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Preface

This stucy represents the first attempt to measure data
with a new piece of equipment. Because of this, the design

of the apparatus and the experimental procedure used have

been discussed at length.
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and assistance throughout the course of my work. I am also
i indebted to Mr. John Flahive, my laboratory assistant, for

T his efforts in constructing the experimental apparatus. My

deepest appreciation to Dr. Ian Finlay, of the National En-

i . gineering Laboratory, Glaszow, Scotland for suggesting the
“f (:> problem while assigned to the Thermo-Mechanical Branch of
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the Aerospace Research Laboratory at Wright-Patterson Air
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B Force Base, Ohio. A special thank you, to my wife, for her
A

E b encouragerent and for typing the thesis.

|

;fé Raymond A. Carpenter

1

|

i

4

3 ;

ks L




GNE/PH/T72-2

Contents

Page

Preface . . . . . . . . . L] . . . . . . . . . . L] . ii

List of Figures . .« « ¢ ¢ ¢« v ¢ v ¢ ¢ o ¢« ¢« o o o @ v
List of Tables . ¢ ¢ ¢« v o ¢ ¢ ¢ ¢ ¢« ¢ ¢ o « « o @ vi
List of Symbols .« « ¢ ¢ ¢+ ¢ ¢« ¢ ¢ o o o« o o « o« + o« vii
Abstract. « « . ¢« . oo 0 0 o 0L S X
I Introduction . ... . « . ¢« ¢ ¢ ¢« o . 1
Background . . ¢« + ¢ ¢ ¢ 4 e o s 0 s e 4 e e 2
PUPYPOSE. « « o ¢ « o o o« s o o o o o o o o b

SCOPE. ¢« ¢ v ¢ o o o o o o o o e et e e e b

IT Apparatus .« ¢ ¢« v ¢ 4 v e 0 v e v e e e e e s 5
5

Tube Bank 1 . . . . « ¢« ¢« ¢« ¢ ¢ o o
Spray-Tube Design .

Tube Bank 2 . . . . « o . . e 11
Air Supply v e e e e e . . N 11
Water SUPPLY v v ¢ v v ¢ 4« o o o o o 0 0 e . 14 -
Calibration . . . « . + ¢ o« o « o & . . 15
Thermocouples . . . v e e s e N 15
Strip Chart Recorders . . e 17
Rotameters . . . . . . B T 17

III TheOrY « « « o« o o o o o o o o o« o o o o o o o 18

IV  Experimental Procedure and Data Reduction . . 25

Local Heat Transfer Coefficients . . . . . . 25
Overall Heat Transfer Coefficients . . . . . 28

Data Reduction . . e e e e e e e e e e e 30
Air Mass Flow Rate e e e e e e e e e e e 30
Tubeside Mass Flow Rate . . . 30

Local Heat and Mass Transfer Coefficients. 31
Total Heat Transfer Coefficients . . . . . 32
Amplification Factor . . . e e 33
Overall Heat Transfer Coefficients « e e 34

V Results arld DiSCU.SSion . . . . . . . . . . . . 38

Overall Heat Transfer Coefficients . . . . . uy
Q:) Total Heat Transfer Coefficients . . . . . . by

o M wrema, o




Y s dfahen NS e N e e - PR = TE - an

N & 39
- T

i

GNE/PH/72-2
e . o

§ Contents Continued

Page

B 4
DS A P TR R e

(o)

VI Conclusions . « « « + & « &
-

e

i

Erenpr g
SR Y e b LS S L

P

VII Recommendations for Further Study

T
T F T

Bibliography . . « . « ¢« « «

TRATA St FRTHY

: Appendix I . ¢ o ¢ v ¢ v o v et v e e e e e e e 53

Experimental Results in Tabular Form 53

£, - .
ek R s RS

Vita . L] L] . L] . L] . L] . . L] . L] . L] L] L] * L] L] . . 60

G e LT L ot




2 S 2
o W WA & >

™ T o
AR e Ty " LTSRN A
- TRty At £

—re

YRS R
O MO S iy < -

et s 20

GNE/PH/T2-2

Figure

W 0 N O

10
11
12
13

14

List of Figures

" Schematic of Test Apparatus. . . .

" Thermocouple Instrumentation- . .

Tube Bank 1
Spray-Tube Construction . , . .
Water Heating and Supply System .

Thermocouple Instrumentation-
Tube Bank 2

Heat Exchanger Instrumentation -
Bank 2 Manifolds . . . . . . . . .

Resistance Analog to Heat Transfer

140°F Survey Test Results. . . .
150°F Survey Test Results. .
160°F Survey Test Results. . . . .

Constant Air Mass Flow Rate Heat .
Transfer Coefficients

Triangular Tube Bank . . . . . . .

.

. 10

. 43

12

13
. 16

+ 19
" Parameter Variation Within Tube Segmené(dx)aa

39

4o
b3

48




PO )
.

e S G
-

e e S AN
e

s o -

5‘?5 T o M A0, NI AT W % s e~ o

Nt me e enemn e = PO iAo~ - .. ‘..

I H

GNE/PH/72-2 : .
= ' List of Tables

Table C : ’ ' i Page

1 ' Survey Test Parameter Range . . . . . . . 54

2 " Constant Air Mass Flow Rate Test. . . . . 55

Parameter Range :

3 ' Local Coefficients for Survey Tests . . . 56

! Leceal Coefficients for Constant Air . . . 57

Mass Flow Rate

5 Overall Heat Transfer Coefficient . . . . 58
Components ’
‘ .
b . Total Heat Transfer Coefficients and. . . 59

Amplification Factors




GNE/PH/T72-2

List of Symbols

Symbol Definition Units

A . Shellside heat transfer ft2
area

t’// .

