con-
ditions (i.e., see Figure 17), it is apparent that £, decreases with
increasing I and thus may not in general be assumed constant.

Figures 24 and 25 compare measured and predicted values of the effec-
tivenesses based on temperature, humidity and enthalpy as functions of G,
and T. The agreement of theory with experiment was good for ¢*, fair for
¢y* and poor for ¢. In all cases, predicted trends agreed with the data
but the predicted outlet humidity Hop was consistently high and the
resulting outlet temperature was too low. It must be pointed out that
determination of Twp from the set (iwp, Hop) is extremely sensitive
to changes in the values used. In addition, the uncertainty in measured
outlet values of Twp and iwp has already been noted. Therefore, it is
not possible at this time to determine to what extent the disagreement is
attributable to deficiencies in the model or in the data. Additional tests
are required to better evaluate this aspect of the deluge model.

Figure 26 shows that the proportion of the heat load rejected as
latent heat increases with increasing values of I'. The data correlate well
with T and the predicted correlation is in excellent agreement with the
data. It can be seen that for operating conditions corresponding to high
values of I', the latent heat component can exceed that rejected by the
core. In this case, the air would actually be cooled upon passing through
the heat exchanger. Although this would not necessarily be bad, it may not
represent the best use of available water.

8.2 SUMMARY OF PERFORMANCE COMPARISONS

In Section 7 a number of comparisons were made of performance char-
acteristics of a number of heat exchangers tested in the present and
preceding experiments.

Figures 27 and 28 compare the present data on pressure drop and heat
transfer through the Trane core with that measured previously on the HOTERV
core. The mass velocity at the face is the independent variable. The
HOTERV core exhibits Tower pressure drop at relatively low velocity but
higher pressure drop at all values of Gy > 1700 1b/hr ft2, The f, value for
HOTERV is nearly constant, indicating that form drag predominates. At Tow
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air flow the form drag is greatly reduced, consequently, the total pressure
drop is less at Tow flows. In the deluged-mode, the Trane core has signifi-
cantly Tower pressure drop. The sine-wave nature of the Trane surface
probably provides less holdup of liquid and consequently more free area for
air flow than the HOTERV surface at the same deluge rate.

A more meaningful comparison of performance in the all-dry mode of
operation is the value of A/AT4 per unit frontal area, as a function of
fan power. A plot of this type is shown in Figure 29a. This comparison
incorporates the influence of air flow rate on the log-mean temperature
driving force. One may, in addition, choose to include the volumetric
efficiency of the heat exchanger by dividing through by the length of air
travel through the heat exchanger. Figure 29b is such a plot. It shows
that on the basis of a volumetric efficiency, the Curtiss-Wright heat
exchanger, being built for the ACT facility, is more effective than those
tested in the WATA Toop and reported in reference 3. The Trane surface is
shown to be volumetrically more effective than the HOTERV heat exchanger.
However, on the basis of frontal area alone, as shown in Figure 29a, the
HOTERV heat exchanger is slightly superior to the Trane unit at relatively
low fan power but less efficient at high fan power. At design conditions
for each surface, the Trane surface is about 4 percent more effective on a
frontal area basis and about 35 percent more effective on a volumetric
basis. Neither surface is quite as effective as the Curtiss-Wright surface
ordered for ACT. The Trane is volumetrically more effective than either
Curtiss-Wright surface tested in the WATA facility, but is slightly less
effective on the basis of frontal area.

A conventional helical fin, wound on 1/2 in. tubes at 11 fins/in. and
arranged in five rows of close-pack staggered configuration is also shown to
be an effective heat exchanger on a volumetric basis. On the basis of fron-
tal area, the five-row heat exchanger is slightly inferior to the HOTERV
exchanger. Another basis of comparison, that of the heat transfer capability
per unit of total surface area, obtained by dividing the ordinate of Fig-
ure 29b by the specific surface area, would show that the helical fin tube
arrangement was the most effective on this basis. These results indicate
that the cost effectiveness of the Trane and Curtiss-Wright surfaces do not
result primarily from their superior heat transfer performance per square
foot of exposed surface, but rather from the lower cost projections for a
completely assembled heat exchanger bundle.

The heat transfer capability increases with approximately the 0.3 power
of the fan power. Consequently, higher power of the fan will not greatly
increase the heat rejection capability. Figure 30 shows this relationship
on a linear graph which brings out the resulting "knee" effect; i.e., the
greater impact of the detrimental effect of reduced power in comparison to
improved performance with higher power. Experimental data obtained in the
WATA loop are superimposed on the analytical projection of performance to
show the fit between these data and the derived expression.

Figure 31 shows a comparison of the enhancement factor Q,/Qq for
the HOTERV and Trane cores. Both actual and predicted values are shown for
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the test conditions used in the respective experiments. These operating
conditions were not the same, however, so the results are not directly
comparable. Thus a second computation was made for the Trane core at con-
ditions equivalent to those used in the HOTERV tests. These results are
presented as the second and somewhat Tower curve for the Trane core. The
results show that at comparable operating conditions, Qy/Qq for the

Trane core is about 20% higher than for the HOTERV core at the same air
flow rates. This is largely due to the greater frictional Toss of the
HOTERV core at a given air flow rate.

Figure 32 shows comparisons of experimental and computed values of
Ug* for the HOTERV and Trane cores. For comparable conditions at low air
f?ow rates the computed Uy* for the Trane core is higher than the HOTERV
data. However, at the higher air flow rates where both are likely to be
used, the predicted performance of the Trane core is about equal to the
HOTERV data. Thus, disregarding the effects of friction, the two cores
will have similar heat rejection capabilities at the same air flow rate.
This is also illustrated in another way in Figure 33 which plots Q/ITD for
the two cores. The effect of the high pressure drop of the HOTERV core is
to change the dry heat transfer rate against which comparison is made so
that Q,/Qq is higher in Figure 31 at all conditions for the Trane core.
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APPENDIX A
DEVELOPMENT OF THE DELUGE MODEL

DERIVATION OF THE MASS/HEAT TRANSFER ANALOGY

The flow configuration and geometry employed in development of the
Equations for the surface mass/heat transfer analogy are illustrated in
Figire A-la. The wetted heat transfer surface is oriented in the x-z plane
with a thin, uniform film of deluge water flowing in the (-z) direction.

Air is assumed to flow normal to the deluge water stream in the (+x)
diraction as shown. A control volume with cross-sectional area Ag extends
fron the air-water interface to an assumed adiabatic, material surface (i.e.
a symmetry plane) at a distance § from the water surface. For a boundary
layer flow, § might be chosen so that the control volume extends just beyond
the boundary layer. For an internal flow, as in the case of flow between
fins as illustrated in Figure A-1lb, § may be taken as half the free fin gap
diameter, § = g4/2. It is then apparent that the analysis performed for

the control volume in Figure A-la is equally valid for that in Figure A-1b.

The mass/energy balances that follow employ a number of assumptions.
The principal assumptions will be summarized here and will be referred to by
number in the subsequent analysis.

1. A1l processes are assumed to be steady-state, steady-flow
quasi-equilibrium processes

2. The mass flux of air is assumed uniform over all planes normal to the
airflow (i.e. Vo is uniform in any given x-y plane)

3. The deluge water film is assumed to be uniform and of constant
thickness (i.e. shrinkage of film due to evaporation is neglected)

4. The heat transfer coefficient hg and mass transfer coefficient og
will be assumed spatially uniform at all locations on the surface.

5. The air at the air/water interface is assumed to be saturated at the
surface Temperature Tg

6. The rate of evaporation at the air-water interface is assumed to be
"diffusion limited" governed by Ficks law

7. The energy content of the make-up delugate water that is provided to

maintain steady-state operation is assumed negligible compared to the
heat transfer from the surface.
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MASS CONSERVATION

The law of conservation of mass of water for the control volume shown
in Figure A-la for steady-state, steady-flow conditions may be given by

: o A
dm dH_ = dm_ (A-1)

This simply states that the water vapor gained by the air must be equal to
the Tiquid water that is evaporated and lost from the deluge water film.
Then, dmy, can be given by Ficks law in the form

din, = o (HL - H_)dA (A-2)

where Hg is the moisture content of saturated air at Tg and og in the
surface mass transfer coefficient.

Equation A-2 may now be substituted into Equation A-1. Using dmy =
GadAy, dAy = 6dz and dAg = dxdz then yields

6, (6dz)dH_ = o (H! - H_)(dxdz) (A-3)

dH_ g
IR e (A-4)

ad

<OSD>dX )
_S -5
6,5 (A-5)

where D is a characteristic length and X = x/D is the nondimensional
distance in the airflow direction (D will subsequently be taken as the heat
exchanger depth). In general, integration of Equation A-5 would require
explicit functions for &(x) and Hg(x). For a pair of parallel surfaces as
in Figure A-1b, § = gd/2 = constant. In this case the dimensionless
parameter in Equation A-5 is constant, but, Hé(x) must still be specified
to perform the integration to determine Hw.

ENERGY CONSERVATION

The law of conservation of energy for the control volume in Figure A-la
for steady-state, steady-flow processes, may be given as follows,

dQg,, * di i+ dmgiy = dm (i, + di ) + (dmy - dm )i (A-6)

d

dmadioo = dQCv + dmvid (A-7)
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Thus, the energy gain of the air stream is equal to the rate of heat
transfer from the cooled surface plus the energy content of the liquid
make-up water that must be provided to maintain steady state. The latter
term is normally small and will be neglected.

The heat transferred into the control volume may be separated into
changes in the sensible and latent heat contents of the air as follows;

dch - ans ¥ anv (A-8)

It is assumed that the transfer of sensible energy and the
evaporation/transport of water vapor at the surface are separable,
independent processes. It is further assumed that the transfer of sensible
heat may be given by the normal Equation for convective heat transfer, namely

dQ, ¢ = h (T, - T_)dA_ (A-9)

where hg on the wet surface is assumed to be equal to the value determined
for a dry surface at the same airflow conditions. This is one of the
fundamental assumptions employed in the analysis.

The transfer of latent heat at the surface, using Equation A-2 may be
computed as follows,

- ; A-10)
dQy, Asdmv (

(A-11)

1
>
Q

P
T
1
T

8
o
o
b

where A¢ is the heat of vaporization at the surface conditions.
Substituting Equations A-9 and A-11 into A-8 yields

dQCV - hS(TS

h
os[Fa(Ts - T”)<Fa§s> + (RS - Ha)]dAs (A-13)

The dimensionless parameter in Equation A-13 is a turbulent or convective
Lewis number

- Tm)dAS + ASGS(HS - Hw)dAS (A-12)

le = =2 = ] (A-14)

A.4



For air/water vapor systems it has been shown(12) that the heat/mass
transfer analogy is approximately valid and that Le may be assumed equal to
one. With this fundamental assumption, the term in brackets is very nearly
equal to the difference in the enthalpy of moist air evaluated between the
surface and the free stream conditions

C (Ty = T) +a(Hg = H) = (ip - 1) (A-15)

The accuracy of this approximation has been shown(4) to be quite good for
most applications.

With the above approximations, Equation A-13 for wet heat transfer may
be given by the following

dQ_ . = o_(i! - i )dAS (A-16)

By using the assumption Le ~ 1 we obtain an equivalent alternative Equation

i -
do, = hs<i§7§——f> dA (A-17)

a

Equations A-16 and A-17 are completely analogous to Equation A-9. The
only difference is that for a wet surface the driving potential for heat
transfer is taken to be the enthalpy difference instead of the temperature
difference. The "pseudo" temperature difference (ig-iw)/C; incorporates
the dual driving potentials due to temperature and humidity differences.
These Equations form the "deluge" model for prediction of heat/mass transfer
from a wet surface.

Again using dAy = 8dz and dA, = dxdz, Equation A-16 may be
substituted for dQg in Equation A-7 (neglecting make-up water) to obtain a
differential Equation for i,. The result is

dm.di_ = o (i} - i_)dA (A-18)

Separation of variables then gives

Ga(ddy)di°° = os(ié - i_)(dxdy) (A-19)
d‘ioo oSD
G (Ga6>dx (A-20)
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The alternate, equivalent expression obtained by using Le = 1 is

di_ <hSD>
i = dXx (A-21)
(i.- i) \ab®

S

Equations A-20 and A-21 are functionally identical to Equation A-5. Thus,
the nondimensional solutions to Equation A-5 for H_ and Equation A-21 for i,
should be identical if the mass/heat transfer analogy is valid as assumed.

EXTENSION OF THE HEAT/MASS TRANSFER ANALOGY TO PREDICTION OF WET HEAT
EXCHANGER PERFORMANCE

The principal results of the analysis to this point are summarized by
Equations A-5 and A-21. in principle, these Equations could be used to
predict the mass and heat transfer from any element of wetted surface dAg
upon which hg, og, Tg, Hg, T, and H, may each be assumed known and
spatially uniform. However, for all but the simplest heat exchangers, many
of the above parameters would not be known nor would they be spatially
uniform. In particular, the air/water interface conditions Tg and Hg
will normally vary significantly due to the radial temperature distribution
in the fins and due also to the change in the air conditions in the
direction of airflow. These surface conditions would not generally be known
at any location nor could they be predicted by any practical means.
Consequently, the results in Equations A-5 and A-21 are of Tittle practical
value in their present form.

To convert Equations A-5 and A-21 to a more useful form we introduce
the concepts of fin efficiency and the overall heat/mass transfer
coefficients. To do so requires several additional assumptions and
simplifications that must be briefly discussed. The principal
considerations as related to heat transfer are as follows:

® It is accepted practice in heat exchanger analysis to assume that
hg is spatially uniform, even through this is generally
acknowledged to be an oversimplification in most cases. However,
in keeping with this convention it will be assumed that hg is
spatially uniform and that it may be computed from correlations
derived from dry performance measurements (cg can then be
calculated by using Le = 1)

e The analysis is restricted to the case where the primary fluid
temperature Tp is assumed constant (as in a condensor).

® The air is assumed to enter the core at uniform temperature T3
humidity H_1 and velocity V,. The air velocity is assumed to be
uniform in all planes normal to the airflow although variations in
V, are allowed in the direction of flow.
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e As a consequence of the above assumptions, the free stream
conditions T,, H, may be assumed to vary in the axial (airflow)
direction only.

e The surface conditions Tg, Hg are assumed to vary locally due
to variable thermal resistance of the fins. This effect is
accounted for by use of the fin efficiency concept wherein a fin
root temperature T, is defined. As a result of preceding
assumptions, T, may then be assumed to vary in the airflow
direction only.

