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SUMMARY

AnAlytchl comparisons of woights and volumes sre made for
flat-plate hoat ocxchaongers having the same calcunlated thermal
utput and friction pressure drop for threce different fin configura~
ticns; namely, (1) no fins, (2) fins in both the air and the exhaust
gos pasmsagos, and (3) fins in the air passages only. Tost data from
two hoat oxchangors, one of configuration (1) and the othor of
configuration (2) arc compared with the predicted weights and
volumes. Tho thormal output and pressure~drop performence for
these two exchangers, as cveluated from flight and ground tests,
arc alsoc presonted.

With the usc of fins in both tho air end the exhaust-gas
ssagces, reductions in volume of the heat—exchanger core of
significant magnitude can be obtaincd. Weight reductions with this
n arrangement dopend upon the design fin efficiency and the
thickness of the fluid passage 2eps. Tho largest reductions in woight
wore obtained with the lowest design fin efficicncics investigated,
namely 70 percent, and in exchangers which have a large number of
passagos with the same sizo alr and exhaust—gas passage Zaps.
Reductions in weilght and volume with fins in the alr passages
only arc not go large as occur with the use of fins in both

k3
)
2
()]
. (0

Ui

Kt

-




2 NACA TN No. 1312

INTRODUCTION

The performcnce of several exhaust—gos—to-air heat exchangers
has been evaluated by ground tests made at the University cf
California (reforences 1 through 4) and by flight tests conducted
ot the Ames Acronautical Laboratory (references 5 and 6). As a
result of thome tests, the practicobility of various designs of heat
exchangers as a source of heated air for a thermal ice—=prevention
system has been established; olso important theoretical relation—
ships for prodicting the performances of various types of heat
oxchangers have been determined. The purpose of the current study
is to investigate the possibility of reducing the over—all sizo and
weight of flat-plate—typc heat oxchangers by the additioni of fins %o
the surfaces. The flat—plato—type heat exchanger was sclected for
investigation becausc it possessed advantages, in relation to other
types, in size ond weight for specified values of heat—transfer
rate and prossurc drop.

The investigotion was conducted in two parts: theoretical and
cxperimental. Two representative heat exchangers were constructed
ond tosted to verify the results of the cnalysis. Both the
thooretical ond oxperimental investigations werc conducted at
Ames fAoronautical Laboratory, Moffett Field, California.

SYMROLS

The symbols used throughout the report arc as follows:

A cross—scctional frec—flow arca of heat~cxchangor core, square
feet

b fluid passage width, fect

Cp spocific heat of fluid, Btu per pound, degree TFahrenholt

N\
Do cquivalont or hydraulic diamecter (:MA/LP‘), foet
d fluid passage gop, feot

£ friction faoctor for fluid flow, dimocnsionless
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G

weight rate of fluid flow per unit cross—socctional area
(W/4), pounds per hour, squarc foot

surface heat—tronsfer coefficient, Btu per hour, square foot,
degrce Fahrenheit

thormal conductivity, Btu per hour, square foot, degree
Fahrenheit per foot

constant or factor, dimensionless

fluid passage length, fect

wetted perimcter of fluid passage, feet

no~flow dimension, foot

number of pagsages for one fluid

static pressure, pounds per square foot

totol pressure, pounds per square foot

pressure differecnce, pounds per square footb

dynamic pressure or velocity head, pounds per squere foot

rate of heat flow, heat output or enthalpy change, Btu per
hour

Roymolds number (DeG/i), dimensionless
heat—transfer-surface arca, sSquarc foeet

static teomperature, dcgrecs Fahronheit

static temperature difference, degrocs Fchrenheit

absolute tomperature (t + 460), degrees Fohromhcit absolute
over—all heot—transfer coefficient based upon a unit primary

heat—transfer—surface srea, Btu per hour, square foot,
degrecs Fohrenheltd
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velocity, feet pecr sccond

volume of heat—cxchangor core, cubic feet
weight rate of fluld flow, pounds por hour
weight of heat—ecxchanger corec, pounds
woight of finmed surfaces, pounds .

fin length, fect

metal thickness, Tect

fin cfficieoncy, dimensionless

mass density, slugs per cubic foot
absolute viscosity, pounds per hour, foot

specific woight of heat-exchanger material, pounds per cubic
foot

Stbscripts .

v

(671

in

Q

air side

overage conditions

core

cross Tflow

basc of natural logarithms
expansicn

surface friction

gos side

inlet conditions

nean

NACA standord conditions
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» R plate or wall surfaccs
out - outlet conditions

X . finned surfaces

tost test conditions

1 ,2,3,4,5 yofer toc stations of the heat—exchanger installation as
tested in flight

THECRETICAL INVESTIGATION

In order to doitermine if reductions in tho size and weight
of flat—plate—tyne heat exchangors by the addition of fins are
possible, genoral cquations for the performance of such heat
oxchangers must bo doveloped and expressed in terms of the primary
variables. The sclutions to these gencral equations should provide
a sarics of ohart' from which the optimum heat—exchanger dbSlgno
can be selected for certain fixpd initial conditions. By
developing such design charts for voth finned and unfinned heat
oxchangers, the relative size and woight adventages of either can
be determined for the game initial conditions.