AF Heat transfer amplification dimensionless
factor

Aot Total heat transfer area £t

B Local evaporative mass Btu/hr-ft2-°F
transfer coefficient

Ca Air heat capacity Btu/lbm-°F

C, Wat2r heat capacity Btu/1bm-°F

Cy Water vapor heat capacity Btu/1bm-°F

HA, Air enthalpy at state J Btu/1bm

Hy . Convective heat transfer Btu/hr-ft2-°oF

coefficient between air
and tube wall

HL Effective convective heat Btu/hr—f32-°F
transfer coefficient across
shellside liquid

HLA Local coefficient between Btu/hr—ft2~°F
alr and shellside flow

HLT Convective heat transfer Btu/hr—ft2~°F
coefficient between tube-
side flow and tube wall

H Convective heat transfer Btu/hr—ft2-°F
coefficient between tube
wall and shellside flow

Hoop Total heat transfer coef- Btu/hr-£t2-°F
ficient based on total heat
transferred, total area,
and total average temperature
difference

Hw Effective convective heat Btu/hr-ft2-°F
transfer coefficient across
tube wall

At O]



" A St A A A e cosmrrscn e n e

2
A4
i
3
Q‘

s X

et

<
3

4

GNE/PH/T72-2

Symbol

Nu

oD
PB
Pr
PST

PV

ReL

List of Symbols Continued

Cefinition

Tube inner diemeter

Air thermal conductivity

Water thermal conductivity

Wall thermal conductivity

Length of shellszide heat.
transfer area

Water latent heat of
vaporization

Nusselt number based on
local convective heat
transfer coefficient and
tube diameter

Tube outer diameter
Barometric pressure
Prandtl number

Water vapor saturation
pressure

Partial pressure of
water vapor

Heat flux across ith
resistance

Total heat flow rate
across heat exchanger

Air Reynolds number
based on minimum flow
area within tube bank
and tube outer diameter

Shellside water Reynolds
nunber based on tube
outer diamrter

Units

£t
Btu/hr-ft°-oF
Btu/hr-ft2-°F
Btu/hr-rt°-°F
£t

Btu/1lbm

dimensionless

ft
psia
dimensionless

psi
psi
, 2
Btu/hr-ft

Btu/hr

dimensionless

dimensionless




g | GNE/PH/72-2

Symbol

Y

,\

*g ReT
#

3 Ry
3 ry
A8 r

o °
G

R Piy
o row
: _'

A Sc
-5 ‘

g (:) Sh
o

) t

'». A

é AT
3 ave
b

b

%

b To
r

t

-y AToverall
p: we
WL
3

z" wT
23 (:)

k]

g

List of Symbols Continued

Definition

Tubeside water Reynolds
number based on tube
inner diameter

Heat transfer resistance
across ith resistance

Tube inner radius

Tube outer radius

Tube outer radius
Radius from tube center
to outer surface of
shellside flow

Schmidt number

Scherwood number

Air dry bulb
temperature

Overall temperature
difference between
average air and average
tubeside temperatures

Initial tubeside
temperature

Overall temperature
difference between tube-
side flow and spray
Alr mass flow rate

Evaporative mass flow
rate

Spray-water mass flow
rate

Tubeside mass flow rate

Units

dimensionless

£t2-°F-hr/Btu

ft
ft
ft
ft

dimensionless
dimensionless

°F

°F

op
o
1bm/hr
lbm/hr
lbm/hr

lbm/hr




3
{
:
A
3
3
ey
»
. @

St ild

NPT
PRk A

-2, S
RS T et

wovd

[

o L ek ———

O

GNE/PH/T2-2
Abstract

Local hezt and mass transfer coef’icients were deter-
mined for a range of mass flux ratios and spray-water in-
jection temperatures which included

0.060 to 0.167 at 125°F

0.069 to 0.250 at 140°F

0.058 to'0.253 at 150°F

6.060 to 0.203 at 160°F
The air Reynolds numbers during these tests were in the
range 20,000 to 25,000. These Reynolds numbers were based
on the minimum flow area within the tube bank and the tube
outer diameter.

An éverage overall heat transfer coefficient of 13.88
Btu/hr-°P~ft2 was determined at a tubeside mass flow rate
of 5491 lbm/hr and initial tubeside temperatures of 125°ﬁ
and 140°F. The components of the overall heat transfer
coefficient are reported for each case investigated.

A total heat iransfer coefficient and heat transfer
amplification factor are defined and reported as functions
of mass flux ratio. The maximum amplification factor was
6.62 at an air Reynolds number of 20,200 and mass flux

ratio of 0.17.
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HEAT TRANSFER COEFFICIENTS
FOR TWO-PHASE (WATER/AIR)
H
FLOW OVER A TUBE BANK .

I. Introduction ’

Spray-flow may be defined as that flow situgtipn
which exists when a rapidly flowing gas entrains and
carries with it dispersed liquid droplets. In'any tube
bank, spray-flow exists only over' the first few rows cfi
tubes. Fiom that point on the bwo-phese fiow=becomes
nonuniform in character, the liquid flowing in sheets‘
or slugs as compared to droplets. The droplet model is,
however, the most readily described from a theoretical
standpoint and will be used throughoht the study

The theoretical description of air/water spray-
flow heat transger is a more complicated task than that
encountered in single*phase.heat’transfer. With spray-
flow, a water film forms on heat transfer surfaces and

1

convective heat and mass transfer takes piace‘betmeen
the liquid film and the two-phase free stream flow. In
order to compute, the overall resistance to heat transfer,
for a specific situation, as in spray- flow through a
heated tube bank, both an evaporative mass transfer
coefficient and the following heat 'transfer coefficients

must be known:

1. The convective Prat transfer coefficient

1
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' between the fiow within the'tubes (the tubeside flow)

! and the tube nall, Hipe

' 2. Thernal conductiv1ty across the tube wall Ky- o

3. The convective heat transfer coefflclent be-

',

tween the outer tube surface and the liquid film flow—
ing on that surface (the shellside flow), HTL
H. Thernal cdnductivity across ‘the shellside liquid
' f£ilm, Kj,.. ' !

! ! :
5. The convective heat transfer coefficient be-
, .

' tween thé surfaée liquid and the free istream two-phase
v | I. !

flow, Hyp.

| If’th? liquid film whichlcovsrs the'tubss of éhe
heat exchanger'is assumed to be thin hndlwell mixed
fhere'will-Be no temperature gradiepts within the film.

' The heat transfer resistance across this film may' then
belneglected. ' The film can|belconsideréd a separate
source of thermal energy and only two resistanqes to
heat transfer neéd he considersd; an sverall resistance

I

composed of the sum of the first three components, and

the local resistance contributed by the fifth component.

2 Background \ ' . '

Interest in spray-fiow ' ¢ tradsfer'was first
generated some ten years ag0 as a result 6f”an=investi-
gation by Elperin (Ref. 4), Elperin reported increased

heaq transfer over a tube bank when water sSpray was
|
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introduced into the cooling alr stream. The increases
reported were as much as 30 times the heat transfer
normally available with single-phase air heat exchangers,
and the pressure losses through the heat exchanger were
not significantly greater in two-phase flow as compared
to single-phase gas flow. Unfortunately, the data re-
ported were not complete.

