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RESEARCH MEMORANDUM

STUDY OF RAM-ATIR HEAT EXCHANGERS FOR REDUCING TURBINE COOLING-AIR
TEMPERATURE OF A SUPERSONIC ATRCRAPT TURBOJET ENGINE

By Anthony J. Dlaguila, John N. B. ILivingood,
and Ernst R. G. Eckert

SUMMARY

An anglytical investigation was made to determine the sizes and
weights of the cores of crossflow finned-tube heat exchangers for re-
ducing the temperature of turbine cooling ailr for an engine designed
for operation at a flight Mach number of 2.5 and an altitude of 70,000
feet. A compressor-bleed-air welght flow of 2.70 pounds per second was
assumed for the turbine coolant; ram air was considered for reducing
the compressor-bleed-air temperature. The avallable pressure drops of
the two fluids and the inlet states of each fluld were prescrlbed. Re-
ductlons in compressor-bleed-air tempersture of 1000 200° 3 300°, and
400° F and values of the ratio of com@ressor—bleed—air to ram-air
weight flow of 1.00, 0.75, 0.50, and 0.25 were considered. The calcu-
lations were made with the use of prepared charts.

For a compressor-bleed-alr temperature reduction of 300° F, the
hegt-exchanger core weight was reduced from about 49 to 19 pounds as the
ratio of compressor-bleed-alr to ram-sir weight flow was decreased from
1.00 to 0.25. For heat exchangers of moderate weight (30 to 60 pounds),
the compressor-bleed-air temperature reduction can be increased by about
100° F if the welght-flow ratio is reduced from 1.00 to 0.25. Reductions
in weight-flow ratio for a fixed compressor-bleed-alr temperature drop
result in increased fromtal area in the primery-fluid direction. In all’
calculations, only core weight was considered; duct welght was not
considered.

For the conditions of this investigation the heat-exchanger core
weight was less than 60 pounds in most cases. If & sea-level static
specific engine weight of 0.300 without a heal exchanger is assumed, the
core weight would increase the specific engine welght to only 0.305 for
the engine size considered (lZ,OOO-pound gsea-level static dry thrust).

UNCLASSIFIED




2 . . <P ' NACA RM ES6E17

INTRODUCTION

The problems involved in cooling gas-turbine blades in aircraft
flying at Mach numbers of 2.5 or higher can be simplified if the cooling
air can be supplied to the turbine at a temperature considersbly lower
than compressor discharge temperature. A possible method of obtaining
cooling gir at such low temperatures is to cocol compressor bleed air by
use of ram-air hegt exchangers. An investigation of required. heat-
exchanger core sizes and weights is reported herein.

Several methods of reducing cooling-asir temperature may be possible.
Preliminery thoughts on several alr-refrigeration devices are presented
in reference l. These devices were not thoroughly analyzed, however,
and scme of them mey not be practical. In some caeses, air at s lower
temperature can be vbtained by bleeding off an earlier stage of the com-
pressor. This posgibility is discussed in reference 2. The final choice
of the type of system to be used will depend upon such things as effec-
tiveness in reducing cooling-air temperature, welght, complexity, effect
on frontal area, effect on engine performance, and so forth. No attempt
to compare different methods of reducing cooling-air temperature is made
herein. Rather, this report presents the sizes and welghts of the cores
of ram-air heat exchangers for a range of cooling-alr temperature reduc-
tions. The investigation, which was madé at the NACA Lewls laboratory,
considered heat exchangers for an engine designed for operation at a
flight Mach munber of Z.5 and an altitude of 70,000 feet. A typical
campregsor-bleed-alr welght flow was prescribed for purposes of cooling
the turbine.

Welght is of primary importance in such an application. Therefore,
8, heat-exchanger core of minimum weight is desired. Information pre-
sented in reference 3 shows that for minimum weight a finned-tube heat
exchanger is a desirable core canfiguration. Reference 3 considers only
the case where one heat resistance is negligible: for exemple, en air-
to~-liquid heat exchanger. It is expected, however, that conditions will
be similar in an eir-to-air heat exchanger; and a finned-tube arrange-
ment, as shown in reference 3, was chosen for the following calculations.
For the gpplicetion considered herein, the initial canditions for each
fluvid are known. In addition, the allowable pressure drop for both the
compressor bleed asir end the ram air is assumed as prescribed.