ANATYSTS

The important fecter which determines the walght and volumec
of an unfinnod heet cxchanger is tho primary heat—transfor—
gurfece arca. Roferring to figure 1, which is a sketch of the
simplest typc of flat-platc heat exchanger, it cen bo shown that
the weight and volume of the core are

W

and.
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The weight of the core as expressed by equation (1) is that of the
total flat-plate surface area, with the weight of structural
members, flanges, welding material, etc., neglected.

A comparison of equations (1) and (2) indicates that the
product babg, which is the area of one of the plates, is common

to both equations., By expressing the heat-transfer—surface
arca as

S P Wb, (3)

then the product b bg is

Substituting the above value of bgbg, equations (1) and (2)
become

=
1

o = (Wg/N,) Syprp (5)

<!
)

s = (Sig/em) (6)

From equations (5) and (6) it is apparent that both core weight

and volume vary directly with the heat—transfer—surface area.

Thus for the same fluid possage gaps and number of passages, and the
same plate metal material and thickness, both the weight and the
volume of a flat-plate heat—exchanger core can be decreased by
reducing the primary heat—transfer—surface area.

One method which sesms likely to reduce the primary heat—
transfer surface area is to utilize finned surfaces in both the
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alr and the exhaust-gas passages or in either of the passages.

To obtain an indication of the practicability of the use of finned
surfaces to reduce the primary heat-transfer-surface area, it

18 necessary to examine their effects upon the thermal output

of the heat exchanger.

The total heat-transfer rate between the exhaust gas and air is
Q=TUS Mty - (1)

where the over-all heat-transfer coefficient U? is based upon a

unit primary heat-transfer-surface area, and the mean temperature
difference Aty (from reference T) is

(tgin 4 tain) 4 (tgout : taou‘c) (8)

1960 (21 010) (ot ™ Peom)}

Oy = Kep

In equation (8), the factor K,r is used to express the variation

of the mean temperature difference between cross flow and parallel
flow. :

For glven design conditions of thermal output, air and
exhaust-gas flow rates, and inlet-air and exhaust-gas temperatures,
the mean temperature difference in equation (7) is constant. Thus
for the same thermal output, any increase in Uy, in equation (1),

will result in a proportional decrease in S, the primary heat-
transfer-surface area.

For an vnfinned or all-primary heat-transfer-surface-type

heat exchanger, the over=-all heat~transfer coefficient as noted in
reference 7 and neglecting the thermal resistance of the walle, is

(9)

Up = L
(l/hg) + (1)

where

=
i

0.02 (k/De) (Re)o's (10)
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Equation (10) is applicable for turbulent flow of gnses in round -~
tubes and has been proven satisfactory for turbulent flow -through
rectongular channels when an equivalent or hydraulic diemeter 1s
used. With the addition of finnmed surfaces to both the air ond
the exhaust~gas passages, the expression for the over—ell heat—
tronsfer cocfficiont becomes

1

by {\1 - [(w.qsx)g/s]}+ e {1 + [(nSx_‘)a/S]}

(8¢

The offects upon U, .of the eddition of fins to both the air and the
exhaust—gas passages may be illustrated by cgouning approximate

values for the variables in equations (9) end (11). For example,
assuming a ratio of effective fin area to primary surface area

equal to 1 or (nSx/S) = 1, ond cssuming equivalent values for the
surface heat—tronsfor coefficients in both equations, the increase

in U, is 100 porcent. Thus for the same thermal cutput, a reduc—
tion of the primory heat—transfer—surface area of 50 percent

is possible.

The other fin nrrongement considered is the addition of Zins
to cithor the air or the exhaust—gas passages. With fins inthe
air passagesg, the over—oll heat—transfer coefficient is i

. ' *
U, = (12)
1 3 :

hg k. {ba 1+ [(ﬂsx)a./s]}

and with fins in the exhaust—gas passages,

a
UP & il iy : (13)

- <+
hg {1 +0(m8g)gf51F B
5 e &

(3
S (99

The increasc in Up with this fin arrangement can also be shown
by cosuning approximate velues for the varicbles in cquations (9),
(12), ond (13). Assuming h, and hg in all three equations cqual

to 20 and ascuriing (nSX/S) - 1 in oguations (12) and (13), the
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Increase in U? resulting from the addition of fins to one set of
fluid passages is 34 percent. Therefore, it is apparent that for
the some effective fin area the larger decrease in the primary
heat-transfer-surface area can be obtained by using fins in both the
eir and the cxhaust—ges passages. Because the heat—transfer
coefficients, h, and hg, are of approximately the same magnitude
in an exhaust—gas-to-oir hsat exchanger, the effective fin area
should be made to be of the same magnitude for both the air and
the exhaust—gas sides. For any value of effective fin area TSxs
r
equality of the terms h, J 1 + [(nS4),/S] -F and
Yoo~ 3
hg .(l + [(nSX)g/S 14 will result in the largest possible increase
- J
in the over—all heat~tpransfor coefficient Up.