Since that time a number of investigations have
béen carried out to more clearly define and delineate

1e mechanisms involved in spray-flow heat transfer.
Acrivos, et al,(Ref. 1) proposed four different models
of a spray-flow system and carried out comparative an-
alytical and experimental analysis of each model.
Hoelscher (Ref. 8) extended the work of Acrivos and
measured the variation of the overall heat transfer co-
efficient with angular position around a circular cy-
linder. Takahara (Ref. 14) extended Hoelscher's work
and as pointed out by Hodgson, et al,(Ref. 7) more care-
fully established the temperature difference (and heat
transfer coefficieﬁt) between the cylinder wall and the
free stream flow.

Finlay, et al, (Ref. 5) performed experiments to
measure the overali heat transfer coefficients for air/
water spray-flows in a tube bank. He utilized an energy
balance to develop a set of differential equations which

were used to predict the performance of spray-flow heat

- e s m——
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exchangers. He did not, however, measure the local heat
and mass transfer coefficlents but was forced by the lack

of experimental data to assume values for theée coefficients.

_Purpose
Finlay (Ref. 6) proposed a method of experimentally

determining the local convective heat and mass transfer
coefficients as well as the overall heat transfer co-
efficients. The purpose of this study was to use the
proposed method to determine experimentally these co-
efficients and the corresponding overall heat transfer

coefficients.

Scope

The ijectives of this study included the following:

1. To complete the design and construction of a .
spray-flow heat exchanger as proposed by Finlay (Ref. 6).

2. To determine local heat and mass transfer
coefficients within ranges of spray-water/air mass flux
ratios from 0.05 to 0.15, and spray-water injection
temperatures from 125°F to 160°F.

3. To determine overall heat transfer coefficients
between the tubeside flow and shellside flow.

i, To determine total heat transfer coefficients

which include the local heat and mass transfer coefficients.

h
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IT. Apparatus

A major part of the effort of this study was devoted
to the final design and construction of a test device

which would permit an in depth investigat.on of spray-flow

heat transfer. The basic design followed was initiated by

Finlay (Ref. 6) for the Aerospace Research Laboratory (ARL).

A schematic diagram of the apparatus is shown in Figure 1.
The heat exchanger contained two banks of tubes. Each

bank consisted of 70 1/4 inch 0.D. copper tubes, arranged

in a 1.5x0.D. equilateral pitching, with 10 rows of tubes,

7 tubes per row.

Tube Bank 1

Tube bank 1 (Figure 2) was an adiabatic bank used to
generate the spray-~flow and determine the local heat and
mass transfer coefficients. Nine of the tubes in Bank 1

contained copper-constantan thermocouples located at the

forward stagnation point. ‘‘hese were mounted flush with

the outer tube surface and insulated from the tube wall.
This configuration was used to insure that the thermo-
couples measured only the temperature of the shellside
liquid. Three additional tubes at the bottom of Bank 1
were instrumented with thermocouples. These were U-~shaped
catcher tubes which were exposed to the exit two-phase

spray and were expected to read the adiabatic saturation

temperature.
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Spray-Tube Design

The first tube row in tube bank 1 contained seven
spray tubes. The design of these tubes is shown in
Figure 3. The spray-water mass flow rate in each spray
tube was monitorgd and controlled through a bank of
seven Brooks Full-View Rotameters, shown in Figure U4,

The spray-tubes were constructed.of heavy-wall,
half-hard, brass tubing. Each tube was 18 inches long
and 0.250C inches in diameter. A six inch section of
each tube was milled down to 0.225 inches and a 6 X
0.020 X 0.027 inch rectangular groove cut into the
tube wall within the milled section. Evenly spaced
holes 0.031 inches in diaméter were.then drilled through
the tube wall within the groove. The entire milled
section was then covered with a closely woven Nylon
cloth of uniform porosity.

Water flowing in the spray-tubes was forced into
small holes in the tube wall, through the Nylon cloth,
and was entrained in the air stream. This process is
shown in Figure 3 by arrows. This method of water in-
Jection was used since it allowed for the measurement
of spray-water input temperatures and was designed to
create a more uniform distribution of spray liquid with-
in the tube bank than could have been achieved with spray-

nozzles. However, the design of the tube banl made it

LR oS
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' impossible to verify, by direct observetion, that the

spray was uniform within the tube bank.
Tube Bank 2

Bank 2 was heated by a tubeside flow of water
which was assumed to be turbulent. The water flowing
in bank 2 was cooled by the air/water spray emerging
from bank 1. Twenty tubes in bank 2 were instrumented
with thermocouples. These were located at inlet to
the tubes immediately following the 180° bend, which
also proéided a slight deacceleration of the fluid,
shown in Figure 5. 1In this configuration, the tube-
side flow was subjected to a strong mixing action. The
upper section of bank 1 and the lower section of bank
2 were supplied with acc:ss holes to permit the mea-
surement of pressure within the banks and the air wet-
and dry-bulb temperatures. The thermocouple installa-

tlons of tube bank 1 and 2 are shown in Figure 6.

Air Supply

Air was supplied to the heat exchanger from the
laboratory supply. The air was delivered through a 3
inch 0.D. line, passed through a 1 inch bore orifice
meter fitted with flange taps, and controlled by a large
valve. The heat exchanger was connected to the air line

through an aluminum diffuser. This diffuser was

11
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instrumented with a thermocouple to monitor the air
input temperature. An identical arrangement at the
outlet direcéed the water/air spray into a centrifugal
separator: The separator exhausted air to the atmos-

phere and was periocdically pumped to return water to

the heating system.

Water Supply

Two large open tanks were employed in the water
supply system. A lower tank (tank 1) contained coiu.s
of copper tubing through which steam at 100 psi was
fed to heat the water. The upper tank (tank 2) con-
tained a heat sensing element as part of a Powers
Series 200. Temperature Controller which was used to
control the steam flow through a pneumatic valve.

The water supply system incorporated three TEEL
Close~Coupled Centrifugal Pumps. These were used to
circulate heated water through the storage tanks
{Pump A), to pump heated feedwater to the spray-tube
and bank 2 inlet manifelds (Pump B), and to periodi-
cally drain the centrifugal separator into tank 1
(Pump C).

Feedwater for both the spray-{tubes and the tube~
side flow of bank 2 was obtained from the upper tank.
A valve arrangement allowed the water from this single

tank to be pumped to the inlet manifolds for either

14
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the spray-tub2s or bank 2 or both. ' Each tube ig bénk

g Turied
61?.\;

' |
: 2 was provided with manometer taps to provide pressure

measurements which could be used to mcasure the flow

et e
PR S vt

2oy
A
PR

into and out of the tube bank{’shown ir Figure 7. In
% ; .~ addition, each tube was provided with a valve to re-
gulate the tubeside flow ané insure eanl flowrétes in
each tube. The cooled tubeside flow wis collected in

a return manifold and passed into “tank 1 for reTheating.