Although these assumptions are stated primarily in terms of the heat trans-
fer parameters, they are also assumed valid when related to the analogous
mass transfer phenomena. A more general analysis allowing for spatial non-
uniformity in the x-y plane could be performed but the resultant complexity
would preclude the possibility of obtaining closed form solutions.

Definition of Fin Efficiency for a Wet Heat/Mass Transfer Surface

The fin efficiencies for mass transfer and heat transfer can be defined
in a manner analogous to the technique used to compute the efficiency of a
finned surface for normal (dry) operation. Computations will be made for a
representative section of a finned tube assembly as illustrated in Figure
A-2.

The heat transferred through the tube wall Qg is equal to the sum of
the heat liberated from the bare (unfinned) tube surface Q¢ plus the heat
that enters the fin root and is ultimately disipated from the fin surface

Qf.
- A-22
0, = O + O (A-22)

The air/water interface on the tube is assumed to be at temperature T,.
Thus Q¢ from Equation A-21 may be given by

a - (A-23)

Q = heAst Cy
ig -1 (A-24)

= S ___2]dA

o fr5)s
Asf
.'_. it o- i
oAl d[(}i_njbi\dA‘(llg——f> (A-25)
s sTAs A e~ 1w/ a
sf '
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DELUGE WATER FLOW

FLUID
r =TUBE QUTER RADIUS

o= FIN EQUIVALENT RADIUS

f\?ﬂ

Figure A-2. Representative segment of a plate fin assembly.

. * 1; - i
- Nsfs Ny C, (A-26)
*
Where the efficiency nf is defined by

. j s - i°°> (A-27)
Ne = 77— —T_—dA -
FAss (1r T

Asf
Equation A-22 may now be given as follows
it- i -
Q, = hSAst<"C—af> + h A en <"—Caﬁ> (A-28)

|
=
[72)
™=
[ I
o
-~ -
O
o
— o
8
S———
——
I
1
N
(Vo)
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Where the effective area Ag is given by

*

As = Ast * n¥hss (A-30)
*

* _ AS

Ag = R (A-31)

*
_ Agg * At

A ¥ Aot (h-32)

An analogous expression for the efficiency for mass transfer n; ma
be derived in a similar manner. Explicit expressions for calculating nf
and ny will be developed whereby the Equation (or graph) of ng for dry
heat transfer is transformed to a form suitable for wet mass/heat transfer
by use of a simple transformation of variables. First, however, we must
develop an expression for the overall heat transfer coefficient U
wherein we develop the necessary transformation parameter,

Development of the Overall Heat Transfer Coefficient

The above results can now be used to compute the overall heat transfer
coefficient for a segment of finned tube as illustrated in Figure A-2. to
do so it is assumed that the enthalpy potential formulation for heat
transfer at the surface, Equation A-17, may be extended in a form analogous
to the expression used for conventional, dry heat transfer. The assumed
expression is,

Ca

it -
dq = USAS<—P——°°> dx (A-33)
where in is the saturated air enthalpy at the primary or tube side

tempe;agure Tp. The next step is to determine an appropriate expression
for Ug 1in terms of known parameters.

To derive an expression for US we note first that the driving

potential in Equation A-33 can be separated into that across the inside
thermal resistances plus that across the wetted surface.

da.,, /1;) - i;) <1; - 100)]
T = + dx (A-34)
UZA, [\ C, C,
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We then note from Equation A-29 that the surface enthalpy difference may be
given by

it g
cv r ©
h A% = ( C >dx (A-35)

Since the same heat flux passes through each thermal resistance in
series, dQcy may also be given in terms of the net inside thermal
resistance and temperature difference as follows,

0 - (Tp - T.)dx
- < e by ] )= Uprfs (T - Tp)d (A-36)
*
hp D kAt hdAS

Where hg is the effective heat transfer coefficient in the deluge water
film. This parameter contains effects due tg the fin efficiency and
nonuniform wetting. Means for determining hq from experimental data are
discussed in a subsequent analysis. The inside series resistance Up, is
defined by

[ t ]
U = + =+
pr (hpap ka, hg) (A-37)

We now solve Equation A-36 for the temperature difference

dQCV
Vo (17 Vax i
Uorns < P F) (A-38)

Transforming (Tp-Tr) to an equivalent enthalpy difference yields

]‘l_.il
P r (A-39)
J(5c)

- %. <"“ETT‘;£‘> (A-40)
a

(T, - T.)

n

1
(]

Y}
~~
—

=

i
- -

~

.r (A-41)
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From Equations A-38 and A-40 we then obtain an expression for the equivalent
internal enthalpy difference as follows

it - £dQ
E r _ cv
< \ )dx " U_A (A-42)

Ca pr's

Substituting Equations A-35 and A-42 into Equation A-34 and clearing we
obtain an expression for U§ as follows

dch dch Edch

UFA, © hAC* 0 A (A-43)
% = <U§— + #)1 (A-44)
pr  's%s
,
_ Hﬁ ; Eg*; R Ld> ; hs]a;j] (-45)

Equations for the local heat transfer rate and enthalpy gradient
analogous to Equations A-17 and A-21 may now be written in terms of the
overall heat transfer coefficient U§. The results are

it
= * li Ioe)
dQc,, UoAs< C, )dx (A-46)
7 *
..d1°°. = (UO/}S)dx (A-47
(1p - 1) c,m. -47)
= N*dx (A-48)

where the heat exchanger NTU is defined by
*
UoAs

n C
Ma*a

N* =

(A-49)

and the dimensionless axial coordinate is given by X = x/D. Equations A-46
and A-48 may now be integrated to obtain the total heat transfer and the air
enthalpy profile in the heat exchanger. In addition, these results may be
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extended by analogy to the equivalent results for the surface mass transfer
(evaporation) rate and air humidity profile.

Extension to the Mass Transfer Analogy

The analogy between heat and mass transfer may be used to directly
convert the above heat transfer Equations to analogous expressions for mass
transfer. By analogy to Equation A-29, the total surface evaporation rate
for an element of finned surface is assumed to be given by

dm_, = o (HL = HJ(A, + n*A )X (A-50)

where the fin efficiency for mass transfer is defined by analogy to Equation

A-27
' H! - H
nt = AJ_ f(H—?-TH—w>dA (A-51)
Sf r o3}

Asf

This function may be evaluated approximately using the expression for nf
(dry) and a simple transformation of variables. The evaluation of nf and
nm 1s dealt with in a subsequent analysis. By using Le = 1, Equation
A-50 may also be given in the following alternative form,

'L H
dm.,, = hsAa<T£E——4f>dx (A-52)

We then assume by analogy that an overall mass transfer coefficient
£m May be used with an overall driving potential (Hp -He) to compute the
surface evaporation by analogy to Equation A-33

o )
i, = THAC(HY - H,)dX (A-53)

Proceeding as in the heat transfer analysis, it is assumed that (Hp-H )
can be separated into driving potential across the resistances to mass
transfer on the inside (fictitious) and the outside. We thus obtain from
Equation A-53

v o, - 0 + (o - W] (r-50)
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The outside driving potential may be obtained from Equation A-52

dm
cvV o_ (ur . (A-55)
A (Hr H_)dx

*
sm

Unlike the heat transfer process, there is no mass transfer across the
internal resistances, there is only evaporation at the surface. However, it
is the heat transfer that drives the evaporation so that the two processes
are closely coupled. This is the basis of the mass/heat transfer analogy.
We thus seek to derive an "effective" resistance to mass transfer such that
the ratio of the available driving potential ( ) to the resistance
is equal to the surface evaporation rate. Furtﬁermore we seek to define
this resistance in terms of the actual thermal res1stance by a
transformation of variables analogous to that used in the heat transfer
analogy. We thus assume that dmc, can be given by an expression analogous
to Equation A-42,

U A [H' - H
dm = -PrS PC ) dx (A-56)
cv EITl d

An expression for determining the resistance transformation parameter &
will be derived in a subsequent section.

Solving Equation A-56 for (Hy -Hr ) and subst1tut1ng this result and
Equation A-55 into Equation A-54 Ehen gives an expression for Ly. The

result is
dm, _ dm,, . dm, C, (hos7)
ZEAS °sA$ EmUpr
o = ( LI gmca>—] (A-58)
m o \ogdq Upr
1 “m " A-59)
Calm <ﬁsaa ¥ U;:) (A-

The latter result was obta1ned by use of the assumed identity, Le = 1. Note
that the express1on for Cazm in Equation A-59 is exactly analogous to
the result for Ug 1n Equation A-44 except for the substitution of &

for £ and Ay, for A%.
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The results for the local evaporation rate and humidity profile may now
be given by analogy to Equations A-46 and A-47. The results are

T o= ok v dx (A-60)
dm., = ZEAS(H H.)

dH_ . (A-61)
[ = dex

[CIE

P
where the NTU for mass transfer is defined by

s (A-62)
m ma

these expressions may now be integrated to obtain the total rate of
evaporation in the heat exchanger and the profile of humidity ratio in the
air.

Computation of the Performance of a Deluged Air Cooled Condensor

The dimensionless differential Equations for the airstream humidity and
enthalpy are given by Equations A-61 and A-48. These will be repeated here
for convenience

i (A-61)
= * -
(= H N
di
Gy - e (h-48)
p =]

Given the dependence of Tp, T,, He, Na and N* upon x, these expressions
could be integrated to obgain profiles of H, and i, in the heat exchanger.
From these profiles and air property data the profile of T, may also be
established. A second integration can then be performed to obtain the total
rate of evaporation and heat transfer in the heat exchanger. To perform
these integrations, some additional assumptions and approximations are
required.

e Both Ny and N* are assumed to be constant, evaluated at
suitable average conditions.

e The core temperature is assumed to be constant as in a condensor.

e All properties are assumed to be uniform in the plane normal to
the direction of flow
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With these assumptions, integrations of Equations A-61 and A-48 are straight
forward. The results are

H' - H_(x) -N7X

T R (A-63)
p=l

it - i (x) -N*x

(T;LT—_EO]—> = e (A‘64)

where properties with subscript "1" denote air inlet conditions. These
results are exactly analogous to the expression for the temperature profile
in a dry heat exchanger.

The total rates of heat and mass transfer in the heat exchanger can now
be determined by integration of Equations A-63 and A-64. The computations
are as follows

*
Qo =ﬁJoAS(]p1 - i_)dx (A-65)
v
1
-N*X
= * 1! - 4 d
UOAS(1p1 i) / e X (A-66)
x=0
Integrating and clearing yields
oo (i _-N*
Q= my(igy - i - e ) (A-67)

An overall energy balance yields the following alternative expression for

Qo

- i) (A-68)
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Defining a wet fin effectiveness analogous to the definition of
effectiveness for a dry system yields

i, -
o - 322_:_7:iL (A-69)
pl ]

Q ma¢*(i' -i) (A-70)

p oo
From Equation A-67, the effectiveness can then be given by

N*

¢* =71 - e— (A_7])

The Equations for evaporation in the core may be integrated in an
analogous manner, The results are as follows,

m, = ma(Hé] - Hw])¢$ (A-72)

where the effectiveness for mass transfer is given by

- e (A-73

m Hp] - ~73)
-N*

=] -¢e ™ (A-74)

The above results are exactly analogous to the corresponding Equations
for heat transfer in a dry heat exchanger for similar conditions. The
analogous Equations for the dry heat exchanger are

T -7
p o _ -NX
T -1 € (A-75)
p ol
Q= m CelTy - T ) (A-76)
¢ = L L (A-77
[N -77)
) -N
=1-e (A-78)
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Thus, given means for calculating &, Em and hq, the wet performance of a
heat exchanger may be completely characterized on the basis of dry
performance data.

An alternative technique may be used to compute the mass/heat transfer
using analogies to the log mean temperature difference. For heat transfer
we may write

~ . (A-79)
where the log mean enthalpy difference is defined by
(i) = i) - (12, - i)
iy - pl ?] — p2 2 (A-80)
In —‘i]L_TOO]—
1p2 w2
Similarly the deluge water evaporation rate may be given by
% (A-81)
m, = ZmAsAH]m
1 - H' - H
I S U (A-82)
Tm HI] - Hm]
In T _ H
Hp2 ~ Map

EVALUATION OF IMPORTANT PARAMETERS

Determination of the Root Temperature, Resistance Transformation Parameter
and Deluge Film Coefficient

.. The fin root temperature T, and deluge film coefficient hy (or

hg) must be known to completely characterize the performance of a wetted
heat exchanger using the deluge model. This is in addition to the require-
ment that all other thermal resistances in the system must be known. The
geometry and material properties of the system may be assumed to be known.
The inside coefficient hp is modeled using a standard correlation from the
literature and hg is modeled with a correlation obtained from measurements
of heat transfer for the system operated dry. However, because of the com-
plex geometry and the spatial nonuniformity of air flowrate, deluge water
flowrate and surface wetting, no comparable means for modeling hyq has been
identified. Thus, the only available means for determining this parameter
is empirically from experimental data.

A technique for determining hgq from experimental data can be derived
by requiring that the formulation for heat transfer from the primary side to
the air/water interface must give the same result as the Equation for heat
transfer from the surface to the air. Equation A-36 can be used to compute
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the total rate of heat transfer to the surface if the temperature
(Tp-Tr) is interpreted to be an "appropriate" average value. Thus we
may write

% * UPrAs(Tp - T (A-83)
-1
=_.L+_l_ A(T-T)
Uyp gl "stp T 0w (A-84)

Solving for ha yields

-1
. TA(T -T)
hy = [ ssp v u] ] (A-85)
0, pt

This express1on 1s not sufficient to compute hd unless an experimental
value for ( can be obtained. After considerable analysis and
eva]uat1on o? resu]ts no acceptable independent means for determining T,
or hd has been 1dent1f1ed

It was originally suspected that for wet operation, the average
temperature of the deluge water that falls from the bottom of the heat
exchanger might be expected to approximate the fin root temperature. If
this was true, Equation A-85 could be used to compute hq and Equation
A-41 could be used to compute & with T, = T4. This approach was
attempted, however, with little success. With T, = T4, the predicted

values of Uy were found to be higher than the data by 20-30%. In
addition, experimental uncertainty in measurement of Td was relatively
large resu1t1ng in large uncertainty in the values of hj. This approach
was thus abandoned and the following empirical technique for determining
hq was developed.