As may be noted from equation (3), the total primary heat—
transfer-surface area can be reduced by decreasing either D s
bg, or Ng. With tho use of fins and for equivalent fluid

assage gaps, decrecsing elther Dy, bg, or Ng rosults in an
increage of the friction pressure drop of the heat-exchanger

core when the fluid flow rates are constant. This increase in
friction pressure drop is due. to two causes; namely, (1) increcsing
the velocity of the air or sxhaust gas in the heat—exchanger core
as a result of decreasing the cross—gsectional area for flow by
decreasing either b,, by, or Ng, and (2) increasing the
wetted surface perimeter by adding finned surfaces and thereby
decreasging the hydraulic diameter of the fluid passages. The
friction pressure drop for fluid flow in rectangular passages may
be expressed, when en equivalent or hydraulic diameter is used,
as follows:

APF =f “21:’ Par Vz.gv (LPL/DG) r (ll\‘)

To compensate for the increase in friction pressure drop
resulting from the addition of fins, it is necessary to increase
the gas-passage gaps, thereby incressing the no—-flow dimension, 1, -
As indicated by equation (2), an increase in the no-flow dimension
may also increase the volume of the heat~exchanger core, depending
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vpon the megnitude of the decrease in b, or bg or both.
Therefore, it appears probable that there will be an optimum gas
passaze gap at which the total core volume will be a minimum.

The subsequent analysis was made in order to determine this point
of minimum core weight and volume. '

Tamilies of heat exchangers of the following configurations
were designed: (1) unfinned flat plate, (2) flat plate with fins
in both the air and the exhaust—gas passages (3) flat plate with
fins in the air passages only. The weights and volumes of the
finned and unfinned units woere then compared. The design condi-
tions were the same for all three heat—exchanger configurations and
are listed as follows:

 Alr Side Gas Side
Heat output, Btu/hr 250,000 250,000
Friction pressufe drop, 1b/sq ft s 10
Flow rate, lb/hr 3500 3500
Inlet temperature, °F 59 1600
Inlet pressures, 1b/sq in. LT 15T

The design of the heat exchangers was accomplished by
expressing the relationship for over—all heat—transfor rate
(equation (7)) and the relationships for friction pressure
drop for both air and exhaust gas (equation (14)) in terms of
the fluid—passage dimensions b and d and the nurber of
passages N. These relationships were then solved simultaneously
for expressions for the fluld-passage dimensions in terms of the
following variables: 1

1. Number of air and exhaust—gas passages N, Ng

2, Specific properties of the gases k,, kg, Hos Mgs Pas Pg

3. Weight—flow rates W,, Wg

4. Friction pressure drops (4pp) s (A@F)g
5. Heat output Q

6. Mean temperature difference Aty
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b
g’
devermined by cssuming the number of air passages Nz and the air
pascage gap dg. Simplification of the equations, which apply with
the tge of finned surfaoces, was effected by the following assump—
tiona: ‘

The fluid passage dimensions b and dg were then

a2

1. The reduction in free cross—sectional aree for flow
in a gas passage was negligible due to the presence of the fins.,

2. The ratio of flat-plate or wall surface area to fin area
was 0.707.

The second assumption results from arranging the fins in the form
of triangular corrugations in the gas pussages, with each side of

a corrugation at An angle of #5° to the wall surfoces.

The weight of the finned surfaces in the alr passages and for
the fins in the exhaust-gas passages was computed as follows:

Na ba bg T ',Vx

Wx = (15)
cos U5°
i+ U Yo R Geive (16)
% o)
cos 45

The specific weight of the fins 7y used in equations (15) and
(16) was that of stainless steel.

was determined from the design fin
gap. The expression for fin

(0]

The thickneszs of the fin
efficlency and the gas—passage
=)

17 e (a7)
where
a =42h/ky,

As may be noted from equation (17), the variasbles in the geometric
design of the fins which determine their efficiency are the fin
length an¢ thickness. The arrangement of the fing in a fluild:
passage established their length as
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b S, it iy

2 cos U5°

Thus by means of equations (17) and (18) and the design fin
efficiencies, the thickness of the fins was computed. In
equation (17) an average heat—transfer coefficient of 20 Btu per
hour, square foot, Op znd the thermal conductivity of stainless
steel based upon 2 temperature of 900 F were assumed. These
assumptions were found to be representative of calculated heat—
transfer coefficients and wall temperatures for several of the heat
exchangers designed. The thermal conductivity of stainless steel
obtained from reference 9 for a temperature of 000° F was 12.2 Btu
per hour, square foot, Or per foot. The range of fin thicknesses
for the fin efficiencies and fluid pacsage gaps investigated is
specified as follows:

1. For a fin efficiency of 70 percent, the fin thickness was
0.00k inch for a 0.2-inch gap, and 0.025 inch of a O.5>-inch gap.

2. For a fin efficiency of 90 percent, the fin thickness was
0.015 inch fcr a 0.2-inch gap, and 0.10 inch for a 0N =ineh

gop.

The weight of the flat—plate surface area was determined by
means of equation (1). The plate material was assumed to be
0.032—inch—thick stainless steel. This metel thickness was chosen
as approximately the minimum required for setisfactory service life
and was based on past experience in flat-—plate heat-exchanger
construction (reference 5). The volumes of the heat-exchanger
cores were determined by means of equation (2).