' Spray water was collected in a centrifugal separator and

periodically returned to tank 1. Figure 7 shows the:

i feed and return manifolds for bank 2. .

ks .

A

3 Calibration R IR .
.;f ¢ ’ i

ﬁ - §:> Thermocouples. The thermocouples were prepared

i

by the AFIT shops from the same spoof of copper and

constantan wire. Ten of these were tested at the Uni-

o e e Ay e

3 versity of Minnesova Department of Mechanical Engineer-
’i i ing. For average temperatures of 88.656° C and 99.2555 C
? é the individual thermocouple voltages, measur;d with a

f§ ; Wenner potentiametér, Qere'within one microvolt of the

‘i ‘ average sample. The average voltages for both tempgr—

5‘ : atures were found to be 0.55% higher than the values ;n

the National Bureau of Standards publiéétion No. 590.
| The other thermocouples used were assuned to exhibit

. the same characteristics és the‘thérmocouples tested.
|
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Strip Chart Recorders. The thermocouple voltages

were recorded on Honeywell Electronik 16 Multipoint
Strip Chart Recorders. These were calibrated in Mil-
livolts before each test run with a Honeywell potentio-
meter. If-thermocouple output exceeded the selected
millivolt range during any specific test, the recorders
were recalibrated over a range sufficient to include

all data.

Rotameters. The rotameters were designed to mea-
sure flow rates for fluids of specific gravity = 1. In
the temperature range of interest (125° F to 16C° F)
water has specific gravity of 0.9871 to 0.9718. The
meters were tested at a fluid temperature of 140° F
and meter settings found which would correctly measure
flow rates of 20, 30, 40, 50, and 60 lbm/hr. This group
was later expanded to include 27.22 and 33.63 1lbm/hr.
Calculations showed that over the temperature range of
Interest these same settings could be used with less

than 2% error.

17
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III. Theog&

When a two~phase nixture flows through a heated
tubebank, thermal energy is transferred from the tube-
side flow; through the tubewall, and causes conductive
heating of the shellside liquid. Convective heat
transfer then occurs between the shellslide liquid and
the free-stream air.

By employing the electrical analég of heat trans-~
fer, (Ref. 9) five components of resistance may be
defined across (T0 - tA), the temperature gradient
between the tubeside bulk temperature and the air
dry-bulb temperature. These five resistances are
diagrammeé.in Figure 8.

If steady-state heat transfer 1s assumed and evap-~
oration ignored, then the amocunt of heat transferred
across each resistance is equal to that transferred ac-

ross any other resistance. That is:

91 =4, =43 =Qqy =095 = q (3-1)
where
q, = h 27 ry1(Ty - 7)) (3-2)
a, = Ky2m 1(T5 - T3) (3-3)
2 T NS /r1)3
a3 = hy 27 v 2(Tg - Ty) (3-4)
a = KL2 nl (T - TS) (3-5)

ln(r’ow/ iwj

18
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% ) a5 = hLAznrowl(TS - T¢) (3-6)
é t
v% Furthermore, t¢quations may be written defining the heat

S

K flux per unit area based on the tube outer diameter.

3 Ql =q = QngﬂPil(Tl - Tpl_ = HLW(TI - T2) (3-7)
: A 2nr 1

3 °
s ! Qo = g, = K21 1(T5 = T2) = Hy(T, - T,) (3-7)
5 2 w2nrol(1n(ro7ri)) e 3

S Qy = gz = hyr 210 1(T3 - Ty) = Hyp(T5 - Ty) (3-9)
; 3083 Tl ' WLET3 T A

5 Qy = gy = Kj2 1l (Ty = Ts) = H (T - Tg) (3-10)
¢ A 2 nrol(lnrow/riw)

3 Q- = q_ = hr ,2nr  1(Te = T.) = K., (T - Tg) (3-11)
3 5~ 25  —LAS—ow==5-—=62 " TLA'T5 T 76

: €:> A‘ 2nro 1

; These five equations may be solved simultaneously and

. combined into one overall equation:

. g = A Toverall (3-12)
: A 1+ 1 + T + 1 + 1

¢ Hpp By Hip, HE, Hra

\g where the denominator is the overall resistance to

=§ heat transfer and 1s equal to the reciprocal of the

3 overall heat transfer coefficient. If the assumption

E is now made that T, = Tg, that is, no temperature

ﬁ gradients exist within the shellside liquid, then Qu,

1; the heat flux across the shellside liquid, is zero.

:g Equations (3-7), (3-8), and (3-9) can be combined in

(:) an overall heat transfer ocfficient. This coefficient

20
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is given by:

<

0!
—— R Wy W

1= 1 + 1 + 1 (3-13)
. U By Hy o fpg
5 ‘ The convective heat transfer coefficient at the air/

water Iinterface, Hpp, then becomes a local heat transfer
;.’ coefficlent which can be determined separately from the
overall coefficient, U.
Convective heat transfer from thé hot shellside
liquid to the free-stream air results in an increase

in the air dry-bulb temperature and a corresponding

i o 0 A

decrease in the temperature of the shellside fluid.

oy TRV
=¥

Simultaneously, evaporative mass transfer from the

shellside'film to the air results in an increase of

$51
O

T AR

the partial pressure of water vapor in the air, a re-

oo
A=

J duction in the mass flow rate of the liquid phase, and
a further lowering of the liquid phase temperature.

v Hence, four parameters, the air dry-bulb temperature
(t4), the partial pressure of the water vapor (pV),
the spray water temperature (T), and the spray water
A mass flow rate (WL) change simultaneously with res-

e pect to the shellside area (A). The changes in these
; parameters, over a small section of the total area

for heat transfer is shown schematically in Figure

g7
-7
3 .