The overall heat transfer to the air can be given by Equation A-70.
Thus, using Equation A-71 for é*, the overall heat transfer coefficient may
be computed from the data as follows,

* m_C

__Maa ) 0
Yo A <]" ‘] f - i), l) (A-86)

o -

From Equation A-45 Uy may also be given in terms of the series thermal
resistances by Equation A-44

1

d Ns?%

1

0 (A-87)

= & . &
57 + h +
0 pt
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Solving for ha then yields a second expression for hz

-1
1/1 ] ]
hy = ——(——— ) T (A-88)
d [E U5 hgak Upt]

In Equation A-88, US is the experimental value determined in Equation
A-86 and hg is the experimental value for dry heat transfer.

Equation A-85 is exp11c1t1y dependent on Tr and Equation A-88 depends
on T, through £ and AS. A1l other parameters in both Equations are
known for a given operating condition. Thus, Equations A-85 and A-88
constitute a set of two Equat1ons in two unknowns that can be solved
simultaneously to yield unique values of hd and T, that satisfy both
Equations. Because of the complex interrelationships of these parameters,
the most accurate means of solution is by iteration. This was done by a
series of successive approximations with T, as the iterative variable.
The results of these calculations for the present experiments are given in
the text.

The above development indicates how experimental data can be used to
derive empirical values of hq and £. A similar 1terat1ve procedure could
be used to calculate values of & (and therefore of U0 , o*, Q, etc.) for
other operating conditions using the values of hq determined from the
experiments. However, using Equations A-84 and A-88 for this procedure is
tedious and not readily amenable to hand calculation. Thus, an alternative,
approximate procedure has been devised.

In a subsequent Section of this appendix, it is shown that the primary
to root temperature difference may be given by (Equation A-128),

. *
(Tp - T - ¢ mA¢ ]Iw (A-89)
T T | Uprhs
Solving for T, gives
Cyy¢* (A-90)
T. =T -(T.-T) r
r p p w’] [UprAS ]

where for brevity a new variable a is defined by

C_m_o*
o = l? i\ (A-91)
prs

A.19



To solve the expression for T,., it is necessary to first estimate the
quantity denoted a. To do so, a value of & is first estimated (note that
this is equivalent to estimating T,). Using this £ value and the known
(or estimated) value of hy, the deluge model can be used to calculate ¢*
and Uppe. Equation A-89 may then be solved for T, and a new g value
(calculated from Equation A-41). The procedure can be repeated iteratively
until the starting and ending values of £ are the same. Usually only one or
two iterations are needed to obtain acceptable accuracy.

This procedure has been used to calculate the root conditions and
associated £ values for a range of operating conditions of interest in the
present study. In computing T, and & a constant average value of o was
used for each core temperature. In addition T,, H, and i, were
rounded to values for the closest whole degree. The approximations are
valid because £ depends primarily on Tp. The other data and assumptions
employed in making these and other calculations that follow are summarized
in Table A-1.

The results of the calculations for £ are presented in Figure A-3. It
can be seen that & depends most significantly on T,. For moderate values
of Tp and ITD, £ may be effectively assumed constant. These results for
Tp = 1209F are verified by the experimental results presented in the
text.

Another useful expression can be devised that defines the relationship
between the root conditions and the operating conditions. The local rate of
heat transfer from the primary fluid to the fin root may be given by
Equation A-83

Q= Uy (T, - TA (A-92)

Similarly, the heat transfer from the surface to the air may be given by
Equation A-29

e = 10\ * (A-93)
o fr e

Since the same heat flux passes through both resistances in series, the
above Equations for Q must be equal. Thus we obtain

io- (A-94)
r o = - T )A
hs( o >A§ Upr(Tp = TrlAs
_u 1), (A-95)
prg Ca S
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DESIGN, OPERATION DATA AND ASSUMPTIONS USED IN

EXAMPLE COMPUTATIONS WITH THE DELUGE MODEL

TABLE A-1.
Assumed

Description Fixed
of Parameter Symbol Units Value
Surface Area Ag ft2 974
Air Specific Ca (Btu/ 0.25
Heat 1b-9F)
Air Flowrate ha (1b/hr) 13,800
Air Frontal Vo (ft/sec) 4.5
Velocity
Deluge Water hd gpm 3.0
Surface H.X. hg (Btu 9.2
coef. ft2-nhr-OF)
Internal H.X. Upt (Btu 86.1
coef. ft2-hr-oF)
Deluge H.X. hg (Btu 26
coef. ft2-hr-OF)
Res. £
Transformation
Eff. Area ag
Ratio
Overall H.X. US (Btu
coef. ft2-hr-O)F
NTU Parameter N*
Effectiveness o*

A.21

Core Temperatures T,(OF)

110 120 130
7.5 9.5 11.5
0.60  0.65  0.70
1.80  1.56  1.37
0.508  0.440  0.381
0.398  0.356  0.317
0.071  0.062  0.056
0.518  0.590  0.638
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Figure A-3. Computation of £ as a function of conditions for the trane
core for data and assumptions summarized in Table A-1 . .

Solving for i; then yields

U
ki 4 _Er_i-)
i o= (hsas]°o £

F e )
S'S £

(A-96)

where ag = A% /Ag. Rearranging the above expression for i, then

yields
u* gu*
j' = 0* i' o+ _0 i (A-97)
r hsaS p Upr ®
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Unfortunately, Equation A-97 cannot be solved explicitly for 1}
because of the complex inter-relationships among the parameters. This
expression is useful, however, in that it illustrates the dependence of the
root conditions on the fundamental heat exchanger design and operating
parameters.

Development of an Expression for £

From Equation A-42, the heat transfer across the internal thermal
resistances may be given by

U A [il - i
: - _prs(_p r _93
dch ; < Ca >dx (A-98)

Then, from Equation A-56, the mass transfer is assumed to be given by

U A HI - HI
dm = BrS ( pc ")dx (A-99)
cv m a

Taking the ratio of these expressions gives

9y _Enfip v (A-100)
dm g \H - H '
cv p r.

The ratio dQcy/dmey may also be given in terms of the effectivenesses
and inlet driving potentials by

o
dq,, _ m ¢ (1p i) (A-101)
. . * .
dmcv ma¢m(Hp Hoo)]
o Uip = 1)) (A-102)
ELRE

Equating Equations A-100 and A-101 and clearing then yields

€m¢a (A-103)
go*
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) ;g i ;r (A-104)
)
1

)

i
This is the relationship that should exist between &, £p, ¢* and ¢p
according to the deluge model.

Equation A-104 may be used to calculate § using empirically determined
or calculated root conditions. The root conditions derived in extracting
hg values from the data were used in this way to compute "experimental®
values of §. These results are reported in the text.

Calculated values of § have also been determined for the same
conditions and assumptions used to compute £ (see Table A-1). These results
are presented in Figure A-4, plotted as a function of (Tp, ITD, ¢.)
similar to the plot of & in Figure A-3.

It is shown in section A-4 that a number of important parameters used

to characterize the performance of a wetted heat exchanger (including §) may
be correlated with the driving potential ratio ', defined as follows

(A-105)

This parameter is the ratio of the effective inlet driving potential for
heat transfer (1‘;',-1'00)/Ca to the actual inlet temperature difference
(Tp-Tw). Values of T are plotted in Figure A-5 as a function of
conditions (Tp, ITD, ¢,) for the range of interest in the present study.

Computed values of 6§ are plotted in Figure A-6 as a function of T for
fixed values of Tp. The correlation in Figure A-6 is not exact; however,
individual computed values of § differ from the values given by the 1ines by
less than +2% for the range of conditions considered.

To determine £y and ¢ from the values for &, an iterative
solution can be used, employing the experimental or calculated values of §.
This can be done by an iterative procedure using the definition of ¢*
developed in the deluge model. This was done for the experimental results
and the results are reported in the text.

For most purposes, the above iterative procedure is very cumbersome and
a closed form solution would be more useful. Thus, an approximate means for
solving Equation A-103 for &, and ¢y, has been derived. The necessary
development may be summarized as follows.
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Figure A-4. Calculation of & for representative conditions in Table A-1.
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Figure A-5. Evaluation of the inlet driving potential ratio for
representative conditions in Table A-1.
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Figure A-6.

Approximate prediction of 6 for trane core at conditions
specified in Table A-1.
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For most operating conditions, it can be assumed that 6> 1 to within
about +5%. For these conditions, the result in Equation A-103 can be solved
by a ser1es of approximation to obta1n closed form approximations for £y,/&
and ¢p/e* as functions of §.

From Equations A-71 and A-74, the ratio of effectivenesses may be given

by
I_riz ]1_-;:‘7‘ (A-106)
_1- e_N*[EE:: - Nﬁﬂ (A-107)
1-e
- NN+ v - e - L] 108

~N*
1 -e N

the latter result follows from a Taylor expans1on assuming | N*-N¥p |<<1.
Rearranging and using the definitions of Nj and N* then yields

i <1 e
Sr1 - Ulr - el (A-109)
v TN

Equations A-59 and A 44 may be used for Um and U with the additional
assumptions that ap ~ a¥ , and Upr & constant, Equation A-109 may be
written as follows:

*

Moyl k(1 - ) (A-110)

where K is defined by

(gmu )( N*ke” *> (A-111)
Upr 1-e N

Solving Equations A-103 and A-110 for £,/¢ and ¢$ /¢* then yields

(2 ()
() s
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Equations A-112 and A-113 have been used to calculate £,/ and opk/¢*
for the set of conditions and assumptions summarized in Table A-1. The results
for £,/E are presented in Figure A-7. Comparisons performed in the text of
this report for Ty = 1200F show that these computations are in excellent
agreement with the experiments.

For conditions typically employed in the present experiments, calculations

give K R 0.59, (§-1) < + 0.05. The corresponding variations in £,/ and
op/¢ are then,

€

<€—"—11> < +0.12
¢*

<—"—1-1> < +0.07
o = =

Lz 1 o-130%
P

ITD = ooj/

+ LOF 40
¢ 2

0.8

|

L2 1 o=120% o
p m=e%
& 40

— L0~
g 20

0.8

1.2 Tp=1100F I = 60 %

40
gm 1.0 [ 20

0.8

[ | | | J
0 20 40 60 80 100

RELATIVE HUMIDITY @(D o

Figure A-7. Computation of £p/E for the trane core for conditions
summarized in Table A-1.
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Thus, for most conditions of interest in the present study, it may be
assumed that 8m = 6 to within +12% and ¢ = ¢* to within +7%. These
results are also in good agreement with the results of the experiments.

3.3 Calculation of the Fin Efficiencies for Wet Heat/Mass Transfer

Previous ana]ysis(3) has shown that the wet surface efficiency n?
can be calculated from an Equation or graph of the dry surface efficiency
for the given heat exchanger by use of a simple transformation of
variables., For brevity, the derivation will not be repeated here. For a
dry surface, n¢ will assume to be given by a function of the form valid
for a cylindrical fin (see Figure 2 in the main discussion of this document),

r
ne = f(;?-/sif> (A-114)
1,

-

where ry/ri is the ratio of the fin outer radius (actual or equivalent)

to the fin inner or root radius. If the fins are not cylindrical, rgy may
be taken as the equivalent cylindrical fin radius that would give the same
fin area as the actual configuration. The parameter Bif is a Biot modulus
for the fin

2
12h
Bi, = -8

f kyb

(A-115)

where 1¢ = (rg-rij) and yp = t/2

., For a wet heat exchanger, the function n¢ may be used to compute
ni by using an "effective" value of the surface heat transfer coefficient
that incorporates the net effective thermal res1stance of the deluge
water film and the surface. The definition of hy is

R
e hy ~ £hg (A-116)

where hyq is the average deluge film coefficient (hé = hdag) and & is
the thermal resistance transformation parameter. nys may now be given by

Y
_ 0, -
n? = f(;; VB1#> (A-117)

where Bi? is the wet surface Biot modulus
2, %
gix - ST
f o ky

(A-118)
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By analogy, the efficiency for mass transfer may also be computed from
the dry fin efficiency by an analogous transformation of variables. The
results may be summarized as follows,

r
nk = f<F$./§T;> (A-119)

where

-1
[, (A-120)
2, % .
gix - LE (A-121)
m kyb

Expressions for the resistance transformation parameters & and &p and
the deluge film coefficient hq have been developed in the preceding
analysis. It is also shown in the preceding analysis that & and g, are
essentially equal for most conditions. In this case, the efficiencies for
heat and mass transfer may be assumed equal because of the relatively weak
dependence of nf on E.

3.4 Prediction of Heat Transfer Correlations

There are a number of ways that can be used to correlate and present
heat transfer data. The problem of presenting wet heat transfer data is
more complicated than for dry heat transfer because several additional
variables must be accounted for. After some analysis and a considerable
amount of experimentation with the data, a number of means were devised for
handling and presenting the data that are unique to the case of wetted heat
exchangers. The theoretical basis for some of these correlations will now
be provided.

One of the standard quantities used in characterizing heat exchanger
performance is the heat transfer per unit ITD. This parameter may be
computed using the deluge model to obtain a simple correlation in terms of
the normalized driving potential for heat transfer.

From Equation A-70, the heat transfer rate may be given by

e (A-122)
Q= ma¢ (1p 100)]
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dividing by the inlet temperature difference (ITD) and clearing gives

(i1 - 3,)
Q = (m o* ol -
Ty T (e Ca)[cﬁp - m] (A-123)

#

(i ¢*C )T (A-124)

where the normalized inlet driving potential for heat transfer I is defined
by

(A-125)

This term incorporates the combined effects of the driving potentials
for sensible and latent heat transfer. It is a pure]y thermodynamic
variable that depends only on the inlet conditions ( ITD, ®). Values
of T as a function of conditions for a range of var1agles of 1nterest in
this study are presented in Figure A-5. This variable also arose in
analysis concerning the computation of & in section A-2.

From Equation A-124 it can be seen that for constant values of the
product (mzd*C,), the heat transfer per unit of ITD should be linearly
dependent upon I'. (For a fixed air flowrate, (Mma#C,) should be
effectively constant). Furthermore, the s]ope of a graph of (Q/ITD) vs T
must be equal to the product mCy¢*. As shown in the text, this prediction
is in excellent agreement with the data.

Another similar correlation can be derived using the primary to fin
root temperature difference. From Equation A-36

Q (A-126)

(T -T) =g

dividing by (Tp-Tw]), then yields

0y - T ( 0 ) (A-127)
T T s \Tp - Ty

n o
_ CaMa? r (A-128)
UprAs
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where the latter result follows from Equation A-124. Thus, for fixed flow
conditions (where the coefficient in Equation A-128 may be assumed
constant), the given temperature ratio should be linearly dependent on T.