RESULTS OF ANALYSIS

Design charts which show the dimensions of the fluid passages
for the finned and unfinned heat exchangers are shown i Figure 2.
The dimensions of the fluid passages were determined by means of
equations (7) and (14). In these charts the passage dimensions
bgs bg, and dg are plotted as a function of the air-passage
gap d, with the number of air passages as a parameter. These

charts were used to calculate the weights and volumes of the heat—
exchanger cores. T%¥ is apparent from figure 2 that, for a given

air gop and number of passages, a large reduction in b, and a

small increase in by result from the addition of finned surfaces,
thus indicating a considerable reduction in the primory hect—transfer--

surface area. Howsver, an increase of the no-flow dimension for
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the finned heat exchangers is indicated by the lirger g&pé of the
exhoust-gas passages.

Figure 3 shows a comparison of volumes between the heat
exchangers without fins and with fins in both the air and the
exhanst—gas passages. In this figure the volumes of the heat—
exchanger cores have been plotted as a function of the air—
passage gap. To indicate possible trends, comparisons’ were made
for families of heat exchangers with 10, 15, 20, and 30 air
pessages and for heat exchangers with fin efficlencies of 70, 80, amd
90 percent, Inspection of the curves indicates that, for both the
finned and the unfinned heat exchangers, increasing the number of
alr passages Ny greatly decreases the core volume; also for a
given number of passages, a considerable saving in the over—all
gize or volume iz possible by the use of fins. As would be expected
the smallest heat exchangers are those with the most efficient fins.
It is also noticeable. that the addition of fins increases the
optimm air-gap thickness and that as the number of passages
increases the optimum air—gap thickness decreases for both the
finned and the unfinned heat exchangers. From figures 2 and 3 it
may be seen that the minimum volume of the finned and unfinned
heat exchangers occurs when the air and exhoust—gas passage gaps
for cach type of exchanger are the same.

Figure U4 shows compurisons between the weights of the heat
exchangers without fins and with fins in both the air and the exhaust—
gas passages. It is apparent from this figure that, with a small
number of fluld passages and with 90-percent efficient fins,
increases in the weight of the core results with the use of fins.
With a small number of fluid passages, as indicated in figure 2, the
exhaust—gas passage gaps are large as compared to the exhaust—gas
possage gape when there are o large number of passages. Therefore,
for high fin efficiencies, thicker fins must be used in the exhaust
gas passages, thereby increasing the weight of the core. With less
efficient fins and particulerly with a large number of passages, the
.use of fins results in a reduction in weight, with the maximum
reduction in weight occurring when the air and the exhaust-gas
passages are of the same thickness.

It is of interest to note that for the finned heat exchangers
the minimum weight and volume occurs for the same ailr-passage gap
for a given number of passages. However, for a thermal ice—
prevention system, the heat exchanger is usually selected with
dimensions which will meet the space requirements. These
dimensions may not correspond to those of minimum weight and volume.
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For all practical purposes, the weights of the unfinned
heat exchengers cre essentially constant as the air—pagsage gap
ig voried. Reductions in weight are achieved for the unfinned
hect exchangers by increasing the number of passages. However,
with cn increase in the number of passages the weight reduction
is not as large as compared with the finned units.

Figures 5 and 6 are comparisonz of volume and weight,
respectively, between families of unfinned exchangers and exchangers
with fins in the air passages only. These figures indicate reductions
in the volume are possible by using fins in the oir passoges only, but
the magnitude of the reductions 1s not as large os with fins in both
the air and the exhaust-gas-passages. Weight reductions are obtainable
with small sir—-passage gops where design fin efficiencies can be
obtained by using short thin fins which are light. For low fin
efficiencies and with o large number of gas poessages, the reduction
in weight when using fins in the alr passages only is not as large
as with the addition of fins to both the air end the exhaust—gas

880868 .

3 EXPERIMENTAL INVESTIGATION

To check the design procedure used in the analysis and to
obtain comparisons with the predicted weights and volumes, a
Finned and unfinned heat exchanger were built and tested. A
description of these two heat exchangers and the experimental
technique used to evaluate their performances are presented herein.

DESCRIPTION OF EQUIPMENT AND INSTRUMENTATION

The design features of the finned and unfinned heat exchangers
were similar. Details of the two heat—exchanger cores are shown
in figures 7 through 10. Previous experience with flat—plate heat—
exchanger construction hos indicated that the plate material should
be either stabilized stainless steel or Inconel. For the plain
plate heat exchanger, the plates were formed from 0.032—-inch~thick
Tnconel. Spacers were placed in both the air and the exhausti—gas
passages of this unit to prevent the plates from warping and buckling
due to the high temperatures encountered.
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For the finned heat exchanger, the fins were uhaped in the
form of corrugations or equally spaced ridges. The fin material
was 0.015- and 0.032-inch~thick stainless steel for the air and the
exhavst-gas fins, respectively. The plates were formed from 0,032—
ineh—thick stainless steel. The fins or corrugated sheets were
placed within the gas passa, ges and attached to the plates at the
tops and bottoms of the corrugau1onq. With this arrangement each
side of a single corrugation formed two fins; also the fins acted
as spacers ond stiffeners, thus preventing the plates from warping.
Before assembling the core of the heat exch%nger the plates and
fing were thoroughly cleaned and then coated with a thin layer of
copper by & spraying process. When assembled the core was Jigged
oand brazed in a controlled-otmosphere furnace. During the furnace—
brazing process some warpoage of the plates in the outside air snd
the exhaust-gas possages occurred, resulting in poor bonds between
the fins and plates in these passages. Retouching of some of the
plate joints was done by flame brazing. -

The heat exchangers were flight—tested on a three-place
observation—~type alr“lane powered by a radial engine rated at-
835 horsepower at 3900 feet altitude. A more complete description
of the airplane is given in reference 6. The unfinned heat
exchanger when installed for flight tests is shown in figure 11.