R M S
SRS LRI
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; //,t A e -—-ée A e --é'e
2 Wyl T-T SHELLSIDE  Wo4gW, | THsT
L FLOW Lt 2
/ TUBE /
?‘ 1
i NALL 4/
-'
é TUBESIDE FLOW AT TEMPERATURE T,
¢
9 Figure 9. Parameter Variation Within Tube Segment (dx)
? (:) The changes in these parameters can be described
pi by four simultaneous differential ecuations developed
% by Finlay, et al, (Ref. 5). Finlay assumed that each
? tube in the tube bank could be divided into N sections
% of width dx. Each such section was assumed to contain
i tubeside fluid at a single bulk temperature, To. The
%f shellside fluid was assumed well mixed and heat and
;‘ mass transfer was considered to take place only while
;2 the fluid was flowing on the tube surface. Further,
4? the heat and mass transfer coefficients at the air/
)
ﬁ water interface were assumed to be described by re-
L
f lations of the form:
Nu = f(Re®,Pr™) (3-14)
E: m
= f(ReM,8c™) (3-15)
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These relations were used to define an evaporative mass

transfer coe“ficient in terms of the neat transfer co-

efficient in the following manner:

For equal Reynolds numbers, the ratio of (3-14) to
- (3-15) 1is:

(/JIZ
fos of f 4
(/Ji'U
o

For air/water vapor system, Pr/Sc = 1

Hence:

But Nu = H

Sh

o |

t

(3-169)

(3-17)

(3-18)

(3-19)

Therefore, the mass transfer coefficient is related to

the convective heat transfer coefficient by:

g = Dp H
7P LA

The differential equations developed by Finiay are:

dt

i

WACA LA

dPV 3 (PR - PV)Z(PST-PV)
dA 0.622W, PB

daT

4ty = Hyp (T = £0)(1 + Cya(PST-PV)]

dA WLC

23

L WLCL WLCL

(3-20)

!

(3-21)
(3-22)

(3-23)
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1 |
4 |
g‘ '. . l H . ]
A ! ‘
f;; <:> awy, =:-B(PST-PV) (3-24)
A dA
e S50
& ,
‘é% When spray-fiow:occurs across an adiatatic tude bank,
E : (T - T) = 0 and the equations become:
2L // ‘ (o] :
G 1 l o o Lo
f ! a ; %%A‘= HLA(TW-CtAl[l + gvs(PsE-Pyl] (3-25)
f;:’ ‘ A¥A LA
: dpv = 8 (PB - PV)? (PST-PV) (3-26)
% ! da, 0.622wA PB
<3 . . .
2 1! 'dT =4 H (T - t,) -LB(PST-PV) (3-27)
- ax e vy e
i j 'LYL LYL
K i
E : o
| dW; = -B8(PST-PV) (3-28)
Ll O e .
B If the temperature history of the spray water across an
2. adlabatic bank is known; equations (3-25) ~ (3-28) can
i
i ! be.integrated numerically to yield yalues of HLA and 8.
& The overall "heat transfenr coefficients can be de-
; ; ! termined through the use of empirical relations for
i | '
% i ! 1 each of its component parts. Total heat transfer co-
§ % efficients are determined byxmacroscopic energy ba-
? ' lances over entrance and exit conditions. The cal-
% ‘ . : culational procedures used are .outlined in Chapter IV.
[ ,
T, ~ |
E QO ‘ .
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IV. Experimental Procedure

3 : and Data Reduction
3

Before measurement of heat transter data began, a

e g

ﬁ : ’,//series of initial tests of the experim2ntal apparatus
; were completed. During these tests the orifice plate
S pressure drops associated with selected air mass flow

N rates were determined. In addition to the air flow

T I G

tests, water was circulated through both the spray-

4 tubes and the tubes of bank 2. This was done to check
% for leaks in the system and to allow time for the ra-
? pid initial formation of scale to occur on the clean
,é : - tubes. Thermocouple connections were also tested and

.
P

the entire.system examined to detsrmine :f provisions

had been made for the collection of all necessary data.

——
N T i

Rid

247

Local Heat Transfer Coefficients

TS NP e

On the basis of experimental procedure, the tescs

-

to determine local heat and mass transfer coefficients
3 were divided into two categories.

1. A survey test sequence where the selected
spray-water mass flow rates were held constant and
2 air mass flow rates varied.
2. A constant air mass flow rate test sequence

, where the air mass flow rates were held constant and

-
20 Ak

spray-water mass flow rates varied.

T

25
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@ In the former series three spray-water injection temper-

B atures were used, in the latter, two temperatures. The

d parameter range used in each series are shown in Tables
g 1 and 2, Appendix I. The same basic experimental pro-
i cedure was used in each test.

% For any particular test run, the desired water tem-
e ;' perature was set on the Powers Series 200 Automatic Tem-
A 5 perature Control and Pump A started to circulate water
vhrough tanks 1 and 2. Water was hreated by the steam
colls in tank 1 and pumped into tank 2. This circulation

of water through the system was continued until the en-

1§‘ tire water storage system was at the desired temperature.
y While the water was being heated, air flow through
‘ ¢: ‘;) the heat exchanger was started at a level sufficient to
produce the predetermined air mass flow rate. Alr flow
k: : was continued for at least a half-hour to allow for the
%’ stabilization of the air wet- and dry-bulb temperatures.
/

§;' At this point the values of the air pressure upstrean

b from the orifice plate, the pressure drop across the

'5 1 orifice plate, the barometric pressure, ambient temper-
K ature, and air dry- and wet-bulb temperatures were re-
corded. The first five of these variables were used in
R an approximate cal~ulation of the air mass {low rate. If
; any great discrepancy (more than 10%) was involved be-
tween the desired value and the calculated value, ad-

Justment of the air mass flow rate was made. Throughout

26
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the course of the experiment any changes in the values
of these parameters were noted. The ailr dry-bulb tem-
perature was recorded continuously.

For the purpose of calculating a partial pressure
of water vapor (PV) in the air, however, the initial
air wet-and dry-bulb temperatures were assumed constant
throughout any specific series of tests. Once the air
flow had stabilized, these values were measured and used
to determine PV from a psychometric chart (Ref. 10 page
435). This procedure was dictated by the fact that once
spray had been introduced into the heat exchanger, vapor
pressure could no longer be determined accurately. The
access ports for the wet-and dry-bulb thermometers were
positioned near the spray-tubes and the thermometers
read spray-vwater temperatures.

With air flowing at the predetermined rate, water
was supplied to the spray-tube manifold which fed seven
individually monitored flow meters. These meters were
monitored continuously until thermal equilibrium between
the meters and the ﬁot liquid flowing within them was
achieved. This period, usually a half-hour., also al-
lowed time for the individual tubes of bank 1 to become
wetted with fluid. Throughout the course of the exper-
iment spray-water temperature was monitored at the flow

meters.