Reference 4 presents a method for calculating the core dimensions
of a crossflow gas~-to-gas heat exchanger with prescribed initial condi- .
tions and pressure drop. This method 1s applied herein in the determi-

nation of the sizes and weights of & number of finned-tube heat exchangers

for the previously mentioned flight conditians. A range of tempersture
reductions in the compressor bleed air from 100° to 400° F and a range

of ratios of bleed-air to ram-air weight flows fram 1.00 to C.25 are con-
sidered. The smallest ratio of campressor-bleed-alir to ram-bleed-sir

€LOY
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weight flow was limited to 0.25 so that the required increase in the en-~
gine inlet diameter which is necessary to supply the additional ram air
would be reasongbly small. In an engine for supersonic flight the inlet
diameter may be the limiting radial dimension.

The results presented herein are for g single flight condition and
a fixed compressor-bleed-air flow. No attempts to generslize for other
conditions should be made. Purthermore, a final decision as to what
type and size heat exchanger should be installed involves many design
considerations as well gs more intensive calculations.

This report does, however, give an indication of trends that might
be expected in heat-exchanger size and weight as cooling-air temperature
reduction and rgtioc of cooling-air flow to ram-air flow are varied.

SYMBOLS

The following symbols, with consistent units, are used:

A heat-transfer area

Al free-flow area

Cp specific heat at constant pressure

d hydraulic diasmeter

by friction factor

G mass velocity, w/A'

h heat-transfer coefficient

Kea pressure-loss coefficient for abrupt contraction
Ko pressure-loss coefficient for abrupi expansion
k thermal conductivity

1 length

lg/z one-half fin length (see fig. 5)
Pr Prandtl number, cPu/k

P Pressure
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R gas constant

Re Reynolds number, Gd/p

5t Stanton number, h/ch

T temperature

Tu heat-transfer parameter (number of transfer units)
tp fin thickness

w welght-flow rate

a heat-transfer surface area per unit volume

e fin effectiveness

N thermal effectiveness

o surfgace effectlveness

33 viscosity

o ratio of free-flow to frontal area

Subscripts:

F frontal

i fin

i heat-exchanger inlet

m mean - e T

max maximum

n no-flow direction
1 fluid on compressor-bleed-alr side of heat exchanger
2 fluid on ram-air side of heat exchanger

STATEMENT OF PROBLEM

The current investigation, as stated previously, is aimed at de-
termining the sizes and welghts of ram-air heat-exchanger cores for use

CLOY



PRV

NACA RM ES6EL7 <Y 5

in a bhypothetical engine flying at a Mach number of 2.5 and an altitude of
70,000 feet having a sea-level static dry thrust of 12,000 pounds with
& turbine-inlet temperature of 2500° R. For such an application of &
heat exchanger, attention must be given to the space available for in-
stallation in the engine. Figure 1 shows one proposed type of installa-~
tion. Compressor air, to be used for cooling the turbine, is bled from
the compressor discharge for this investigation and is denoted as fluid
l. Ram air, used to cool the campressor bleed air, is bled from the en-
gine inlet and, efter passage through the heat exchanger, may be dis~
charged into an engine ejector; the ram bleed air is denoted as fluid 2.
Figure 2 presents a view of the finned-tube geometry which was selected
(from ref. 3) for the heat-exchanger core. The compressor bleed air is
passed through the tubes, The rem alr passes in crossflow over the fins
and the tubes. ' S

The pressure drop of the turbine cooling air (fluld 1) through the
heat exchanger was assumed to be gbout 20 percent of the compressor-
bleed-air pressure; for this investigation, there was sufficlent pressure
left to overcome the inlet, exit, and ducting losses and to force the
fluid through the turbine blades. A pressure drop of about 35 percent
of the ram-gsir pressure svailable at the heat-exchanger inlet was assumed
for fluid 2. This value was arbitrarily chosen with the possiblity of
using the ram air after passing the heat exchanger as secondary ailr in
an engine ejector. Sufficient data are not available at this time to
determine the optimum pressure drop for an arrangement of this type. It
is believed, however, that 35 percent is a reasonable assumption. A
welght flow (wl) for the turbine-cooling air of 2.7 pounds per second
was prescribed; this is a value to be expected at the specified speed
and altitude conditions. Fluid conditions, the selected ranges of the
varigbles, and the heat~exchanger geometry are prescribed.