The shrouding or headers employed in the flight tests
consisted of transitions between the round exhaust stack and
ducting, and the rectaongular contours of the heat exchangers. The
headers used in the determination of core pressure drop in ground
tests consisted of straight rectangular ducting, free from any
pressure losses other than that due to skin friction.

The instrumentation used in flight—testing the unfinned heat
exchanger and the location of the instrumentation in the test
installation are shown in figure 12. For the flight tests of the
finned heat exchanger, the instrumentation differed from that
shown in figure 12 in that the pressure-survey rakes and the static
wall orifices in the exhoust stack were not used. In thesée tests the
nonisothermal pressure drop of the heat exchanger was not measured.
For the tests of both heat exchangers, air and exhaust—gas flow
rotes were measured with venturi meters located downstream from the
heat exchanger. Air temperatures were measured with two bare iron—
constantan thermocouples upuurewm from ﬁhe heat exchanger and six
downstream, 0ll equally spaced across the ducting diameter.
Exhoust—gas temperatures were measured with quedruple—shielded
thermocouples, one located upstream and one dovnstream from the
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heat exchanger. The shielded thermocouples were located at the
center of the oxhawet stack. -

For the flight tests of the unfinned heat oxchanger, the
total-pressure drcp across the heat exchanger on the air side was
measured with two pressure survey rakes. (See fig. 13.) On the
cxhavst—gas side, tho static-pressure drop vas measured by means
of three static—wall oriflces upstream and four static tubes down—
stream from the heat ‘exchanger. Tae four static tubes were a part
of a pressurc—survey rake (fig. 13) used to check the exhaust—gas—
flow rates as determined from the venturi meler.

TEST PROCEDURE

Flight testing of “the hest exchengers was conducted to
ovaluate their thermal performances and to determinc the
nonisothormal pressvre drop of the unfinnod heat—exchanger core.
Ground tests wero made to determine the isothermal corec pressure
drops and also the ‘isothermal. pressure drop of the hcaders used in
flight—testing tho unfinncd exchenger.

i Flight Tests

Flight testing of the heat exchangers was conducted in level
flight at %,000 and 15,000 feet prossure altitudes. The exhausi—
gas-£low rates were rogulated by adjusting the manifold pressure
and engine spced To obtain dosired weight flow rates of approxi—
mately 3200, 4200, and 5200 pounds per hour. Howover, due to the
iimited capacity of the engine at 15,000 fect pressure altitude,
only the lowest flow rate of 2200 pounds per hour could be obtained.
Lin inlot exhavst—gas” temperature oOF approximately 1600° F was
obtainod by adjusting the fuel-alr ratio. The air-flow ratc was
regulated by means of a valve in the outlet—air duct. For cach
oxhanst—gas flow rate, meosurements wore teken at the maximum air—
flow rate cbtainsblc and ab several reduced air-flow rates.

Ground Tests

Ground toste of the unfinned hecat exchanger wore made ©o
dotermine the compononts of the isothermal pressurc drop across the
heat-oxchanger instollation as tested in flight. This was accom—
plished by testing the heat=exchanger core, both air and exhaust—
gas sides, when equipped with the following combinations of headers:
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l. Inlet and outlet s=traight headers
2. Inlet straight hecader and outlet flight header
2s Inlet flight header and outlet. straight header

During ecch test, air at room temperature was drawn through the
heat exchangsr at flow rates varying from 1000 to 6000 pounds per
hour, Static pressures upstrear and downstream from the heat—
exchanger core were measured with static tubes, and air flow rates
were neasured with a venturi meter.. All neasured static-pressure
drops were corrected for area differences in those tests in which
the measurerents were nade in ducting of unequal cross—sectional
area. The pressure drop of the heat-exchanger core was obtained
when the heat exchanger was tegted with both straight headers,
gince the component of pressure drop contributed by the straight
headers wog calculated and found to be negligible. The pressure
drop of a flight hezder was determined by subtracting the pressure
drop of the core fron the measured pressure drop of the heat
exchanger vhen equipped with a single flight header. As a check
of the sum of the component pressure drops, the heat exchanger was
tested when equipped with both flight headers. Ground tests of the
finned heat exchanger consisted of msasuring the pressure drop of
the core when equipped with straight inlet and outlet headers on
the gir and the exhaust—gas sides.

PRECISION OF MEASUREMENTS

The venturi meters used to measure the exhaust—gas and the air
flow rates were calibrated ageinst a sharp-edged orifice, A
comparison of flow rates as neasurcd by the venturi meters and
pressure—survey rokes indicated agreement within *6 and %5 percent
for the exhaust—gas and air flow rates, respectivelye.