In this case, the slope of the line will be equal to the coefficient of T in
Equation A-128. As shown in the text, this prediction is also in excellent
agreement with the data.

There are a number of potential comparisons between wet and dry heat
transfer that could be made to assess the enhancement due to deluge. One of
the most useful comparisons has been found to be the ratio of wet to dry
heat transfer for the same core temperature and inlet air conditions at the
same air-side pressure drop. This particular comparison was chosen because
in a wetted cooling tower adjacent sections of heat exchanger will operate
wet and dry with the same overall Ap. This will result in a substantially
reduced air velocity in the wet portion of the tower due to increased
friction caused by the deluge water. Thus, comparison on the basis of equal
airflow would not be reasonable.

Prediction of Q,/Qq according to the above definition is quite
simple. From Equation A-70 and A-76 we obtain,

o mer(ip- 1)y (A-129)

Q4 i ﬁ1a¢Ca(TP - T

_ T;_ $*>r (A-130)
m, /\¢

Thus, Q,/Qq may also be expected to correlate with the parameter T.

For a given Tps mq and m§, the core Ap and effectiveness ¢* are
determined. The corresponding dry airflow my is determined by Ap which
then also fixes ¢. Thus, for given wet operating conditions (Tp, My,
ma*), Equation A-130 predicts that Q,/Qq should be linearly dependent
upon I'. Experimental data have been found to be in excellent agreement with
this prediction.

The heat rejected by a wetted heat exchanger can be given as the sum of
the heat required to evaporate the water (the latent heat) and that which
raises the temperature of the moist air (the sensible heat). The ratio of
the latent heat to the total heat transfer Qy/Qy can be a useful
quantity in characterizing the performance o¥ a wetted heat exchanger. An
estimate of Qy/Qp can be obtained from the deluge model.

From a simple energy balance, the ratio of the latent heat to total
heat transfer rates may be given by
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Q A m_ox(H' - H)

vV_'samp o] _
% ma¢*(5 — im)1 (A-131)
¢*
= (E%E‘) r (A-132)

where Ty, is defined by

A T (A-133)

The parameter T'; is the ratio of the driving potential for mass
transfer to the driving potential for heat transfer on a wet surface. This
parameter is analogous to I' and has been evaluated in a similar manner. The
results are plotted in Figure A-8 as a function of (Tp,ITD, dw) in a
manner similar to the results for I' in Figure A-5. However, for the range
of variables considered, T\; may also be plotted as a function of T as
shown in Figure A-9. Although the correlation shown in Figure A-9 is not
exact, the calculated points differ from the Tine by less than +1% over the
range of variables considered.

For conditions where & = 1, so that ¢p*/¢* = 1, the results of
Equation A-113 may be used in Equation A-132. The result is

Q K{s - 1 A-134
- () o

Values for Qy/Qq have been computed using Equation A-131 for
conditions representative of the present experiments. These results are
presented in Figure A-9. For fixed values of T,, these results have also
been found to correlate approximately with I'. Eomparisons of experimental
and predicted values of Qy/Qgy vs T are presented in the text wh1ch show
excellent agreement between thepry and experiment.

The only other parameter that was found to correlate will with T was
the parameter § (see Section 3.2 of this appendix). The transformation
parameter (£) depends on the core and inlet conditions but not in a manner
than correlates well with .
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Figure A-8. Calculation of I'; as a function of operating conditions.
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APPENDIX B

SAMPLE CALCULATIONS

The following calculations are an example of the reduction of the

pressure drop data to friction factor, f, and effective friction factor or

loss coefficient, fo.

The equation given by Trane Company (Ref. 2) is used to calculate f.

3 2

chpm &P Amin o Amin N'E
f=— i
Mair As S

The second term is an estimate of expansion and contraction losses where

e L8275,
o o¢
Of = 1.0-FPI x Tf
o= 0.5340 ft2 of free area/ft2 of face area
A . = 6.4075 ft°
min
A = 974.14 ft°
s = .
N' = 3 (number of coils)
FPI = 10 fins/in.
Tf = 0,0085 in.
Gf =1.0 - (10)(0.0085) = 0.9150
£~ 25 275 40 - 0.0848
(0.915) 0.915
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The second term in the equation becomes

Amin N'E _ (0.5340)% x 6.4075 x 3 x 0.0848

A, 974.14

2
o

4

4.77 x 10

To complete the calculation of f data from dry test #1 is used.

AP over core = 0.09 in. H20
Toip in = 85.88°F
T . out = 120.86°F
AP over annubar = 0.25 in. H20

Myip = 90326 Vo, /Epann
_ 3
0o = 0069 (1b/ft°)
mair = 90326 /0.069 /0.25
= 11,863 1b/hr
o = 0.071 1b/ft3
Therefore,
3
_ (6.4075) 8 0.071 x 0.09(5.198)
fo ——§7ZTTZ—-X 2 x 4,173 x 107 x 7
(11863)
_ 15ty pfe/nef] [ib/E3] [in. H,0) [1b/ft2 ]
ftl [1b/hr]2 in. Hy0
= 0.0532
and f=0.0532 - 4.77 x 107%

0.0527
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Note that the expansion and contraction losses are less than 1% of
the total Toss.

DRY HEAT TRANSFER CALCULATIONS

As an example of the dry heat transfer calculations, Test #1 is shown
below:

. -t = 85.88°F
Ta1r in t]
.

- - 0
air oyt = Tp = 120.86°F

= T, = 125.41°F

T 1

water in

_ 14.5 v

_ 0
core ~ 24 JV/OF 0.60°F

AT

T =T

water out =T - AT

2 water in core

125.41 - 0.60

124.81°F
M-t -0 - )
(T] = tz)
Tn
(T, - )

LMTD = = 16.02°F

The amount of heat transferred from the water to the air is
calculated as follows:

QRed = Qheater ¥ QPERIPHERAL

Qheater - M, Cp ATh

m = 34.5 x 61.56 x .1337 x 60
[gpm] [1b/ft>] [Ft3/gall [min/hr]
= 17037 1b/hr
Cp = 1.00 Btu/1bm°F
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T, = %%f- (W1 - 5 08%F
[uV/¢F]
Qheater = 17037 x 1.00 x 5.08

[1b/hr] [Btu/]meF] [°F)

8654.9 Btu/hr

QpERIPHERAL = 17,700 Btu/hr (from graph)
Qpgy = 86549 + 17700
- 104249 Btu/hr

Overall heat transfer coefficient U is then calculated

Q
o Qeg 104249
U= A x LMTD - 974.14 * 16.02
[Btu/hr]
[Ft2] [OF]
_ 6.680 _Btu
hr-Ft2OF

The face velocity, Vo’ is calculated

V= a
O raip v At
ha = 11863 1b/hr (see previous section)
_ 3 0
Paip - 0.0742 1b/ft” (@85°F)
_ 2
Af = 12.0 ft
- 11863

o 0.0742 x 12.0 x 3600

[1b/hr]
[1b/ft3] [ftz] [sec/hr]

3.70 fps
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The inside heat transfer coefficient is calculated from the DiHus-
Boelter equation:

K
water Re 0.8 Pr0'3

h_ = 0.023
H d

p D

_ 0.365 Btu
Kwater hr-ftOF

_ (0.625 - 2 x 0.049)
H 12

0.0439 ft

P = 3.62 (@125°F)

r
water

Red =

Aﬂow

_ 346 x .1337
60

(gpm]_[ft3/gal]
[sec/min]

= 0.7710 ft3/sec
2

(.625 - 2 x .049)
X om X 4 x 144

p=J
1

= 48

[# of tubes] [in?]
[in%/ft°]

0.0727 ft2

_ 07710 [ft>/sec]
0.0727 (22

{3

10.60 fps
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v = 0.605 x 107> ft2/sec (@125°F)

_ 10.60 x 0.0439
0.605 x 10°°

[fps] [ft]
[ftz/sec]

= 76944

_ 0.023 x 0.365

“ hp = ==575439 3.62

0.8 ( )0.3

x (76944)

[Btu/hr-ft°F]
[ft]

2281 Btu

hr-££2OF

1

The outside heat transfer coefficient which includes the fin efficiency
is given by the following equation:

-1
ho = [l _ As _ Asty ]

ke = 111.7 Btu/hr-ftOF
te = 0.0041 ft
A, = 39.74 £t2
_ 2
i = 41,44 ft

cn o[ orana  97a14 0.0041] -]
o =668 " 2281 x 39.74 ~ A1.84 x 111.7 )

7.242 Btu/hr-ft2OF

If we extract the fin efficiency, we obtain the air side surface heat
transfer coefficient, hs:

h = <____fEL_____> hO
S At ¥ nefst
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2

A, = 43.14 ft
A .= 931.0 ft

sf

The fin efficiency is a function of both r r. and Bi%, where

1
1 2

h
5 _ S .
Bi Lf<kyb> [see Figure 8]
ry = 0.3125 1in.
k = 128 Btu/hr-ft°F
yb = (0.00425 1in.
LN is the outside radius, a circular fin which would have the same total
surface area as the Trane surface. LN is calculated as follows:
A . =144 x 239 x [2n(r % - 0.3125%) + 2mr_ x 0.0085]
sf e : e :
= 931.0 ft2 = 134064 in.°
Simplifying
2 _
LN + 0.0085 ro = 0.7176 = 0
solving for LA gives
re = 0.8429 in.
r
therefore —% = 2.697
r
b
1f = rc - rb = 0.5304 1in.

L L
Since Bi*® depends on hS; Bi?, h

Assume that ng = 1.0 or hS = h0

S

, and ng must be determined by iteration.

then:
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gi% = 0.5304 ( 7.242 x 12 \*
T2 \T28 x 0.00425

[in.] ([Btu/hr—ftZOF][1n./ft])%
in. JTt] [Btu/hr-ftOF] [in.]

After several more ijterations the final answers are

ng = 0.83

8.65 Btu/hr-ft2°F

h
s

The heat transfer is also defined by a Colburn factor jo defined

as follows:
h
. _ s p.2/3
jo = GCp Pr
hair
where G = A
min
Pr = 0.70
Cp = 0.240 Btu/]bmoF
G = 11863 [1b/hr]
6.4075 [ft2]
= 1851.4 1b/hr - ft
. 8.65 [ 2/3
Jo = T85T.4 x 0.240-7)

[Btu/hr-ft2°F]
[1b/hr-£t°] [Btu/1b - OF]

0.0153
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WET HEAT TRANSFER

A sample of all wet heat transfer calculations follows. Al11 calculations
were performed on the computer. Data from Test #5A is used in the sample

calculations.

Note that each input temperature has four values which are recorded
at one-minute intervals. An average of these four numbers is used for

calculations.

Air Temperatures

Inlet dry bulb temperatures are averaged over six locations. Outlet
d.b. temperatures are averaged over five locations. The sixth is interfered

inlet
outlet

with by the deluge inlet water.

= 90.44°F [1

2

106.33°F

—
1]

The dew point temperatures are

Td 69.30°F

pl

0
D2 94.65°F

Td

The calculation of air properties follows the outline given in Reference 1.
The saturation pressures for the above four temperature are calculated
using the Keenan-Keyes formula

1o Pws . _B(a+bg+ cB3
910 \278.167 T T+ dg

where Pws = saturation pressure, atm.
6 = 647.27-T
T = absolute temp. K°
a = 3.2437814
b = 5.86826 x 107°
¢ = 1.1702379 x 107
d = 2.1878462 x 103
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The saturation pressures must be calculated for all four temperatures
given above.

0.04820 atm

—~
—
8
—
N
1

0.07799 atm

Pws(po1) = 0.02414 atm

Pws(Td = 0.05492 atm

p2)
The barometric pressure (P) is 29.66 in. Hg.
= 0.99127 atm.

The humidity ratios may be calculated

P

— WS
H = 0.62198 r—5—
WS

H(T_;) = 0.03179

R(T_,) = 0.05312

H(Td ;) = 0.01552

pl

H(Td 0.03648

p2)

The relative humidities are calculated.

_P (Td_,)
T 1 % 100
WwS' o]

P (Td_,)
wS 2
b, = x 100
2~ P (T,
¢ = 50.07%
9o = 70.41%
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The specific volumes are calculated.

_RaTe (1 + 1.6078 H(Td.))
v =5 p
ft Tb,
where Ra = 53.352 .l—bmoﬁ‘

T_=T_(°F) +459.7

o

P = P(in. Hg) x 70.73, Tb/ft?

V. = 14.34 ft3/1bm

]
V. = 15.24 ft3/1b
2 : m

Calculated heat capacity Ca:

It

C.= .240 + .444 (H(po]) + H(Td ,))

a 2 p2
= ,240 + 'ﬁf4(.01556 + .03650)

0.252 Btu/]bmoF

The enthalpies are calculated

i(x) = 0.240 T_ + H(x)(1061 + 0.444 T )

i(Tm1) 0.240(90.4458) + 0.031769(1061 + 0.444 x 90.4458)

56.71 Btu/1b dry air

Tikewise i(Tmz) = 84.38
i(po]) = 38.80
i(poz) = 65.95

The air flow rate is calculated from the pressure drop across the
annubar (APam).
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.
1

90326 »’APann »’]/V2

90326 v.35 v1/15.270
13688.7 1b/hr

The air frontal velocity is calculated.

- m, X V]
o} AC x 3600
Af = frontal area, 12 ft2
V= 13688.7 x 14.3403
0 12.0 x 3600
V0 = 4,544 fps

Heat change in air

Q= m,(i(Td,) - i(Td ;)

pl

13688.7(65.945 - 38.800)

371579.8 Btu/hr

The mass flow rates of water must be calculated at three different
places: 1) deluge water inlet, 2) core water inlet, 3) heater inlet. The
temperatures involved are as follows:

deluge inlet -- 100.675°F
deluge outlet -- 105.575°F
core inlet -- 120.1375°F
core outlet -- 117.721°F

The core outlet temperature is calculated by subtracting the core
temperature drop from the inlet temperature. The temperature for the heater
inlet is assumed to be the same as the core outlet temperature.