CALCULATTON PROCEDURE

A procedure for the determination of the core dimenslons of a gas-
to-gas heat exchasnger with a prescribed core configuration 1s presented
in detsil 1n referenee 4, §Since the same procedure is employed in this
report, only a resumé of its development is given herein. The following
fluid conditions were prescribed:

Campressor | Ram air

bleed air | (fluild 2)

(fluid 1)
Temperature, °R 1410 880
Pressure, 1b/sq ft abs 5300 1080
Pressure drop, lb/sq ft 1000 400
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Temperature drops in the campressor bleed air (-ATy) of 1009, 200°,
300°, and 400° F and weight-flow ratios wl/wz of 1.0C, 0.75, 0.50, and
0.25 are considered.

The prescribed heat-exchanger geocmetry is as follows:

Fin area/total BYCEB o + o « s o s o 8 o s ¢ o s o s o + o s+ s s « 0,795
Finpitchl/in.........................9.681
Fin thickness, tf, in. . . . . . « e s s s e s s s s e e« 0.004
Hydraulic diameter, tube slde, dl, ft < s s s s e s e s e s e s . 0,018

Hydraulic dismeter, fin side, dg, f£t .« . ¢ ¢ ¢ ¢« ¢« . ¢« « ¢« « « . 0.0118
Free-flow area/frontel area, tube 5id€, 07 « « « « o + o « &« + » 0.219

Free-flow area/frontal area, fin side, 0o o o o 5 o o s o o o o« 0,697
Heat-transfer area/volume, tube side, a5 l/ft s e s e o s« . . 48,76
Heat-trensfer area/volume, fin side, o2, l/ft c e s e s e s e o« s 229

Assumptions

The following assumptions were made:

(1) The core configuration is fixed with the prescribed values for
(a) the hydraulic diameters d; end dp of the passages of both fluids,
(b) the thickness +tp of the fins, (c) the ratios of free-flow to fron-
tal areas o3 and op for both flow passages, and (d) the heat-

transferring areas per unit volume a7 and ap of the exchanger core.

(2) The friction factors f; and fp and Stanton numbers Stq
and B8t are known as functions of the Reynolds numbers Re and Re
2 _ 1 2
of the two fluids.

(3) Crossflow through the exchanger is assumed.

(4) The entrance pressures snd temperatures P1,17 Tl 12 Pg g7 and
Ts ,i of both fluids are prescribed.

(5) The weight-flow rates w; and wp of both fluids are prescribed.

(6) The available pressure drope Apj amd App of both fluids are
prescribed. - -- o . -

(7) The temperature rise (AT) or drop (-AT) of one fluid is .

prescribed.

~) -
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(8) The material used to manufacture the heat-exchanger core is
assumed to have a density of 0.300 pound per cubie inch.

It is shown in reference 4 that under the foregoing assumptions
consideration of the heat-balance, weilght-flow, pressure-drop, and ef-
fectiveness relstions resulis in a system of five equations in five
unknowns. These equations are (see ref. 4):

ﬂ(.zv_“) (L)
2\ 4 /1\pH/2 (1)

Cp,1 oty 9 Rey Ty
Ay = - S T Lo Fe, A0 (2)
p,2 91 P2 92 Rep 1y
1-4p o o 1+ 24T
c e o) — |- 2)
1= - L+l k)| —= |- (K.-1-0
by Ti Py
(3}

(There is one l-equation for each side of exchanger. The proper sign
must accompany the AT +term: &a negative sign indlcates a temperature
reduction; a positive sign indicates a temperature rise.)

M1

W1

or : ' (4)

Ha
'W'g = GzRez d._z len

The surface heat-transfer effectiveness 1 in equation (1) may be
expressed in terms of the fin effectiveness mny by the equation

no=l-%(l-nf) (5)
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and the thermal effectiveness np necessary for evaluation of Tu in
equation (1) may be expressed by the equation

Almay

Ty,1 - Ta,4

Op = (6)

The five unknowns in equations (1) to (4) are 115 155 1, Rey, and Re,.

One of these unknowns 1, is common to each of the equations (I, 1is

contained in the area term present in both Reynolds numbers). As a con-
sequence, 1,, can be eliminsted fram equations (l), (2), and both forms

of (3). These four equations can then be solved for ty1, 1z, Rey, and
Rey, and 1, can finally be determined from equation (4).