The inlst-air temperature was measured by means of two bare
iron—constentan thermocouples which indicated temperatures within
2° F and 3° F of the standard free—air termerature installation.

The outlet—air termperature was taken as the arithmetical average

of the terperatures as indicated by the six bare iron-~constantan
thermocouples. Radiation errors in the thermocouple readings were

reduced by lagging the ducting with 1/b-inch asbestos. It is estimated

the naxirnun error in determining the average outlet—air temperature
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was +10° F. The cxhaust—gzas temperatures were measured at the

centor of the exhaust stack. Radiation errors were minimized by
| using quadruple~shielded thermocouples and by lagging thc exhaust
stack with 1/b—inch asbestos. It is estimated the maximum error in
determining the average cxhaust-gas tempsrature was +ho° ¥, The
noasured alir and exhoust-gas terweratures were not correctsd for
adiabatic temperature riscs, since the velocities at the points of
measurcuent were not large.

For the flight tests, the average totzl pressure at a station
on the eir side was the arithmetical mean of the total-pressure
measurenents. Since the multicell manometers used to record ‘
pressure reasurenments were calibrated, the error in the use of the
instruments was principelly that of reading the film records. It
is egtimated that the maxirmum error in the nonisothermal pressure-
drop measurements wos *1.5 pounds per square foot. For the ground
; tests, micromenometors were used in the pressure measurements. It
‘ is believed the error in the isothermal pressure-drop measurements
was small.

Based upon consideration of the accuracy of measurements, it
is estimated the maxinum error in determining the thermal outputs
of the heat exchangers was 8 percent.

EXPERIMENTAL RESULTS

The volumes and weights of the finned and the unfinned heat
exchengers, which were built and tested, arc shown in figures 3(c)
end 4(c), respectively. The thermnl performonces of the two
exchangers as evaluated from the air—side enthalpy chonge together
with the predictcd thermal output of the unfinned heat exchanger are
shown in figure 14. The thermal outputs of the two heat exchangers
as evaluated from test data were corrected to equivalent initia
temperaturs conditions by the method given in the appendix.
Nonisothsermal pressuro—drop datz for the unfinned hsat exchanger
o8 neasurcd in flight and when reduced to NACA standard conditions
of temperature and pressurc are shown in figures 15 and 36
Predicted isothermal pressurc drops and test data for both heat
exchengers are comparcd ot standard conditions in figure 17. Tho
nethod of reducing the pressure—drop data to stondard conditions is
given in the appendix.
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DISCUSSION

The volumes of the finned and the unfinned heat—exchanger cores
as noted in figure 3(c) were calculated as the product of by, bg,
and . 1_. These volumes were used in preference to those deterninsd
ffOD.tﬁu measured over—all dimensione due to the effects of construc—
tion features upon the over-all dimensions. -These features, namely,
the protrusions of the flanges from the plates, are characteristic
of this heat-exchanger design and have no particular effect upon
the heat—transfer or pressure~drop performances.

Fron inspection of figure 3(c) it may be noted that the volume
of the heat exchanger with finned surfaces is higher than the
predicted value. In fabricating the fins, allowances for radii
to bend the fins in the form of corrugations wore necessary and,
ag a result, the ratio of fin aree to primary heat—transfer—
surface arca was legs than the dnsign retio of 1/0.707. To
compensate for this reduction in fin area, the primary heat—transfer
area was Iincreased by increasing the dimensions bg and bg. This
increase in by and bg also compensated for the reduction in
free cross—sectional nr sa of the gas passages due to the presence
of the fins. Thus, with an increase of two of the dimensions of
the heat exchanger, the resulting volume was larger than predicted.

The weights of the cores of the finned and unfinned heat
exchangers, es noted in figure 4(c), were 44-1/2 pounds and 49-1/2
pounds, respectively. The magnitude of the reduction in weight with
the use of fins compares favorably with the predicted values of
26 and 30-1/2 pounds. However, this agreement may be fortuitous
since the predictions are based only on the weight of the flat—
plate—surface areas plus the weight of the fins for the finned unit.
The weights of the completed corcs included the additional welght
of flanges, spacers, brazing material, etc. .

To compare the thermal outputs at equivalent test conditions,
all data were corrected to an initial air to exhausi—gas tempera—
ture difference of 1500° F. This temperaturec difference was chosen
since it approximates the test conditions of this investigation and
thosc encountered by a heat exchanger in a thermal ice—prevention
systen. Inspection of figure 1llh shows good agrecment between the

hermal performances of the two heat exchangers. The thermal output
of approximctely 245,000 Btu per hour at air and exhaust—ges flow
rates of 3500 and 3250 pounds per hour, respectively, corpares
favorably with the design output of 250,000 Btu per hour. The
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design output was based upon an air and exhaust-gas flow rate of
3500 pounds per hour and an initial air-exhaust-gas—termperature
diffcrence of 1541° F.