The masses of the water at the three different temperatures are

WW1) = 8.2783 1b/gal
WW2) = 8.2424 1b/qgal
WW3) = 8.2473 1b/gal



The mass flow rates in the three different streams become

m (D= 60 x 8.2783 x 3.0 = 1490.1 Tb/hr
m, @@= 60 x 8.2429 x 347.0 = 171606.8 1b/hr
m (3= 60 x 8.2473 x 34.1 = 16874.0 Tb/hr

The heat input to the deluge water is

Q, n@ x T(del out) - T(del in)

n

1490.1 x (105.575 - 100.675)

7301.49 Btu/hr

The heat Toss across the core is

Qoss * m@) x (T core in - T core out)

171606.8 (120.1375 - 117.721)

414,716.4 Btu/hr

The heat input to the heaters is

Qh mCDCpATh

1}

[1b/hr] [Btu/1b_°F] [uV]
16874.0 x 1.0 x 220 m

24 [uV/YF]

386695.8 Btu/hr

The actual heat transferred from the primary to the secondary side
of the core is

Oneaters * qump - Qde]uge - qurrounding
The combination of qump - qurrounding was measured experimentally
and is given by the following equation:
qump"qurrounding= 25600 - 187.5 (Tcore B Tambient)
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87.15°F

1]

For this case T

ambient
= 0
Teore = 120.1375°F
qump B qurrounding = 19414.8 Btu/hr

Therefore, the total heat transferred is
QT = 386695.8 + 19414.8 - 7301.49
= 398809.2 Btu/hr

The properties of saturated air are also calculated at the two primary
side temperatures.

T . = 120.1375°F T . =117.721°F

pl p2

P (T

)
p2)
) =
= 0.07615

ws( 0.11566 atm

Pws(T

pl

0.10812 atm

I
o

o] .08216

i(T ]) = 120.39 Btu/]bm

~
I

= 113.02 BtU/1bm

The overall wet heat transfer coefficient can be calculated from
experimental values three different ways:

. T — . d
¢ (1,0 = 1(Td

U x “aQ p2) .
ol = . —= —= + i(Td_,)
A (T - 1{Tdy) - 3T ,) p2
m_C
U*=--22 9507 -—. Q_
02 AS ma(1(Tp{7 - 1(po])7
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m_C i(Td
by Bl [y 100! - 1010y
) . 1(Tp]) 1(po]7
1n 120.385 - 38.80
y % - 25154 x 398809.2 113.024 - 65945
ol 974,14 120.385 - 38.80 - 113.024 + €5 945
= 1.641 Btu/hr-ft2°F
Ux - _ 136887 x .2515 m e 398809.2
02 974,14 13688.7(120. 385 = 38.80)
= 1.558 Btu/hr-ft2OF
U% - _ 13688.7 x .2515 i | 7. 65.945 - 38.80 |
03 978,14 120.385 - 38.80 |

- 1.430 Btu/hr-ft2°F

The calculation of Reynolds number is as follows:

Re = Air Mass Velocity x Hydraulic Diameter
Viscosity

Viscosity = 0.0461 1b/ft - hr

m
Air Mass Velocity = R a
min
- 136887 . 5136.4 _1p
6.41 —
hr-ft

Hydraulic Diameter = 0.00972 ft (given by Trane)

Re = 0-00972 x 2136.4 [ft] [1b/hr]
€ 0.0461 2
: [1b/ft - hr] [ft°]

450.35

il
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The primary side heat transfer coefficient is calculated using the Dittus-
Boelter equation and is the same as calculated for dry heat transfer.

The amount of deluge water evaporated is:

m

w = My [H(Td ) - H(Td

o)

13688.7[0.03648 - 0.01552]

286.86 1b/hr

The overall mass transfer coefficients are:

O. "

o A

n 0.082158 - 0.01552
_ 286.86 0.076146 - 0.03648
974.14 (0.082158 - 0.01552 - 0.076146 + 0.03648)

b
5. 664 m
hr-ft

2

©

a *
- —N
0 AS m

-13688.7
974.14

x In | 1 - 0.3145

b,

hr-ft

5.306

2

Additional calculations:

'i(Tp]) - 'i(Tm])
Ca[Tp1 - Tm]]

_ __120.385 - 38.80
0.252 (120.14 - 90.44)

10.90
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Predicted Calculations

As discussed in Section 4 of the text and also in Appendix A, the
following equations must be solved simultaneously to determine h;, £,
and Tr'

o ( 11 )‘1
* *
d A hsaS £ Upt

Qrej /1 ]
T =T - _rgg_<i.* +.___>
r pl A hd Upt

These equations must be solved by iteration. Since Tr v Td’ the
initial assumption will be that Tr = Td.

T =T, =105.6°F
r d

Using the same procedure for calculating air properties as was
already presented, the saturation pressure is found.

Pws(Tr) = 0.07647 atm
H(Tr) = 0.05199
1(Tr) = 82.95 Btu/]bm
£ = 120.39 - 82.95
0.252(120.14 - 105.6)
= 10.22
-1
1 ] )
h = _  —
e <hd ghs
h :E(_j:
*
d aS
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The value of as* must also be determined by iteration.

Assume as* = 0.6

1 1

] 1 )
hg" = <10.22 T1.56 " §.72 - 10.22 - 0.6 0-0116T>
= 30.85 Btu/hr-ft2oF
_30.85 _ .20
hy = 0% 51.42 Btu/hr-ft="F

-1
- 1 1 ) 20
he B <5].42 * 10.22 - 8.72) = 32.61 Btu/hr-ft="F

e

Bi® = 0.0442 < 32.61 12 5)

128 - 0.0042
= 1.185
ng* = 0.602 (From Figure )
ax = 43.14 + 0.602 - 931.0
S 974.14

0.619

The next value of hd* may be calculated.

h.* = 1 _ 1
d 10.22 - 1.56 8.72 - 10.22 -+ .619

-1
- 0.01161)

30.31 Btu/hr-ft2°F

*
Using this value of hd a new Tr is calculated.

398809 [ 1 1
p - 12014 - ST (30.31 ¥ 86.1>

-
I}

101.88°F
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A new value of ¢ is calculated and the process is repeated until the
exact values are converged upon. They are

= 99,829F

—
I

9.55

My
1t

26.94 Btu/hr-ft2°F

=
*
1t

[e )]
*
n

0.654

To determine the predicted values for ZS a similar procedure is followed
to determine En and am*. They are

£ = 9.0
a * = 0.657
7 % = 6.44 1b/hr-ft2

Using the predicted values of zg and the measured values of Uo*, the
outlet dry bulb temperature is predicted.
- Uy*Ag
Cama

- 1.56 - 974.14
e .252 - 13689

o* =1 - e

1]
—_
1

= 0.356
“25As
m
on = 1-e @
-6.44 - 974.14
=1 -e 13689
= 0.368
1(po2) = ¢*[1(Tp]) = i(po])] + 1(po])

0.356 [120.385 - 38.80] + 38.80

67.84 Btu/]bm
B.19



H(Tgpe) = o THT ) = H(Tg DT + H(Tg )
= 0.368 [ 0.08216 - 0.01552] + 0.01552
= 0.04004

) 1(Tgpp) = 1061 H(Ty 5)

2 0.240 + 0.444 H(poz)

_ _67.84 - 1061(0.04004)
0.240 + 0.444(0.04004)

98.39°F

The following is a calculation of Qwet/ery' Qwet

Qwet = 398809 Btu/hr

was already determined:

ery is the estimated heat transferred under dry operation at the same

pressure drop as under wet operation. An empirical equation was developed

for the dry heat transfer coefficient with fin efficiency excluded.

21.8338 ap0-4

=
1

)0.4

=
1

21.8338 (.16
20

10.49 Btu/hr-ft="F

The overall heat transfer coefficient can be calculated:

-1
U = [ As + As + Astt ]
hs(Ast * ansf) hpAi Aiokf

where ne = 0.79

- 974.14 + 974.14
10.49(43.74 + 0.79 x 931.0)

7.63 Btu/hr-ft2°F

B.20

2281 x 39.74 '

-1
974.14 x 0.0041
41.44 x 111.7



The NTU rating is:

UA
NTU = —-

C
Ma"a

The mass flow rate is different from wet conditions and is found from
the empirical equation

_ 0.6196
m = 56611 aP_
- 56611 (.16)0:6196
- 18187.5 1b/hr
7.63 x 974.14 Btu/hr-ft2OF] [t
NTU = 7263 X . [Btu/hr-ft™"F] [ft"]

~ 18187.5 x .240 [1b/hr][Btu/1bm°F]
= 1.703

The surface effectiveness is:

b= 1o MU

| o-l.622

= 0.818

"

The dry heat transfer is:
ery B ¢maca(Tp1 B Tml)

0.818 x 18187.5 x .240 x (120.74 - 90.44)

106023 Btu/hr
Therefore, the enhancement ratio is:

Quet _ 398809
Qury 106023

3.76

B.21
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APPENDIX C

UNCERTAINTY ANALYSIS

A11 of the following uncertainty calculations follow the method out-
lined in Section 5.

Dry Heat Transfer:

The main parameter of interest in the dry heat transfer measurements
is the overall heat transfer coefficient, Uo’ Uo is calculated by the

following equation:

U = AQRej
0 sATlm

From this equation the uncertainty of Uo can be written

oy RﬁQRej>2 , (§§§>2 , (a(AT2m5>2]1/2
Uo A QRej As Asz |

The uncertainty in AS is estimated as:

SA
s_._10 _
A 9h.T 0.010

The formula for QRej is (See section 3):

QRej = Qin * QPeriphera1 *+ 40
where AQ is included to account for the variation from equilibrium condi-

tions. The uncertainty in QRej becomes:

2

- 2 2.1/2
6QRej - (6Qin * 6QPeriphera] )

+ S8AQ

Ry <amh>2 ) (fEE)Z ) <6ATh>2]1/2
Qin My, Cp ATh

c.1



A1l the calculations done for dry heat transfer will use Test #1
(see Appendix B).

34.5 x 61.56 x .1337 x 60 = 17037 1bm/hr
[gpm] []b/ft3] [ft3/ga1] [min/hr]

" (0.5 \2 . < 0.5 )2]1/2
m~ |\35.5 67.56

0.017

Mh

|

_0.01 _
= Top = 0-010

O
O O
o

o

ST, 0.5

aT, ~5.08 7 00%

Therefore:

8Q; 172
81” - [Com?+ (on? (.098)2 ]
in

0.100

Since Qin 86549 Btu/hr

6Qin

8655 Btu/hr

6QPeriphera] is estimated at 500 Btu/hr.

S8AQ is an estimate of the observed variation from equilibrium in the
system. Typically the temperature of the water in the main loop varied
less than 0.5°F in 30 minutes. Therefore:

§AQ = $7g-x 4670 x 1.0

[°F/hr] [1b] [Btu/1b °F]
= 4670 Btu/hr

C.2



The total uncertainty in Qrej becomes;

(86552 + 5002

SQpe

it

9847 Btu/hr

0pej 9847

= = 0.094
QRej 104249

and

The equation for ATym is:

AT
aATRm = v au u ov
1 8AT1 aAT]
T2
v
au_ _ 1 ou  _
BAT] BAT2
ov_ _ _1_ av__
oA 1 AT] BAT2
Therefore;

T T,~AT
34T znA],(MAZ)
n T2 AT]

aAi]

+ 1670°)

1/2



Likewise:

ﬁIﬂE -
AT om AT2
AT AT
2 A]n-——l

Finally

5T, \ 5T, -AT, T, 4T,
For test #1
T, = 125.41 °F AT, = 4.55
t, = 120.86 °F AT, = 38.93
T, - 124.81 °F AT, = 16.02 °F
t, = 85.88 °F

SAT [1-AT /AT, \2 2 AT, /AT, -1\2 211/2
om =‘- ' ] ) STy + < m’ "2 ) 80T, ]

8Ty _ [(1-(]6.02/4.5&)2 sa12 4 (16.02/38.93-1

i, 4.55-38.93 1 "\ 4.55-38.93
- {9.00538 6AT$ + 0.00029 aATzz]]/z
Estimate SAT] = 1.0 °F
84T, = 1.0 °F
SAT 1/2
2 = [0.00538 (1.0)° + 0.00029 (1.0)%]
am

= 0.075

The uncertainty in Uo can now be calculated:

= [(0.098)% + (0.010)% + (0.075)27'/

L= N
o |o

= 0.12

C.4
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Wet heat transfer;

Two major parameters are of interest in wet heat transfer namely hd*
and UO*. Uncertainty analysis will be done for U02* since it was used to
demonstrate the variations in UO* in Section 6.

. ‘
U ,* = mz & 1 1- Irej i
—
0 s mal1m] 1p1|
Iha Ca Qre'
Define X = S—2 y= ——Tal
s ma|1oo1'1p]l
U, = X Tn [1-y]
. au32>2 ) <au32>2 2]1/2
8Ugp = [( ax) % P\ Gy W
. P
3X oy 1-y

su%, = [(1n|]-yl

6U32 i (§5>2 . Sy 2 71/2
U%, |\ X (1-y)In[T-y]

s - [(0F, (o) (2]
X ma C AS

a

A11 calculations are done for test #5-A.

SA
K‘§'= 0.010

S
6C

a _ 0.005 _
€. - 0.252 ~ 0.020

a
sm

a _
—==0.10

C.5



The value of Gma/ﬁa will vary with the magnitude of the manometer
reading. A1l things considered, 0.10 seemed to be a reasonable value.