A solution of equations (1) to (4) sccording to reference 4 necessi-
tates an iteration process. Such a procedure is effective 1f only & few
calculations on a specific configuration are required. If many solutions
are needed, it is advantageous to construct charts and toemploy the
charts rather than the equations ln the determination of the core dimen-
sions. For this purpose it was necessary to speclfy the heat-exchanger
core configuration. Figure 3 presents data for the frictlon factor fj

and Stenton number Sty for the ram air (fluid 2). These data are taken
from reference 5. For the compressor air (fluid l), the friction factor
f1 &and the Stanton number Stj are obtalned fram the following equa-

tions given in reference 6:
£1 = 0.050 Rep 0*2 (7)

0.019 Rel'o'2

o (8)

S’tl =

Additional datae obtained from reference 5, which are necessary for a
graphical solution, are presented in figures 4 and S. From figure 4 and
the thermal effectiveness T (eq. (6)), the required number of transfer

units Tu can be obtained. Figure 5 permits determination of the fin
effectiveness 17y, which is necessary for calculating the surface effec-
tiveness 1g. In the presemt report, however, Mo,1 is 1 because there

are no fins on the compressor bleed side of the heat exchanger. The in-
formation in figure 5 is useful for checking the validity of the selected
value of No,2, @8 is demonstrated in reference 4.

Cras
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Charts

The charts presented in figures 6 to 9 were comstructed for the
particular finned-tube heat-exchanger configuration considered. The
variation of surface effectiveness with Reynolds number over a consider-
gble range was comparatively small. Therefore, an average value of the
surface effectiveness Mo,2 = 0.80 +was prescribed. In addition, end

losses are neglected; that is, K, = K, = O.

The graphical representation of the first equation (3) is presented
in figure 6, which gives the relation between Rey; and 1. The con-

nection between the two Reynolds numbers Rej; and Rez i1s cobtained
from equation (1) and figure 6 and is presented in figure 7. A more
convenient representation of the results shown in figure 3 is given in
figure 8. The second form of equation (3) is shown in figure 9. The
method of construction of these charts is given in detail in reference
4., An illustration of their use follows.

NUMERICAL EXAMPIE

The particular exemple chosen to illustrate the graphlcal solution
has a value of AT; = -400° F and a ratio of wy/wp = 0.25.

Within the temperature range under Iinvestigation, the speciflc heat
of air is assumed constent. From a heat-balance equation, with cp con-

stant, ATy = -400° F, and wl/wz = 0.25, the value of AT, 1is found to
be 100° F. The effectiveness of the exchanger, given by equation (6), is

ary | [ -400

e TS - Tz’i|=|l410 . sao|= 0.755

The required number of transfer vnits Tu is found from figure 4 to be
1l.72. Property values are based on the mean temperatures of the two
fluids, which are

= 1410 - 400/2 = 1210° R

H
0
-
B
|

H
I

880 + 100/2 = 930° R

The Triction factors and Stanton numbers for fluld 1 are given by equa-
tions (7) and (8); those for fluid 2 are taken from figure 3. The value

of Prz/3 was assumed to be 0.75 for both fluids.
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The step~-by-step solution follows:

(1) A value of Rez = 5000 was assumed. From figure 7(d), for the
required Tu = 1.72, Re; was found to be 24,000.

(2) Por the assumed Reo = 5000 and the given AT, = 100° F, the
2 2 >
length 1o = 18,4 inches was found from figure 9.

(3) The length 1; = 46.80 inches wes found from figure 6 for the
previously found value of Rej (24,000) and the given AT = -400Y F.

(4) From equation (2), AT, was found to be 184.2° F. This is con-
slderably larger than the prescribed ATa of 100° P, so steps (1) to
(3) were repeated for a larger assumed Re,.

(5) For an assumeéd Rez = 5500, steps (1) to (3) resulted in
Rey = 24,350, 1 = 15.03 inches, 1, = 46.0 inches, and AT, = 141.0° F.
This value of ATz 1is still too large, sc another and larger value of
Rey; was assumed.

(6) For an assumed Rep = 6000, the same procedure yielded Rej =
24,650, 15 = 12.44 inches, 1 = 448 inches, and AT, = 111.3° R. This
value of ATz 1is glso large.

(7) A plot of these three solutions for AT, and 1, on figure 8
intersected a horizontal line at the prescribed value of ATz = 100° F,
This intersection then yielded the correct values of 12 = 11.55 inches
and Regz = 6200.

(8) From the correct value of Rep = 6200, (Tu = 1.72; wy/w2 = 0.25)
the correct value of Re] = 24,750 was read from figure 7(d) and the
correct value of %3 = 44.90 inches from figure 6.

(9) The value of 1, was found from equation (4) to be 5.13 inches.

(10) The volume of the heat exchanger was found to be 2660 cubic
inches. The heat-exchanger weight, assuming the exchanger to be made
from a metal with a density of 0.300 pound per cubilc inch, was calculated
from the configuration and found to be 43.86 pounds.

cLov
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RESULTS AND DISCUSSION

The particular example discussed in the preceding section is one
of a series of calculations made for the same heat-exchanger core con-
figuration and the same inlet conditions for each fluid. Values of the
temperature change for fluld 1 and the ratio of w; to wg were varied.