The pressure—drop performances of the two heat exchangers
were comperced on the basis of the statlic-pressure drop across the
heat—exchanger cores at temperature and pressure conditions which
correspond to NACA standard sea—level atmosphere. In isothermal
flow, static—pressure drop is epproximately equivalent to total-
pressurc drop when measured at stations of equal area, if the
velocity distribution across the two stations is postulated to be
the samc. The method of reducing the measured isothermal and
nonisothermal pressure—drop data to standard conditions, os shown
in the appendix, is substantiated by the data presented in figures
15 and 16.

The predicted isothermal pressure drops for both heat exchangers
as shown in figure 17 include the friction pressure drops and the
expansion pressure drops at the outlets of the cores. The entrance
losses were assuned negligible, since the entry into the individual
passages was smooth and well rounded. Inspection of figure 17
indicates that the predicted and experimental pressure drop for
the finned heat ecxchanger are slightly lower than the corresponding
pressure drops for the unfinned unit. This is due to the lower
expansion pressure losses at the outlet of the fluid passages for
the finned unit.

CONCLUSIONS

Based upon the comparative weights and volumes of fanmilies
of finned and unfinned flat-plate—type heat exchangers, degigned
for equivalent heat—transfer and frietion-pressure drop perforri
ances, 1t is concluded: '

1. A congidereble reduction in over—all size or volure
results with the use of fins in both the air and the exhaust—gas
passages. The largest reductions in volume occur with the use of
fins with high efficiencies. For the two heat exchangers built, the
volume of the finned unit was approximeately 18 percent less than the
unfinned unit. : -

2. The reduction in weight with the use of fins in both the
air and the oxhaust-gas passages depends upon the degign efficiency
of the fins and the dimensions of the fluid passage gaps. The
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largest reductions in weight were obtained with the lowest design
fin officiencies investigated, namely 70 percent, and in exchangers
which have a large number of passages with the same size air and
exhaust—gas passage gaps. For a heat exchanger constructed with
fing of 70-percent design efficiency, the reduction in weight
coupared to an unfimned unit was approximately 10 percent,

3. With fins in the air passages only, the reduction in volure
| is not ag large as coupared to units with fins in both the air and
the exhaust—gas passages. Weight reductions with this fin arrange—
nent are obtainable in units with small air—passage gaps.

‘ Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif., April 21, 19.47T.
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LPPENDIX

_ REDUCTION.OF DATA TO EQUIVALENT CONDITIONS OF TEMPERATURES AND PRESSURE

Reduction of Thormol Data

The corrcction applicd to the thormal outputs. of the heat .
exchangers was determined from tho over-ell heat-iransfer rate
which, expressed in the notation used In this report, is

Q = UpS Oty _ (19)

or

G = UgS Kof (Ygin-tein)— (*gout — baout) (20)
= 1080[(tgin'¢ain)/(tgout—taout)]

Determining ‘taoyt and tgoyt from enthalpy changes on the air
and exhaust—gas sides

i

taout = (@/Macpa) + tain

and
tgout = tgin — (A/Mgopg)

With these values of tag,t and bggugs eguation (20), when
rcduced, then becomes

WaCnWacC ..\ il
(%gin~toin \WaCpatglpg/ L Uod be[(lfhgcpg)+(1fwa0pan
(21)

It mey bo noted from this expression that the thermel output at
constant air and cxhaust—gas flow rates is a function of
tgin—tain, Cpgs Cpas and Up. Bocause Cpg, Cpas end Up vary
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only slightly with temperature, the thermal output varies lincarly
with tgin—tajpn. Hence, the correction to reduce the thermal

output to standard inlet—tempersture conditions is

( = Tat)
Qo = Qtustf <o Bl (22)
(tglp uln)tost ol

Reduction of Isothermal Pressure-Drop Dzta

The isothermal pressure drop of the heat-~exchanger core at
standard NACA conditions of termporature and pressure may be
expressed as

(Apc), = (4pp), + (og), (23)

In equation (23) the heat—exchanger core—entrance loss was assumed
negligible since the entry into the individual air and exhaust~gas
passages was smooth and well rounded. Correlating (ApF)O and

(ApE)O with the cor reunondlng pressure drops at test conditions

[f ac (4L/De) ]
(o) = (497 o4 If qc (hL/Do)]tgst } i
and
( [(1-K)2q.] .
(o) = (2Pm) oot TR Ba0Toney | (25)

where K in equation (25) is the ratio of the cross-sectional free
area of the core tc the area of the outlet hcadcr. With these
values of (ApF)O and.(-@E)o equation (23), when reducod, then

becomes

(4p,), = (bpg) | (Basas NilTee N0 (2p7) <ptg‘°‘t> (26)

\ i o
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The temperature correction (To/Ttest)o'ls which applies to the

friction pressure drop, corrects for changes in friction factor

with Reynolds number. Neglecting this correction results in only a
gmall error, since the isothermal tests were run at room temperature,
end simplifies the reduction of isothermal pressure—drop data to
merely a density correction, or

(4pe), = (A@c)testf<&%§§§> (27)

X

Reduction of Nonisothermal Pressure-Drop Data

Referring to the stations shown in figure 12, the air-side
nonisothermal total pressure drop of the heat—exchanger core was
determined from the measured total-pressure drop of the heat—
exchanger installation as follows:

(896)p = (&0)1.g — Kin(a2) = Kout(ag) = (8or)s g (28)

The inlet flight~header pressure drop Kin(gs) and the outlet
flight—header pressure drop Kout(qs) were evaluated by means of

ground tests. The coefficients Kipn and Kout are the ratio of
the flight-header pressure drop to the velocity head at the inlet
and outlet of the heat—exchanger core, respectively. The friction
pressure drop -(A@F)S_G in the ducting downstream from the heat

exchanger was calculated.