% = [(0.08)% + (0.02)7 + (0.10)%7"/%
= 0.11
. . . 2n/2
by _ (L’re' *s (i"h)z ; (5(__97‘.“1 — 1)> ]
Y Qrej Ma (1w1 - 1p]
From previous calculations
8Q .
. = 0.094
rej
m
—ﬁ§-= 0.10
a
N 2 . 241/2
6(1m]-1p]) [Giw] + 61pi ]

iy = 616] = 2.0 [from Psychometric chart]

From Appendix C
38.80 Btu/1b

-
1]

w]
151 = 120.39 Btu/1b
Therefore:
241/2
Sy - [ 2 2 2.83
y - [(0-094)7 + (0.10)" + (120.39—38.80) ]
= 0.14
- Qrej _ 398809
Y = .G ,-1..)  T13688.7(120.39-38.80)
a' «l 'pi
= 0.3571
dy = 0.051

C.6



271/2
(VY4 a 2 0.051
0%, - [(0-11) ¥ ((1-0.3571) Tn (1-0.3571)) ]

The uncertainty in the deluge coefficient hd* can be calculated as
follows:

"
<3
1
~<
'
Al
L

oh ¥ 2 o [ang* 2 o, [ohg* 2 o172
* =
Ghd X §x~ + 5y sy~ + 53 8§z

3hg* -ahy*  -3h * R
ax 3y 3z

* 1/2 -
6hd - [6x2 + 6y2 + 622]

*
hd (x -y - z)2
2
o2 - 1 [sef 8%
2,42\ .2 2
Lt s
- ip]' - 1r
Ca(Tpl - Tr)
51 12+ 512 502 g1 24 6T 2
6&2 - €2 pl r ,_a ., p r
(_i |_1|)2 CZ (T -Tr)|
cpl r a P ’
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From Test #5-A:

i} = 120.4 Btu/1b_ iy = 2.0
it = 71.5 Btu/Ib_ s = 2.0
_ 0 _
c, = 0.252 Btu/1b °F 5C, = 0.005
= 0 =
Ty = 120.1% §Tyy = 1.0
Cae a0 i}
T = 99.8°F 6T = 3.0
£ = 9,55
2 of 2.0%+2.0° 0.005 ¢ . 1.0% + 3.0°
8e” = 9.55 7t o5 ¢t 2
(120.4 - 71.5) : (120.1 - 99.8)
= 2.55

From previous calculations:

sU*

0— =
TET'_ 0.21 US 1.56

2 1 2.55 2
§X° = + (0.21) >
T (9.55)2(1.56)2 <’(9.55)2

= 3.25 x 1074
2 2
. 2 _ 1 6&2 . sh . sag
y Zp 22 \ 2 R a?
S S &
shg
Assume: T 0.10
S
sa*
S
—2=0.10
*
aS

From previous calculations:

h, = 8.72 Btu/hr-ft2°F at = 0.654

c.8



8y

4

"

S 1 Y ((0.17)2 +(0.10)2 + (0.10)2>
9.55)%(8.72)%(. 654

1.65 x 1072

2

suU t
U 4
pt

From previous calculations:

sU
U

pt

Pt - 0.10 Uy = 86.1 Btu/hr-ft2OF

2
52° = 15&159?-= 1.35 x 1076

(86.1)
x = = 1 = 0.0671
eUr - (9.55(1.56) O
y = = = ] - 0.0184
thea® = (9.55)(8.72)(.654) ~ O
1 1
2= =1 __-0.0116
U, 8.1
Finally:
1/2
shf [3.25 x 1074 + 1.65 x 10~ + 1.35 x 10°° |
*
hd (0.0671 - 0.0184 - 0.0116)° |
= 0.50

C.9
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APPENDIX D

LISTING OF DATA ANALYSIS PROGRAM

DIMENSION DATE(3)9TIME (3)9CORE (3) 4+ IRUN(3)
DIMENSION ARAYA(4)
DIMENSION ARRAY (442)
DIMENSION ARRAY1 (446)
DIMENSION ARRAY2(446)
DIMENSION ARRAY3(4)
DIMENSION ARRAY4 (4)
DIMENSION ARRAY6 (442)
DIMENSION ARRAYSB (4)
DIMENSION ARRAY9 (4)
DIMENSION ARAY10(4+2)
DIMENSION ARAY11(4)

READ IN NUMBER OF TEST CASES

(s NeNel

ICONT2 = 0

READ (5+50) ICOUNT
50 FORMAT (110)
25 CONTINUE

ICONT2 = ICONT2 + 1

c
c READ - DATE+ TIME+CORE sRUN
c

READ(S5+100) DATE+TIME+COREs IRUN
100 FORMAT (4 (2A49A2))

READ - ATR FLOW RATE AND BAROMETRIC PRESSURE

s NeXe!

READ(5+200) ANDLP+P
FORMAT (2E10,0)

o
(=]

READ DELTA T*S (HEATER AND CORE) AND DELTA P

s NeNeNe W'

READ(5+20) DTMVHyDTMVCeDELTA
FORMAT (3E10,0)

(=]

RFEAD WATER FLOW RATES +MAINes HAEATERs AND DEKUGE

READ (5+30)WMLGyWHLGsWDL G
FORMAT (3E10.,0)

(=]

READ MEASURED HUMIDITIES

OO0 W Oo0ooOnN

READ(S+40) TMEAl,TMEAZ
FORMAT (2F10,.0)

o

READ AIR TEMPFRATURES = INSIDE AMBIENT

OO0 &

READ (55300) (ARAYA(I)s1=144)

READ AIR TEMPERATURES = AMBIENT AND ANNULAR

OO0

READ (55300) ( {ARRAY (IsJ)eI=144)9U=)e2)
300 FORMAT (4F10,0)

C READ AIR TEMPERATURES = CORE INLET
READ(5+400) ((ARRAYI(I9sJ)s1=194)9U=146)
400 FORMAT (4E10.0)

D.1



ooown OO0
[—4
(=]

600

OO0

700

OO0

2000

OO0

2100

OO0

2200

OO0

2300

READ AIR TEMPERATURES = CORE OUTLET

READ(5¢500) ( (ARRAY2(I+J) 2 I=104)eJ=1y6)
FORMAT (4E10,0)

READ DEW POINT TEMPERATURES = CORE INLET AND CORE QUTLET

READ(S+¢600) (ARRAY3(I)sI=1s4)
FORMAT (4E10,0)
READ(5+¢600) (ARRAY4(I)s1=144)

CALCULATE AVERAGE OF AIR TEMPERATURE = INSIDE AMBIENT

TAIR=0,

DO 700 I = 1.4 .
TATR = ARAYA(I) + TAIR .
CONTINUE

TAIR =3 TAIR/64.

CALCULATE AVERAGE OF AIR TEMPERATURE ~ CORE INLET N

Tl = 0,

DO 2000 U=1+6

DO 2000 1=]l.4

T1=2ARRAYY (I9J)+T1

CONT [NUE

T1=T1/24,

TAl = T *

CALCULATE AVERAGE OF AIR TEMPERATIRE = CORE OUTLET

T2 = 0,

NO 2100 J = 246
Nno 2100 I=le%
T2xARRAY2(I9J) +T2
CONTINUE

T2 = T2/720.

CALCULATE AVERAGE OF DEW POINT TEMPERATURE = CORE INLET

T3 = 0,

DO 2200 T=1.+4

T3 = ARRAY3(]1)+T3
CONTINUE

T3 = T3/4.

CALCULATE AVERAGE OF DEW POINT TEMPERATURE = CORE OUTLET .

T4=0.

DN 2300 I=l+4

PR = P -
T4 = ARRAY4 (1)+T4

CONTINUE .
T4 = T&/4,

D.2



OO0

OO0

(s XeNe]

OO0

OO0

e e Nyl

CALCULATE PARTIAL PRESSURE

A = 3,2437814

B = 5,86826810,E~4

C=21,1702379#10,E~9

D=2,1878462%#10,E~4

T = (T3=32)/1.84273.17

BETA = 647,27=T

PW = ~(BETA/T®((A+B4BETA+CoBETA®43)/(1,04D8BETA)))
PWl=z]l0#aepwe2l8,167

SECOND PARTIAL PRESSURE

A = 3,2437814

B = 5,86826810,E~4

C=1,1702379#10,E~9

D22,1878462%#10,E=4

T 2 (T4=32)/1.84273,17

BETA = 647,277

PW = <= (BETA/T®((A+BUBETA+C#BETA®83)/(]1,.0+D#*RETA)))
PW2 = 106ePwWe218,167

THIRD PARTIAL PRESSURE

A = 3,2437814

B = 5,86826210,F=4

C=1,1702379#10,E~9

D=2,1878462%10,E~4

T = (T1~32.)/1,8+273,17

RETA=Z64T,27~-T

PW = «(BETA/T®# ((A+B*BETA+CoBETA®®#3)/(),0+D®BETA)))
PWS1l = 10®apw®218,167

FOURTH PARTIAL PRESSURE

A = 3,2437814

B = 5,86826%]10,E~4
C=1,1702379%10,E=9
N=2,1878462¢]10,E~4

T = (T2~32.)/1,.,84273,17

RETA =2 647.,27~T
PW 3 = (RETA/T®*((A+B*BETA+C#RETA®®3)/(]1,0¢D*RETA)))
PWS2 = 10eepPw#218,167

CALCULATE HUMIDITY RATIOS

P =P & ,03342]

Wl = 0,62198 # PW]l/(P=PWl)
w2 = 0,62198 & PW2/(P=-PW2)
WS1=0,621984PWS]1/ (P-PWS] )
WS2x0,62198%PWS2/ (P=PWS2)
CALCULATE RELATIVE HUMIDITY

PHI1 = (PW1/PWS1) = 100.
PHI2 = (PW2/PWS2) # 100,
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OO0

(s N e Nl (2R e Ne] OO0 OO0

OOOO

(g )] AOOO e N Xs]

5010
c

5020
1

CONVERT TO ABSOLUTE TEMPERATURE INLET AND OUTLET DRY BULRS

TVA]l = T1+459,7
TVA2 = T24459,7

Pl = pP#2116.22
CALCULATE SPECIFIC VOLUMES

VAl = 53,352 @ TVAl®(],0¢1,6078%w])/P]
VA2 = 53,3520TVA29(1,041.,6078%w2)/P]

CALCULATE MOIST HEAT CAPACITY

W10 = (W]leW2)/2,

CA = 0,26000,4440W])0

CAl=0,240 o 0,4440W])

CALCULATE ENTHALPYS

Hl = 0,2400T]1eW]®(106]1,40,4444T])

H2 = 0,2400T2e¢W2%(106]1,40.444%T2)

HS]1 2 0,2409T1eWS1#(106]1.+40,4444T))
HS2 3 0,240%#T2+WS2%(1061,40,4444T2)
CALCULATE AIR FLOW RATE = LR/HR (AMFR)
AMFR = 90326%SQRT (ANDLP)*SQRT(1,0/VA2)
CALCULATE AIR FLOW RATE = FPS (AV)

AC = 12,0

AVEAMFR®VAL1/(3600,%AC)

COMPUTE DELTA T'S TO (F)

DTFH =DTMVH/,024
DTFC = DTMVC/,024

CALCULATE FIRST HEAT OUTPUT, AIR

HTOUT = AMFR # (H2-H1)

WRITE IT ALL OUT

WRITE (6+5000)
FORMAT (1H1 952Xy *WATA HEAT TRANSFER TESTS'///)

WRITE(6+¢5010) DATEsTIMECORE s IRUN

FORMAT (26X 9 'DATE=? 9244 9A2+8X o' TIME=?¢2A49A2¢8Xs*CORE=",

2A49A2+8Xy 'RUN=T 92A49A2/7)

WRITE(6+5020) ANDLPsAMFReAV

FORMAT (23Xe*AIR FLOW RATE'42XeF3,29 2Xs'IN, H20'97XsF7,00

2X9'LB/HRY 9 TX9F b4 ,202X9 'FPS /)
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5050

5055

5060

5070

5080

5090

5100

c

Sl10

WRITE (6+5050)

FORMAT (1Xs*AIR TEMPERATURES='//}

WRITE (645055) ARAYA

FORMAT (TXo *INSIDE AMBIENT ()" 42Xs&(FS,192X) s 'DEGREFES F'y/)

WRITE (6¢5060) (ARRAY(Isl)eIx=lsd)eHl
FORMAT (6Xs *OUTSIDE AMBIENT (31)?92Xs4(F5.1+2X) 9 *DEGREES Fry/
1 89K ENTHALPY (1) ' 9OXoF5,2 92Xy 'BTU/LB'/)

WRITF (6+950T70) (ARRAY (192)9I=194) W]
FORMAT (14X *ANNUBAR (25) '92X94(F5,192X) 9 'DEGREES F'y/
1 BOX 9 tHUMIDITY RATION' 96Xy FS,4 92Xe'LLR/LBY)

WRITE (695080) (ARRAY1(Isl)eI=194),TMEALsPHII

FORMAT(11Xs'POSITION 1 ( ) 94 (F5,192X) v *DEGREES F*910X,

1 '*MEASURED Y9 /978X sF5,296Xy *RELATIVE HUMIDITY (1) *9FS5,2 +2Xs'PER
2CENT /)

WRITE(6+5090) (ARRAY1 (1+2)91Ix194)9H2

FORMAT(11X+*POSITION 2 ( 8) Yoh (FS5.192X) 9 *DEGREES Fty/R9Xy

1 YENTHALPY (2) ' 99X9FS5.2 92Xy 'BTU/LB'/)

WRITE(6¢5100) (ARRAY1(I93)9eIz1sb)eT]lewW2

FORMAT (4X ¢ *CORE POSITION 3 ( 9) Y94 (F5.192X) o *DEGRFES F 1y
1 4Xo'T = "9oFS5,19/9 AKX *INLET*980Xe *HUMIDITY RATIO(2) '93Xy
2 FS.6 2Xe'LB/LB'/)

WRITE(695110) (ARRAYL(I194)9I=194)9TMEAZyPHI2

FORMAT (11X9'POSITION 4 ( ) "4 (F5,192X)9»'DEGREES F 910X,

1 "MEASURED ' /TBX9F5,296Xe 'RELATIVE HUMIDITY (2)'+sF5,2 92Xy
2 *ATU/LB'/)

WRITE(695120) (ARRAY1 (I19S)eI=194) VAl

FORMAT(11Xe'POSITION S (10) Vo4 (FS,192X) 9o 'DEGREES F'y/

1 B9Xe *VOLUME (1) "9 11XeF5.292Xe*FT3I/LRY/)
WRITE(695130) (ARRAY1 (I96)91I=194)

FORMAT(11Xe'POSITION 6 ) Y94 (F5,192X) o *DEGREES F'9/7/)

WRITE GUT AIR TEMPERATURES < CORE OUTLET

WRITE(6+5140) (ARRAY2(I91)eI=104)9HS]
FORMAT(11Xs*POSITION 1 ( ) '94(FS5.192X) 9 'DEGREES Fty/

1 89X *ENTHALPY (1) 1 99XsF5,2 92X 'BTU/LB' /)

WRITE(6¢5150) (ARRAY2(1+2)9I=104) w51
FORMAT(Ll1Xe'POSITION 2 (21) "e4(F54192X) 9 'DEGREES F 1/
1 BOX e *HUMIDITY RATIO(1)"93XeF5,4 +2Xe'LB/LB'/)