The Honeywell recorder was then calibrated in mil-

livolts with a Honeywell potentiometer. Data were then

27
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F (:} . recorded for a short period of time to determine if all

ST e 4

necessary thermocouples were operatirg properly, the

i e
SRS

reference junctions of the Chermocourles were maintained
L at 32° F.

o
RS
s

The two-phase flow was then allowed to stapnlilize,

e g VS
TR A MY

The temperature history of the sheslside fluid during

ety

its passage through the adiabatic bank was recorded at

random time intervals. Stabilizatiorr was considered

R T DR Py

to have occurred when visual comparison of the temper-

RALn g

ature profiles (temperature verses heat transfer area)

Q indicated similarity. At this point the recorder wrs

operated for an extended period. At the completion .

4 the final_observation, the necessary parameter changes

were made depending on the test sequence and the above

¢ ' procedure repeated.

Overall Heat Transfer Coefficients

PN

by

TR

Meas.rements necessary for the computation of

. ..
T T o

SRR

overall heat transfer coefficienvs were taken during

-
FEEsa

the constant air mass flow rate test sequence. During

these tests, heated water was pumped to the feed mani-

folds of both the spray-tubes and bank 2.

T S Ry
i et s A
k;‘" LR,

The spray
E developed in bank 1 was used to cool the tubes of bank
2. Thus, data on the temperature history of the spray-
water in bank 1 could be used to calculate local heat
j} and mass transfer coefficients, while data on the tem-

. perature profile of the bank 2 tubeside flow provided
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, information necessary for the e~'sulation of bverall
H .

; heat transfer coefficients.

3 ’ An additional datum for these t sus was the bank 2:
2 ’
: tubeside mass flow ~te, Wp. ...  oer taps had been’
2 ~“provided in the tubes of bank 2 to measure this vari-
J ' ’

able, but it was found that the manometers were un-

4 reliable. It was therefore decided to determine the
~£ tubeside mass flow rate by. an energy balance method
X

- applied to single-phase heat transfer data.
Heated water was pumped fthrough bank 2 and the

mass flow rate in each tube indicated, but not speci-

s gt i
o "
KT LA ] &

fied, by the height of fluid in the bank 2 manometers.

This level was held constant while heat transfer took

N i) \'i}; SRR

A

place betwéen the tubeside flow and air. Three tests
were made, one test at each of the aip mass flow rates

2 to be used in the constant air mass flow rate tests.

A

The input and output temperatures of air and tubeside

2 R ey oy
XA ok

fluid were recorded by thermocouples placed in the tube

¥
T s

5
x
B

banks and the bank 2 manifolds respectively. since the
air mass flow rate was kﬁown, the tubeside mass flow -
rate could be calculated.

During the:subsequent two-phase tests, the tubeside
flow was maintained at the known level determiried by the

single-phase tests. In most other respects, the same

' procedure as developed for the survey tests was fol-

5 lowed in the constant air mass flow rate tests. .It was

necessary, however, to employ two Honeywell recorders,

— gy s e
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" one for each thbé=bank, and eaéh of tnese calibrated .

. . as before. | ' L \

| )

\ Water temperature at spray-water injection and the

%‘ ) ' input and output temperatures of the tubeside flow were

-~ now measured by .thermocouples placed in the manifolds of

1 ] i !

bank 2. Since the same water source was used for both

e
RS

TR

the spray-tubes and the manifolds, measurihg the inpuq
¥

water temperature at the feed manifold for one system

25 At
R

33

dgtermiﬁed the input temperature for both. The rela-

focdid

tively large sizé of the manifolds, as compared to the

e

i

thermocouples, caused the water contained in the mani-
H

folds to' act as thermal resevvoirs. It was therefore

R R
% ("v g

necessary. to pass water through the manifolds for 'a j

time shfficient to allqw the entire system to reach

"input Water'temperature. This equilibrium condition :
' 1

was indicated by identical input, and output temperatures
. | v \

. e R e e f AT
Gien oy S

[l

'of tubeside fluid with no heat transfer present. This

SN

et

g | procedure compared roughly to the requirement of thermal
equilibrium which was imposed on the fluid meters during,

'éf. ‘ the survey tests. '

K, ' Data Reduction

Air Mass Flow Rate. The air mass flow rates were
ko | ! determined by standard methods outlined in Ref. 3, page
65. !

1

Tubeside Mass Flow Rate. The tubeside flow rate

was determined by conservation of energy: The air mass

30
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flow and the temperature changes of both the air and
tubeside flow were known. Hence conservation of energy

required that:

W,Cpdt, = WqCpaT (4-1)

hence Wp = WACAAtA/CLAT (4~2)
The tubeside mass flow rate was determined for each of
the air mass flow rates used in the constant air mass

flow rate tests and an average of the three values used

in subsequent computations.

Local Heat and Mass Transfer Coefficients. The

local heat and mass transfer coefficients were deter-
mined by iterative Runge-Kutta integration of equations
(3-25) thru (3-28). This was done with a couputer tech-
nique developed by Wright-Patterson Air Force Base Com-
puter Center and Finlay (Ref. 6). The input data re-
quired for the calculation included spray-water and

air mass flow rates, spray-water and air initial tem-
peratures, barometric pressure, and the initial partial
pressure of water vapor in the air. The spray-water
temperature at the position in the heat exchanger where
the coefficients were to be determined and the total
heat transfer area up to that point were used as bound-
ary conditions for the numerical integration. The equa-

tions were integrated wit' assumed values for HLA and 8
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‘:} " and the spray water temperature as a function of area

calculated up to the area of interest. At this point

g the calculat<d and measured values of spray-water tem-
g
perature were compared and if the per cent difference

between these quantities was greater than a predeter-

e o g pcseren
AR SIAE ARG

mined tolerance then the integration was repeated with

new values for HLA and B. In all cases reported, the

LERINEERN

local heat and mass transfer coefficients were compu-

o
o Ay

. oo e
T TR ¢ o hp Bng 158 K5

ted at the exit from bank 1. The values found are

shown in Tables 3 and 4, Appendix I.