From the nonisothermsl total-pressure drop of the heat—
exchanger core, )

fpp + oy = (Opg)y = (ag=ap) (29)

where qa—q, is the momentum pressurc drop. In order to apply
the proper corrections the magnitudes of Apyp and Apy muast be

known. The proportional distribution of the sum App + App
into its components was determined from the analytical predictions
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of the nonisothermal pressure drop of the core. The total pressure
drop of the core at NACA standard conditions of temperature and
pressure is then

. 0.13
(er.),, = ooy (222), T) + (o) [ 80 (30)

The method of evnluating and reducing the static—pressure dxrop
of the heat—exchanger core on the oxhaust—gas side was similar to
that used on. the air side. The differ ences in the two mcthods were
(1) in determining the stotic—pressure drop of the core, corrections
were necessary to adjust for arca differences between the heat—
exchanger corc and the stations at which the measuwrements were taken;
(2) the change in pressurc due to o ‘change in momentum on the
exhaust—gas side was 2(qérq8) as compared to 45— 4, om the air
gido. g

. In figures 15 end 16 are prosented the nonisothermal pressurce—
drop data for the unfinned heat exchanger as moasured in flight and
when reduced to standard conditlons of tomperature and pressure.

A comparison also is made in figure 16 between those date at
standard conditions end the mcasured isothermal pressure drop. The
agreement between these two scts of data is fair with some scatter
on the air side at the lower air flow rates. However, the agroe—
ment docs indicate the method of reducing the nonigotheymzl pressure—
drop date is setisfactory. By climinating the effects of tempera—
ture and preossure with various test conditions, this comparison
1llustrates that the 0031c pressure—drop measurement, to establish
the pressure drop performance, is the isothermal total pressure drop
across the heat—exchanger core. This conclusion is further
substantiated after pxamlning the components of the nonisothermal
pressure drop, which, on the air side, may be exprossed as

='(ﬂPF /P \/Tnv‘\~-1 + (4pp) /Eé\+ (a5—a)  (31)

ape). - . !
( Pe’tost \p,d\‘l‘ \Ps/

The chango in préssure g¢g—q, due to an increasc in'moﬁontum of

the fluid is not necessarily e totally irrecoverablc pregsurc loss.,
This pressure drop may be partially recovered, deponding upon the
drop in temperaturc of the fluid in the system after the heat !
exchanger. ' On th¢ coxhaust—gas side, the change in pressure due to

a decrecaso in momontum of the fluid results in a decrease in prossure
drop. The density corrccticns which apply to (ﬁ@F)O and (A@E)O
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ars those due to variations in temperature of the fluid through the '
core and changes in pressure with altitude. Isothermal total--
pressure drop at standard conditions represents skin friction,
expansion, contraction, or turning losses at -a standard temperature
and pressure, and are irrecoverable losses.
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FABRICATION -

OVERLAPPING SPOTWELD
MATERIAL -

INCONEL

CUTAWAY SECTION
OF CORNER

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

AIR GAS

SIDE SIDE.
PRIMARY HEAT TRANSFER AREA -SQ.FT 203 20.3
MINIMUM FREE AREA —-SQ F7. 0187 02483
HYDRAULIC DIAMETER —FT. 00885 00511
WEIGHT OF CORE A , | #8sy85

FIGURE 7.:-DETAILS OF UNFINMED FHEAT EXCHANGER CORE
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(b)

Figure 8.-

Three-quarter side view.

Unfinned heat-exchanger core.

Fig. 8
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FALBF/CATION ~
COPLER LRAZED

MATERIAL —
STAMLESS STEELL

CUTAWAY SECTIOV

OF CORPNER
‘R NATIONAL ADVISORY
lo P\ P\S COMMITTEE FOR AERONAUTICS
No
AR GAS
, SIDE SIDE
PRIMARY MHEAT THRANMNSFESR AREA - SQFT. 1055 /055
FIN HEAT TRAMSFER AREA- SQ FT. 13.:05 1373
MINIMLAS FREE AREA -SQ.FT. /98 W=
Y DORAULIC D/IAMETER - FT. .02/6 0332
WEIGHT7 OF CORE HEL 5 LBS.

)
LH

FIGURE 9.-DETA/ILS OF FINNED HEAT EXCHANGER CORE
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Fig.'11

(a) Three-quarter front view.

Figure 11.-

(b) Three-quarter rear view.

Heat-exchanger installation for flight tests.
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FIGURE 15-NON-1SOTHERMAL PRESSURE DROP OF UNFINNED HEAT-EXCHANGER
CORE AS REDUCED FROM MEASURED OVERALL PRESSURE OROF.
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FIGURE 17 - COMPARATIVE CORE PRESSURE DROPS OF FINNED AND
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