WRITE (6¢5160) (ARRAY2(193)9eI=194)0T29HS2

FORMAT (4Xs *CORE"93Xe'POSITION 3 ( 2) '94(FS5,192X)0

1 YDEGREES F194Xo'T = "oFSeloe/4Xs'QUTLET ¢ 9 TOX9 'ENTHALPY (2) %,
2 IXesF5,2 +2Xy*'BTU/LB'/)

WRITE(6+5170) (ARRAY2(1¢4)91=194)9WS2

FORMAT (11X9*POSITION 4 ( ) Y94 (F5.192X) 9 'DEGREFES Fty/
1 B9X s "HUMIDITY RATIO(2) *93XeFS .4 +2Xe*LLB/LRBR'/)
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5180

5190

5200
C

5210

5230

o0 oOow AOOOOO
un
(=]
(=]

n
N
(=]

OO W, s NeNeRY)i
wn
(9]
(=]

5540

5545

5550

1

1

2
3

WRITE (6+5180) (ARRAY2(]1+S)91Is)94) VA2

FORMAT(11Xs'POSITION 5 ( 3) '94(F5.192X) +'DEGREES Fty/

BOXs *VOLUME (2) '+ 11XeFS5,292Xs'FTI/LB/)

WRITE(695190) (ARRAYZ2(1+6)913104)

FORMAT(11X9*POSITION 6 ( 4) 94 (FS,1¢2X)9*DEGREES F'9/)

WRITE (6+5200) CA+HTOUT

FORMAT (T4Xe "HEAT CAPACITY'o1X9FT7,491Xe'RTU/LBM Ft/
T4Xe *HEAT QUTPUT 'oF9.091Xs*BTU/HRY//)

WRITE (695210) (ARRAY3I(I)el=m194)+T3

FORMAT (46X *DEW POINT TEMPERATURES='+/911X9'CORE INLET

(27) ¢

2X94(F5,192X) s *DEGREES F 94Xy 'AVE INLET?'93XsF5,14/)

WRITE(6+5230) (ARRAYA(I)9eI=194)+T4
FORMAT (

10X9 YCORE OUTLET (26) *94(FS5,1¢2X)+'DEGREES F's4Xy

YAVE OUTLET'92XeFS,1///)

READ WATER TEMPERATURES (CORE INLET)

READ(S95500) ((ARRAY6(IeJ)sImleb) e gu]l,y2)
FORMAT (4E10,0)

READ DELUGE INLET TEMPERATURFS

READ(5+5520) (ARRAYB({I)s1=144)
FORMAT(4E10.0)

READ DELYUGE OUTLET TEMPERATURES

READ (5+5530) (ARRAY9 (1) e1=144)
FORMAT (4E10,.0)

READ DELUGE STORAGE TEMPERATURES

READ(5¢5540) ((ARAY1O0(Ied) s Ixl94)eu=le2)
FORMAT (4E10,.0)

READ (545545) (ARAY11(1)el=194)

FORMAT (4E10,0)

CALCULATE AVERAGE OF CORE WATER INLET POSITIONS

T1 = 0,

DO 5550 J=1s2

DO 5550 I=l+4
T1=ARRAY6(1eJ)+T1
CONTINUE

T1=T1/8.
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CALCULATE AVERAGE CORE OQUTLET TEMPERATURE

T2 = T1 =« DTFC

o0 OO0

CALCULATE AVERAGE OF DELUGE INLET TEMPERATURES
75 = 0,

DO 5560 I = ls4

TS = ARRAYB(1) TS

5560 CONTINUE

T5 = T15/4.
c
(o CALCULATE AVERAGE OF DELUGE OUTLET TEMPERATURES
C

T3=0,

DO SSTO0 I=1,4

T32ARRAYG (1) ¢T3
5570 CONTINUE

T3 = T3/4,

c COMPUTE WATER FLOW RATESs GPM TO LB/HR

TA = (T1=32.,)/1,.8

TB = (T5-32.,)/1.8

TC = (T2-32.)/1,8

A = «3,1538 # 10,F~6
B a «5,7575 # 10.,E=5
C = 8,3462

WW1l = A#TA#B2.84#TAC
WW2 = A®TB#82+84TR+C
WW3 = A#TCa®2+BaTCeC
WMLP = 60.,%WW]l3WMLG

WHLP = 60 ,9WW3*WHLG

WDOLP = 60,9WW2%WDLG

COMPUTE HEAT INPUT AND OUTPUT

e NeNelel

Q0D = WOLP®#(T3-T5)
Q = 25600, = 1B7.,5 # (T1=TAIR)
HTIN = DTFH®WHLP+Q=-QD

WRITE(6+5030) WMLGIWHLGoWDLGsWMLP ¢ WHLP+WDLP

5030 FORMAT(22Xe'WATER FLOW RATE=192Xy *MAIN? 92X sFS,193Xe 'GPM?
1 6Xo *HEATERY 92X oF 8,1 94Xo 'GPM? 4 RX 9 *DELUGE Y 92XeF3,1e2Xe 'GPMY//
2 GOXKo'LOOPY 92X oFT 0ol XotLR/HRY ¢4 X9 'LOOP Y94 XosF6,002Xs
3 'LB/HR'46X9 'LOOP Y9 1XsFT.0//7/)

(of
WRITE(6¢5040) DTMVHeDTFHeHTINsDTMVCeDTFCsQN

5040 FORMAT{22Xs'HEATER IN/OUT DELTA T  19F4,392Xe MV,
1 CXoFS 21 XotFreollXetHEAT INPUT='92XoFT,0¢2Xs*BTU/HR?Y/
$ 22Xs'CORE IN/OUT DELTA Tre4Xs
2 Fl,3e2Xeo "MVt 92XeFS 201Xy 0F?
3 11X9 *CORE HEAT = *4,F7,0/7)
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OO0

aAaOn

(s NeNel (s Ne Kyl OO0

OO0

CALCULATE PARTIAL PRESSURE

A = 3,2437814

B = 5,86826%])0,E-4

C=1.1702379#10,E-9

D=2.18784624]10,E-4

T = (T1=32.)71.,84273.17

BETA=647,27=-T

PW = «(BETA/T®((A+B*BETA+C*BETA®#3)/(]1,0+D%BETA)))
PWl=]0aePwa2]8,167

SECOND PARTIAL PRESSURE

A = 3,2437814

R = 5,86826%]10.,E~=4

Cxl1,1702379#]10,E=9

N=x2,1878462%10,E~4

T = (T2=32.)/71.84273,17

BETA = 647,27=T

PW = «(BETA/T®((A+B*BETA+CoBETA#®]3)/(]1,0+4D#*BETA)))
PW2=]10%apWe218,167 '

THIRD PARTIAL PRESSURE

A 3.2437814

8 5.,86826%10,E-4

Ce1,1702379%10,E~-9

D=2,1878462410,E-4

T = (T3=32.)/1,84273.17

BETA = 647,27~T

PW = «~(BETA/T®*((A+B*BETA+C*BETA®®#3)/(],0+D#BETA)))
PWSl= 10u#apwa218,167

CALCULATE HUMIDITY RATIOS =- PRIMARY SIDE

w12
w22

0.,62198 # PWl/(P=PW])
0.62198 & PW2/(P=PW2)

CALCULATE ENTHALPIES == PRIMARY SIDE

H12 = 0,240%T)+W12#(1061.40,444%T])
H22 = 0.,2408T2+W228(1061.,40,6444%72)

CALCULATE HEAYT OUTPUT == PRIMARY SIDE

DTFC=DTMVC/.024
HTOUT=DTFC#*WMLP

WRITE IT ALL OUT

WUNYYrC s 2 Z2ARARDY
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6020

6030

6040

6050

6060

6080

6070

OO0

AOOOO

WRITE (6y6020)
FORMAT(10Xs*POSITION t )

(ARRAYG6(I192)s1=194) W12
Y94 (FSele2X) o *DEGREFS F ' 925X,

1 THUMIDITY RATIO(1)'e3XsFS.4 92Xe'LB/LBY//)

T2+H229+W22
POSITION « )

WRITE (6+6030)
FORMAT (4X9 'CORE
1 SXetT=

YoFSel e 12Xs "ENTHALPY ' 912XsFS5,1
2 s 'OUTLET Y9 /789X,y *HUMIDITY RATIO (1) 'e3XeF5,4

'928X9 'DEGREES F 'y
92X 'RTU/LBY /94X
v2Xe'LB/LBY//)

WRITE(6+6040) (ARRAYB(I)913144) sHTOUT

FORMAT (3X+ *DELUGE POSITION (

) "94(FS5.192X) s 'DEGREES F 925X,

1 THEAT OUTPUT 09 1XoeFT7e001Xe*BTU/HRY/3IX9VINLET//)
WRITE (6+6050) (ARRAYI(I)e1=144)9T3

FORMAT (3Xs *DELUGE POSITION (

) Y94 (FSe1le2X)

1 'NDEGREES F'oS5Xe'Tm?9F5,1/3Xs'QUTLET//)
WRITE(6+6060) ((ARAYLO0(IeJ)oImle4d)oJ=le2)

FORMAT (1X9s *DELUGE WEIGH TANK {
194 (F5,192X) s *DEGREES F1//)

11Xs *STORAGE AUX, TANK t )
WRITE (6+6080) (ARAY11(I)sI=194)
FORMAT (/ 1Xs*CORE STORAGE TANK
WRITE(6+6070) PB

FORMAT (1Xs *AIR PRESSURES='49/20Xy *BAROMETRIC

2 "IN, HG.')

ADDITIONAL CALCULATIONS

) '94(F5.142X) +'DEGREFS F¢/

( ) '94(FS.1+2X) 9 '*NDEGREES F /)

"FS.Z'

OVERALL HEAT TRANSFER COEFFICIENTS

AS = 974,14

OH1l = H12=~Hl

NH2 = H22-H2

DELH = (DH1=-DH2)/ALOG(DH1/DH2)
Vol = CA®HTIN/ (AS®DELH)

DUMMY = ABS (1= (HTIN/ (AMFR®DH1)}))
V02 a =AMFR®#CA/AS ®ALOG (DUMMY)
DUMMY = ARS(1=(H2<H1)/DH1)

VO3 = =AMFR#CA/AS®#ALOG (DUMMY)
RE = 0,0329%AMFR

DELUGE COEFFICIENT
HP = 21,180248 & wWMLG®#®0,8

AP = 39,74
APT=41,44
TT = 111.7

THK = 0,0041

X1 = AS/(HP®AP)

X2 = AS®THK/ (TT2APT)

HD = 1,0/ ((T1=T3)2AS/HTIN=X1=X2)
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C WET HEAT TRANSFER/ DRY HEAT TRANSFER
HA=21,8338 # DELTA®#0,4
X = 0,0442 # SQRT (HA®#22,06)
ETAF = =0,38 # X + 1,052
Y = 974,14 / (43,14 « ETAF ¢ 931,)
U = 140 /7 (Y/HA ¢ 0,0116)
RENO = 1862.5 # DELTA#%#0,6196
XNTU=]133,54%U/RENO
PHEE=] ,=EXP (=XNTU)
Q = PHEE®RENQ®#7,29#(T1=TAl)
XXX = HTIN/Q
WRITE (699999) VO1,V029VO3sHD

9999 FORMAT(SXs U0l =3 *9F5,2¢5Xs0U02 = *9F7,295Xy
1 1)03 = '9F5,295X9'HD = 1.F7,2)
WRITF (699898) REHP

9898 FORMAT (SX9'RE = *oFT,2¢5Xe?'HP = V,F7,2/)
WRITE(696666) DELTA

6666 FORMAT(SXe'CORE DELTA P = 1,F4,2y *IN, H20")
WRITE (6961234) XXX

61234 FORMAT ( SXs'QWET/QDRY = 'y F6,3)

C ADDITIONAL CALCULATIONS

XYZ=0,0008152

PHIH = (H2-H1)/ (H12~H1)

PHIM = (W2=W1l)/(W12=W1)

G= (H12=H1)/(T1=TAT)

GM= (W12-W1)/(T1=TAD)
RXI=XYZ#PHIH® (H12=H]1)/ (PHIM#* (W]12=-W1))
XN ==ALOG(ABS(1.=PHIH))

XNM =2=ALOG(ABS(1.,=PHIM)})

CALCUILATIONS OF MASS EVAPORATION AND MASS TRANSFER COFFFICIENT

OO0

DME = AMFR#{(W2=W])
SIGl = DME®#ALOG((W12=W1)/(W22=-W2))/ (AS#(W]12=W]=W22+W2))
SI1G2=AMFR#XNM/AS
HS = 0.168957#RE#*40,6456
7ET=1]1,6
HDX = HD/0,6
8000 CONTINUE

CALCULATE THEORETICAL VALUFS FOR HEAT TRANSFER

OO

HE = 14/ (14/HDX¢1,/(ZET#®#HS))
BX = 0,0442%SQRT (HE®22,06)
ETAFX==0,38%#BX+]1,052
ASX = (43,14+ETAFX493]1,0)/974,14
HDX1 = HD/ASX
IF (ABS ((HDX1~HDX) /HDX) (LE«0,0005) GO TO 8001
HDX= (HDX1eHDX) /2,
GO TO 8000
8001 CONTINUE
VOX 2 14/ (ZET®#(X1eX24),/HD)+1 4/ (HS#ASX))
XN2 = VOX®#AS/ (AMFR#®CA)
PHIHZ2 = ],=FXP(=XN2)
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C CALCULATE THEORETICAL VALUES FOR MASS TRANSFER

ZETM = RX] @ ZET

8002 CONTINUE
HEM = 14/ (14/HDXe1,/ (ZETM®HS) )
BXM = 0,04429SQRT (HEM®#22,06)
ETAFM = =0,38%BXM + 1,052
AMX = (43,14+ETAFM®93]1,0)/974,14
SIGI = 1./(CAR(ZETM®(X1¢X2¢)4/HD) ¢1 4/ (HS®*AMX)))
XNM2 = SIG3I®AS/AMFR
PHIMZ = ]1,=EXP(=XNM2)
ZETMX3ZET®#XYZ#PHIH2® (H12=H1)/ (PHIM2# (W12=W]))
IF (ABS((ZETMX=ZETM) /ZETMX) ,LE,0,0005) GO TO 8003
ZETM = ZETMX
GO TO 8002

8003 CONTINUE

C
C
c
C CALCULATE OUTLET AIR CONDITIONS
W2X = PHIM2# (W1l2-W1)e+Wl
C
H2X = PHIH2 # (H12«H])+Hl
TDB2 = (H2X~W2XP1061,)/(0.240¢W2X20.444)
c
c

WRITE(697000) PHIHsPHIMeGoGMeRX] 9 XNo XNM
7000 FORMAT('19¢SXe'PHIH 3 ?*9F6,395Xs'"PHIM m t9F6.395X9 GAMMA ='9F6,3
s #5Xe 'GAMMA M = ',F6,5
$ 15X e YRXI = v9F6,395Xe?" N 3 "9F6,3e5Xe'NM = t4F6,3/)
WRITE(697200) DME+SIGleSIG2+2ET
7200 FORMAT(SXs'MW = Y9F10,295Xs?SIG1 = ¢t
3 F6.295X9'SIGZ & ' 9FO,2¢5Xe*7ZETA B t9F6,3+5X/)
WRITE(697300) PHIH29XN29sVOX9ASX9PHIM2 ¢ XNM2
7300 FORMAT(SXe'PHIZ2 = 19F6,395Xs 'N2 = t4F6,3
] SXe'UOX & 19F6,395Xe*ASX = 1 4F6,495X,
1 TPHIMZ @ %9F6,395X9'NM2 = 1,F6,3/)
WRITE(6¢T7400)SIGIAsAMX s ZETMX g H2X s W2X e TDB2
7400 FORMAT(SXe'SIG3 B 1 9F6,295X9AMX u 9F6,495Xe'ZETAM =2 v,F6,301X//y
2 SXe'AIR ENTHALPY 2 = 1 4F6,2¢5X9'AIR HUMIDITY 2 = '9F6,5¢5Xs
K) YAIR DRY BULB 2 = 19F6,2¢5X/)
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THE FOLLOWING CALCULATES HDX AND TR TO MATCH HEAT TRANSFER
PATHS FROM INSIDE TO OUTSIDE SURFACES

s NeNeNal

TR=T3

89 CONTINUE

Ta(TR=32.,)/1,84273,17 .