& Total Heat Transfer Coefficients. A total heat

transfer coefficient which included the overall heat

(:} transfer coefficient (U), the local heat transfer

s W rd a2 £
R La
~

coefficiené (Hpp) and the local mass transfer coef-
ficient (B) was computed by considering an energy

. balance on the total spray-flow through the heat

Y exchanger. If evaporative losses of spray-water are
4 neglected and if the spray at exit from bank 2 is as-
3 sumed savurated, then a total energy balance over fhe

heat exchanger may be written as:

3 Total Energy In + Heat Added = Total Energy Out (U4-3)
; that is:

WpHAy + WLTiCp + Qpop = WyHAp + W TaCL (4-4)
or

éi Qpop = Wa(HAp = HA$) + W (Tp - Ty) Cp (4-5)
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g ) where

, - HA; = Air initial enthalvy at

.g ambient relative humidity

; HAp = Air final enthalpy assumed

? saturated at temperature

,g' Ty

% Ti = Spray-water injection temperature
% Tf = Spray-water final temperature at
ég exit from bank 2

‘f With the total heat added known, a total heat transfer
'; coefficient may be defined as:

, Hyor = @por/ArorTave - (-6
i O where

.2 Apop = Total heat transfer area of

ﬁi bank 2

‘ﬁ ATpyg = Temperature difference between

% the tubeside average temperature
,§ and the air average temperature
fé The total heat transfer coefficients are shown in Table
% 5, Appendix I.

§ Amplification Factor. The total heat added was
%2 also used to compute a two-phase amplification factor,
g (AF). This number represents the amplification which
? ' is achieved in the single-phase heat flux when water

(;) spray is introduced into an air stream. The single-
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9 ' phase tests used to determine the tubeside mass flow
rate also provided data needed to compute the heat trans-
ferred to the air. The ratio of the cwo-phase total
heat flux. to single-phase heat flux at the same air

/’/mass flow rates, determined the amplification factor.

Amplification factors are shown in Table 6, Appendix I.

Overall Heat Transfer Coefficients. The overall

heat transfer coefficient was given by (3-13) as:

= 1 + 14 1 (4-7)

Eckert, et al (Ref. 2) has reported that the convective
heat transfer coefficient between the tubeside flow and
the tube wall may be given by a relation of the form:

Hyp = CK RepPr(0.00037 + 0.00926(Re)™2269)  (4-8)
oD

where

Rem Tubeside Reynolds number based
on the tube lnner diameter

Pr = Tubeslide Prandtl number

KL Water Thermal Conductivity
OD = Tube outer diameter
C = Constant
The effective convective heat transfer coefficient
through the tube wall is based on Fourier's law and de-

fined as:

O, H, = KW/0D1n(0D/ID) (4-9)

34




S
J R e o

EE AL fm i D

AT

A

V.
.

4
s
&

. R

¢
2
)

e g i 2

TR s ey e

GNE/PH/72-2

The only component for the overall heat transfer
coefficient which remains undefined is the convective
heat transfer coefficient from the outer tube surface
to the shellside liquid, Hy . Observations of two-
phase flow indicated that after the first few rows of
tubes, the dispersed droplet flow became more aggregate.
Thus it was assumed that an empirical relation for con-
vective heat transfer coefficients from liquids to cy-
linders in cross flow could be used to approximate Hmp,.

Holman (Ref. 9, page 170) describes a relation of this

form as:

Hp, = K (0.35 + 0.56(Re)??2)pr0+3 (4-10)
oD

where

ReL = Shellside Reynolds number based
on tube outer diameter.

KL = Water thermal conductivity

OD = Tube Outer Diameter

Pr = ﬁater Prandtl number

The only remaining unknown in the relation for the

overall coefficient is the constant C in relation (4-8).
Finlay (Ref. 6) suggested that this term be determined
by linear regression applied to single-phase heat trans-
fer data. The overall coefficient for air alone is
given as:

1l = _1 ¢

USP H

1+ 1 (4-11)

1
v Hy  Ha

A
(2]

o ——
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¥ (:> In this situation, the convective heat transfer co-

f efficient between the tube and shellsicde fluld is re-

;3 placed by a convective coefficient betwzen the tube

2

% and air, HA. McAdams, (Ref. 11 page 272) has reported

§ that this coefficient is given as:

‘ S

.‘f i - -
p: HA B(Re,) KA/OD (4=-12)
E: where

Vﬁ B,S = Constants dependent on tube

,-!

K bank geometry

? ReA = Air Reynolds number based on

? velocity at the minimum flow

% area and tube outer diameter.

3 (;> : Ky = Air Thermal conductivity

4 OD = Tube outer diameter

% Equation (4-11) can be written in the form:

E

. 1 - 1 =1 + 1 (4-13)
. Usp Hy  Hpp Hp

f? From equasion (4-8) let

- -0.269 ,
: F = KLReTPr(O.OOO37 + 0.00926(Req) ) (4-14)
]

; then

1 - 1 =1 + 1 (4-15)
'. and

P21 - 1] = 1+ P o (4-16)
= O Usp My C  BlRep) Ky

% oD
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Equation (4-16) is of the formy = mx + b :
where
y=F[ 21 - 2]
Usp HwJ
x = FOD/(Re,)°K
A A j
m=1/C
b = 1/B

Usp was determined from single-phase data (Ugp =
Q/AAT) and values for x and y were found. These ordered
palrs were subjected to a least-squares fit and the

value of € determined. With the final constant known

(4-7) was solved to determine U.
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V. :Results and Discussion

Ti.- values for local heat transfer eoefficients ob-
tained dhring the survey tests are plotted against mass
flux ratio in Figures 10, 11, and 12. The scatter found
in these piots is due to the!superposition of data from

tests at different air mass flow rates. Initial attempts

rat compariéon bf;these data we.eé fruitless until the

data poiqts were grouped into d;ffereﬁt classes on the
basis of airtmass flow' rates. This was done in order

to eepafate the peints and determine the characteristics
of the plot. The group%ngs usedlin each case are shown
on the,appropriate figures. |

The data plot ef Figure 11 indicates a maximum value

for the local heat tranefer coefficient which occurs in

, the lower mass flux ratio range. As the mass flux ratio

increases, scatterinv’in the data points becomes more
evident This is believed due to instabilities in the
vWO phase flow pattern which are enhanced at higher mass
flux retios. As more water 1s injected, the tendency for
sp}ay-water to flew in :sheets or slugs of fluid increases.
This in turn introduces wide variations in the temperatures
sensedlby the thermocouples.

The dependencelof local heat transfer coefficients
on aié mass flow qates ard air Reynolds number is more

apparant 1n the data plots for constant air mass flow

rate tests at 190° F. <Th.:e data plots from this test

38
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Figure 10

140°F SURVEY TEST

RESULTS
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series are thown in Figure 13. The curves are similar,

with single maximum and minimum points indicated in each.
However, as the air Reynolds number increases, the values

of the maxima and minima increase also. This trend has

~~ been interpreted to imply a direct relationship between

alr Reynolds number and local heat transfer coefficient.
In addition to the upward shift in coefficient value,

however, the mass flux ratio at which the indicated max-

imum occurs is lowered. This implies that spray-flow

heat transfer is most efficient at high air mass flow
rates, where water droplets are more readily carried

along the air streamlines from tube to tube.

Comparison of the local heat transfer coefficients
determined ‘in both test sequences indicates that the
coefficients from the constant air mass flow rate tests

are generally higher than those of the survey test se-

quence. The reason for this increase is unknown, but

it may be that recirculation from bank 2 during the con-
stant air test contributed to the higher values found.

The values of the mass transfer coefficients are

tabulated in Tables 3 and ¥4, 4Appendix I. Since these

coefficients are related to the heat transfer coeffi-
cients by a constant, the variation in the mass transfer
coefficients with mass flux ratio and air Reynolds num-
ber are identical in form, if not value, to those ob~

served for the heat transfer coefficients.




s

TN
osslil 2/

‘:}ia ‘;o;:rg‘;:\; e . 'ﬁf

R A
S

SETE S

Ay

-
AR

S

L g e etk
Y R

e
3
o3
Bl
N
s
e
s »

LS

€

GNE/?PH/T2-2

ol |- Air Reynolds No. = 20,160

LA 22

Btu2
horrg 20

18

.09 .10 .11 .12 .13 .1h4 15 .16

Water/Air Mass Flux:Ratio wL/wA

Air Reynolds No.'= 21,750

26
24
Hyp

22
Btu2
hr9FFt “20
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Water/Air Mass Flux Ratio Wp/W,

1
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Air Reynolds No. = 24,520
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20 |—
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Figure 11 CONSTANT AIR MASS FLOW RATE
HEAT TRANI7PFR  COEFFICIENTS
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Overall Heat Transfer Coefficients '
1 ! ]

The values of the component terms in the overall
coefficients and the resultant overall coefficients are
tabulated in Table 5, Appendix I. Because of the ana-

X i
log used to compute the overall coefficients, the smal-

1

lest of the three components, the convective heat trans-
fer coefficient between the tubesidelflow and the tube-
wall, becomés the dominant term. This ceoefficient Iis

a funption of the tubeside mass flow, and is nearly con-

stant. Only variations in property‘values, which 'were

1

evaluated at the average tubeside températufe for each

test, influenced 'the value of this term. '

. The convective heat transfer coefficient between
the tube outer wall and the shellside flow is a function
of the shellside Reynolds number. Hence the coefficient

!

varies with' mass fiowrate. The wall conductive heat

_ transfer coefficient is conatant and very large as com-

pared to the other terms, and in the model used may be
neglected. Because of the dominance of the tubeside

| .
flow/wall coefficient, the overall heat transfer coef-

!
~ ficient was found to be nearly constant. The average

valué found‘was‘l3.88 Btu/hr-°F-1t2,

Total Heat Transfer Coefficients

The total heat transfer coefficient and the total
heat added are tabulated in Table 6, Appendix I. Any

4
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E: (:) maximums in the values of these quantities were not

apparant, and .these values simply increase as mass

flux ratio increases.
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VI. Conclusions

Sk
D

The experimental technique develoved for the con-
¥ stant air mass flow rate tests more clearly delineated

@ —f’/ﬁhe functional dependence between the 1local heat trans-
fer coefficients, mass flux ratios, and air Reynolds
. numbers. As the air Reynolds number iricreased, the mass

% flux ratio at which the local heat transfer coefficient

LSBT o -'»(

reached its maximum value decreased. From this result
it was concluded that spray-flow heat transfer was more

efficient at higher air mass flow rates, where the en-

£

trained water droplets were more readily carried from
tube to tube.

The overall heat transfler coefficients were found

to be nearly constant in value and primarily determined
by the convective heat transfer coefficient between the
tubeside flow and the tube wall. Since the overall co-
. efficient inciuded a factor determined by the convec-

tive heat transfer coefficient between the outer tube

'
RTINS T g .

wall and the shellside {low, some small variation in

the overall heat transfer coefficient resulted with

SA et
T

changing shellside Reynolds numbers. However, as a

result of the dominince of the tubeside coefficient, it
,? was concluded that the presence of spray-flow did not
significantly change the overall coefficient.

Unlike the local heat transfer coefflicient, the

total heat transfer ccefficlents did not display any

46
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identifiable dependence on mass flux ratio or air Rey-

nolds number. Therefore, no conclusions were reached

regarding any functional r2lationship between these

coefficients and other experimental parameters.
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VII. Recommendations for Further Study

The existing apparatus should be modified to allow
for observaticrn of the two-phase flow pattern. The mod-
ifications should include the installation of windows
or ports in the entrance diffuser to permit visual
observation of the spray injection across the heat
exchanger. The injection of spray wag assumed uni-
form in both the longitudinal and transverse directions
but this could not be confirmed.

Consideration should be given to constructing a
smaller tube bank to allow observation of the droplet
paths in their passage from tube to tube. Thils could
be done by-constructing a triangular tube bank as

shown in Figure 14.

Single Spray-Tube

1.5X0.D. Equilateral
Pitching

00O
OO0 OO
OO0OOO0O

Figure 14 TRIANGULAR TUBE BANK

48
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. Such a bank would incorporate the same 1.5X0.D. pitching

used before but would be limited to a single spray-tube
at the triangle apex. This would also 1limit operation
to lower mass flux ratios.

At the end of the test series, the spray-~tubes were
examined and found to be badly clogged with scale. It
is recommended that in future tests two sets of spray-
tubes be used, and that these be rota@ed and cleaned
periodically to insure uniform spray injection.

Experiments should be conducted in which different
combinations of spray-tubes were used. The bank could
be operated with all seven tubes and then the end tubes
turned off. On the other hand, the center tube could
be operated alone and then additional tubes on either
side of the center brought into operation. This process -
would continue until all seven tubes were operating.

If such tests were conducted at a constaat total spray-
water mass flow rate, some light could be shed on the
flow pattern in tube bank 1.

The manifold Qalve in bank 2 should be re-
positicned in front cof the input manifold. 1In there
present position they do not exert control on the flow
in a single tube but merely increases the entire system
pressure. It 1s belleved that in the proposed position
the tubeside mass flow rates in the individual tubes of

bank 2 could be controlled. A means of measuring the

9
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total tubeside mass flow rate is necessary. It is be-
lieved that an orifice meter placed in the line to the
bank 2 feed manifold would suffice for this purpose.

It is recommended that the constant air mass flow

rate test procedure be used to determine local and total

coefficients for higher a2ir mass flow rates than useda

here.
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Appendix I
Experimental Results

GNE/PH/72-~2

in Tabular form
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