RETAR647,27~T '

PW = =(BETA/T#((A+B*BETA+CoBETA®#3)/ (1,04DaBETA)))
PWSD=]00#PW®#218,167

WD=0,621984PWSD/ (P=PWSD)
HSD=0,2400TR+WN® (1061 ,40.4442TR)
ITa(H12=-HSD)/(CA®(T1=TR))

87 CONTINUE
HD21,/(14/(ZT®V02) =1,/ (HS#ASX®ZT)=X1=X2)
HDX=HD/ASX
IF (ABS ({ (HDX1=HDX) /HDX1) ,LE,0,0005) GO TO 88
HE21./(1,/HDX*1,/(ZT®HS))

BX = 0,04429SORT (HE®22,06)
ETAFX=«0,38%8Xe+]1,052

ASX = (43,14+ETAFX®93]1,0)/974,.14
HDX1=HDX

G0 To A7

88 CONT INUE
TRX=TR
TX2 (HTIN+QD) # (1 ,/HD+X14X2) /AS
TR=T1=TX
IF (ABS((TR=TRX)/TRX) ,GE,0,0005) GO TO 89
WRITE(6+7500) ASXyHDsZTsTReTX

7500 FORMAT(S5XsPASX ® #3F6,4//95XetHD = '"sF6,2//+5Xe'ZETA = 19F6.3//,

$ SXe'TR ® ' 4yF6,2//+5Xe TP = TR = V4F64,2///)

MASS TRANSFER PARAMETERS ARE CALCULATED USING TR AND HDX
CALCULATED ABOVE

AO0O0OO0

PPIH=1,=EXP (=V0O2%AS/ (CA®AMFR))
XYZ= (W12=WD)/ (H12=HSD)
RXI=XYZ2PPIH#® (H12«H]1)/ (PHIM® (W]12+W]))
ZTM=7TeRX1
7501 CONTINUE
HEM=1,7(14/HDX*1,/(ZTM#HS))
BXM=20,04428SQRT (HEM®#22,06)
ETAFM==0,38%RXMe],052
AMX=(43,14+ETAFM®293]1,) /974,14
SIGM=] ./ (CAB(ZTMa (X1 eX2e¢1lo/HD) @],/ (HS#AMX)))
XMM2aSIGMeAS/AMFR
PHIM=] (=EXP (=XMM)
ZTMX3ZTaXYZAPPIH® (H12=H1)/ (PHIM®? (W]12-W]))
IF (ABS ((ZTMX=ZTM) /ZTM) ,LLE.0,0005) GO TN 7%02
ZTMaZTMX
GO T0 7501
7502 CONTINUE
WRITE(697600) ZTMeAMX9SIGM
T600 FORMATI(SX9'ZETA M = "9F6,4//95SXetaAMX = t4F 6, 4//95X0'SIG M = '4F6,3/4'1")
% /et1Y)
1 CONT INUE
IF(ICONT ,NE, ICONTZ2) GO TO 25
£MD
BMAP L
IN DATRE.MAIN
8XQT
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AC
AMFR
AMX
ANDLP
AP
APT
AS
ASX
AV

BX
BXM
CA
DELH
DELTA
DH1

DH2

DME
DTFC
DTFH
DTMVC
DTMVH
EPI
EPIM
ETAF
ETAFM
ETAFX
H1

H2
H12

H22
HZX

GLOSSARY FOR DATA ANALYSIS PROGRAM
core frontal area, ft2
air mass flow rate, 1b/hr

reduced surface area for mass transfer, air side
annubar pressure drop, in. H20

reduced surface area, water side

reduced mean tube wall area

total surface area - airside, ft2
reduced surface area for heat transfer, air side
frontal air velocity, ft/s

(Biof Numbelr‘)]/2 for heat transfer

1/2 £

moist specific heat, Btu/1bm °F

(Biof number) or mass transfer
log mean enthalpy difference, Btu/1bm
core pressure drop, in. H20

total mass of water evaporated, 1b/hr
temperature drop across core, °F

temperature gain across heaters, °F
temperature drop across core, mV

temperature gain across heaters, mV

e, inlet enthalpy ratio

€n> inlet humidity ratio

experimental fin efficiency for heat transfer
predicted fin efficiency for mass transfer
predicted fin efficiency for heat transfer

iw] inlet air enthalpy, Btu/1bm
iwz outlet air enthalpy, Btu/1bm
16] saturated air enthalpy at inlet water temperature, Btu/1bm

162 saturated air enthalpy at outlet water temperature, Btu/1bm
predicted air outlet enthalpy, Btu/1bm
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HA

HD
HDX
HDX1
HE
HEM

HP

HS
HS1
HS2
HTIN
HTOUT
HTOUT

P1
PHEE
PHIN
PHIZ
PHIH
PHIHZ2
PHIM
PHIMZ
PW1

PW1
PW2

PW2
PWS1

PWS1
PWS2

QD

air side surface heat §ransfer coefficient at same pressure
as wet test, Btu/hr ft~ °F

deluge coefficient, Btu/hr ft° °F
apparent surface heat transfer coefficient, Btu/hr ft2 °F

predicted apparent surface heat transfer coefficient, Btu/hr ft2 °F

2 of
effective surface heat transfer coefficient for mass transfer,
Btu/hr ft2 °F

primary side heat transfer coefficient, Btu/hr ft2 °F

surface heat transfer coefficient, air side, Btu/hr ft2 °F
saturation air enthalpy at inlet, Btu/1bm

saturation air enthalpy at outlet, Btu/1bm

total heat transferred from water to air, Btu/hr

effective surface heat transfer coefficient, Btu/hr ft

heat lost from core water, Btu/hr

heat gain in air, Btu/hr

barometric pressure, in. Hg., atm.
barometric pressure, psf

heat exchanger effectiveness

relative humidity, air inlet

relative humidity, air outlet
experimental heat transfer effectiveness
predicted heat transfer effectiveness
experimental mass transfer effectiveness
predicted mass transfer effectiveness
partial pressure at Tm]

saturation pressure at Tp]
partial pressure at T002

saturation pressure at sz
saturation pressure at Tm]

saturation pressure at Td]

saturation pressure at T002
pump heat input, Btu/hr
deluge water heat input, Btu/hr

D.14



RE - Reynolds number

RENO - Reynolds number at same core pressure drop

RXI - ratio of Em to &

S1G1 - experimental mass transfer coefficient using log mean difference,
1b/hr

S1G2 - experimental mass transfer coefficient using effectiveness, 1b/hr

S1G3 - predicted mass transfer coefficient, 1b/hr

T1 - Tm] - air inlet temperature, °F

T1 - Tp] - core water inlet temperature, °F

T2 - T002 - air outlet temperature, °F

T2 ' - sz - core water outlet temperature, °F

- air inlet dew point temperature, °F
- deluge outlet temperature, °F

T4 - air outlet dew point temperature, °F
T5 - deluge inlet temperature, °F

TA Tp], core water inlet temperature, °C
TAI Tw], air inlet temperature, °F

TAIR - ambient room temperature, °F

B - deluge inlet temperature, °C

TC - core water outlet temperature, °C
TDB2 - predicted outlet air temperature, °F
THK - tube wall thickness, ft

TMEAT - measured relative humidity, inlet

TMEA2 - measured relative humidity, outlet

TT - tube wall thermal conductivity, Btu/hr ft °F

TVA1 - absolute inlet air temperature, °R

TVA2 - absolute outlet air temperature, °R

u - overall dry heat transfer coefficient, Btu/hr ft2 °F
VA1 - specific volume of air at inlet, ft3/1b

VA2 - specific volume of air at outlet, ft3/1b

Vo1 - overall wet heat transfer coefficient, Btu/hr ft2 °F
Vo2 - overall wet heat transfer coefficient, Btu/hr ft2 °F
Vo3 - overall wet heat transfer coefficient, Btu/hr ft2 °F
VOX - predicted overall wet heat transfer coefficient, Btu/hr ft2 °F
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W1
W12
W2
W22
W2X
WDLG
WDLP
WHLG
WHLP
WIO
WMLG
WMLP
WS1
WS2
W1
WW2
WW3

X1
X2
XN
XN2
XNM
XNM2
XNTU
XXX

ZET
ZETM
ZETMX

humidity ratio of inlet air, 1b/1b

humidity ratio of air at Tp], 1b/1b

humidity ratio of outlet air, 1b/1b

humidity ratio of air at sz, 1b/1b

predicted humidity ratio of outlet air, 1b/1b
flow rate of deluge water - gpm

flow rate of deluge water, 1b/hr

flow rate of heater loop water, gpm

flow rate of heater loop water, 1b/hr

average humidity ratio of air, 1b/1b

flow rate of main loop water, gpm

flow rate of main loop water - 1b/hr

humidity ratio of saturated inlet air, 1b/1b
humidity ratio of saturated outlet air, 1b/1b
weight of water at Tp], 1b/gal

weight of water at Td]’ 1b/gal

weight of water at sz, 1b/gal

)1/2

thermal resistance of core water, hr ft2 °F/Btu
thermal resistance of tube wall, hr ft2 °F/Btu
experimental NTU for heat transfer

(Biof number , experimental

experimental NTU for mass transfer
predicted NTU for heat transfer
predicted NTU for mass transfer
experimental NTU for dry heat transfer
Q wet/Q dry

fin effectiveness ratio

£

&

predicted gm
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APPENDIX E

DEVELOPMENT OF HEAT EXCHANGER PERFORMANCE AS
A FUNCTION OF FAN POWER

The equations for the rate of heat transfer and fan power are

Q= ¢GoAfcaATi (E-1)
2. 3
= féfx_fg_.K + fﬁ§> (E-2)
P ch oAf

An expression for Gy as a function of fan power is obtained by using the
following assumptions

S
K<< (E"3)
oAf
e (E-4)
F = 1\ 1000 )
DG
R = _£_0 (E'S)
e ]
Ag = sAcl (E-6)

The expression for Gy is then

(14m) 1 (5=)
_ P/ 500 gQU Dh " 3-m (E_7)
Gy \oLALv2f J\1000 &

LAfV fr
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The following substitutions and assumptions may then be used to
develop an expression for Q/AT; as a function of fan power. For the
limiting case where

(T2 = Ty .
T, - Ti] (E-8)

(as in a condensor, or as in the WATA tests where hp is very high) the
effectiveness may be given by

- -N
6=1-¢e (E-9)

where N is defined by

‘- Ughs _ 4U,L o)
6,0,.C,

maCa h

The Colburn factor is defined by

= % prf/3 (E-11)
where it is assumed that j, is of the form

[ re \T"
Ju T {7000 (E-12)

then Uy can be given by

n. (1-n)
_ -2/3. {1000 u) G (E-13)
U = C.Pr jl——] o
0 a r( Dh )

Using Equation E-13 for Uy, Equation E-9 and Equations E-9 and E-10 for
¢, Equation E-1 may be given as follows,
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41 -n
Q= AfGOCaATi{] - exp[‘<LﬁV2;;><]ogg u>(]+“)G ]} (E-14)

Combining Equation E-14 with Equation E-7 for Gg then gives
1 -n
E;E%Tﬂ"z C]P (3-m) {1 - exp [—CZP(3-m) ]} (E-15)

where the constants C; and C» are defined as follows:

1000 ug, [ D 14mq1/(3-m)
¢y = o 7 | 7000 & (E-16)
20LAfV fr
.- 4J LPr~ ]000 " 1+n (E-17)
2 TR \ D,

The expression for the effectiveness - Ntu relation for crossflow with
both fluids unmixed involves an infinite series for which graphs are avail-
able. The expression for counterfiow yield values of ¢ that are less than
ten percent low for values of Ntu < 5. This expression is:

B\
1 - exp [—Ntu ( - §ﬁ>
- a
¢ = B a1 for 8, <&, (E-18)
1 - — exp |-Ntu -
Ba B3

The resulting expression for Q as a function of P is:

-n/(3-m)(] ) 1/(3—m))

1/(3-m) '
0 C]P /( {1 - exp - C2P 3

- (E-19)
- - /(3-
ATicaAf 1 - C3P1/(3 m)exp{c p -n/(3- m)[] ] m)]}

where C3 is defined by
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C

I i
G374 (E-20)
pp

This is identical with the use of the log mean temperature difference
as the driving force for heat transfer. For crossflow heat exchangers,
this, together with the crossflow correction factor Fy can be used to
characterize the type of heat exchangers of interest here. Thus
Q/TiCaAf can be calculated by including F; in the expression for
Cos i.e.:

-n . -2/3
C] 4FTJrLPr 1000 1w 1+n (E-21)
C, =|—
2 o 1000 u Dh

This requires an iterative procedure of: (1) assuming a value for Fr,
(2) verifying this value following the calculation of Q and the resultant
temperature rise of stream representing Cpin, and (3) repeating the
calculation as necessary.
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