The cases investigated are checked below:

ATy, w1/vz

1.00) 0,75 0.50] 0.25

w0 | v | v | v

20 | v | v | v |V
s0 | v | v | v | v
400 ‘V v -V

Blanks in the table result from the fact that the friction and Stanton
number dats in reference 5 are limited to a range of Reynolds number,
and the Reynolds numbers for the cages represented by the blank spaces
fell outside this range.

The heat-exchanger core lengths, frontel areas in the two flow
directlons, and weights for each of the 14 cases considered are listed
in table I. CGraphical presentations of the weights and frontal areas in
the primary-fluid direction AF,z are given in figures 10 to 13. Fig-
ure 10 shows the heat-exchanger core welghts plotted against the pre-
scribed temperature drop -AT; for a range of values of wl/wz. The

figure shows that, for & fixed value of -AT{, the heat-exchanger core
weight decreases with decregases in wl/wz; for example, for AT; =
-300° ¥, decreasing wl/wz from 1.00 to 0.25 decreases the core weight

from about 49 to 19 pounds, or approximately 2/3. Larger changes are
found for |AT;[ >300° F; smaller changes, for |AT;| < 300° F. Figure

10 alsoc shows that, for a fixed heat-exchanger core weight, an increase
in | AT{| can be achieved by reducing the ratio wl/wz. For any heat-

exchanger weight between 30 and 60 pounds, for exsmple, approximately
a 100° F increase in |[AT,| cean be obtained by a reduction in wl/wz

from 1.00 to 0.25. Smaller increases in |AT,| can be obtained for the

ssme change in wl/wz for core weights less than 30 pounds. For large

changes in lATll, the increase in heat-exchanger welght rises repidly

with increasing values of wlfwz. These same results are shown in figure

11, a crossplot of figure 10 (ebscissa and parameter are interchanged).
Figure 11 also shows that as [Aml[ is increased changes in Wl/WZ are

much more influential on exchanger core weight.
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In order to obtain some idea of the effect of hest-exchanger weight
on specific engine weight, a single case is cansldered here. Assume
that a heat exchanger is to be added to a 12,000-pound-thrust engine (at
static sea-level conditioms) with a specific engine welight of 0.300
pound per pound of thrust; this engine then weighs 3600 pounds. If a
60-pound heat exchanger is added to the engine, the specific weight of
the engine 1s increased to only 0.305 pound per pound of thrust.

The heat~exchanger core welghts presented do not include the welght
of the ducting that might be required. This additional ducting weight
must be considered before selection of any heat exchanger can be final-
ized; the ducting may, in some cases, welgh as much as or more than the
heat-exchanger core proper. For the heat exchangers requiring the small-
er temperature change in compressor bleed air (AT; = -100° F), high

Reynolds numbers are required for the prescribed pressure drop. This
condition results in high Mach nmumbers, which in some cases produce choked
flow within the heat exchanger. Because this is apparent only in the
lighter-welght heat exchangers, no attempt was made to correct this con-
dition by enlarging the free-flow area downstream of the inlet. Such a
correction would In turn increase the weight of the heat exchanger

slightly.
Figures 12 and 13 are plots of AF,Z simiiar to those of figures
10 and 11 for core weight. Figure 12 shows that, for a fixed ATl, a

decrease in wl/w2 results in an increase in AF,Z' This increase is
more pronounced for values of wl/wz < 0.5 than for values of

wi/wg > 0.5. For ATy = -300° F, a reduction in wy/wp from 1.00 to
0.5 increases AF,Z fram eabout 10C to lZEIBQﬁare inches; a further de~
crease in wl/w2 from 0.5 to 0.25 results in a further increase in

AF,Z from 123 to 178 square inches. Since the curves for the various
values of AT; are of the same general trend, about the same order of
increases in AF o are found for the various values of AT,. Flgure 12
also shows that, if the frontal area AF o 1s fixed, decreases in wl/wz
result in decreases in AT].

For the particular application under discussion, the frontal area
AF o and the weight are of primary importance; changes in frontal area
Ap,1 are opposite tg those of Ap,2, but not nearly as pronounced.
Space limitations for this particular area are not of primary concern
herein. .

If, from the information contained herein, an exchanger suitable

for a particular application fram the point of view of weight can be
found, the space available for installation masy not be large enough to

¢LO¥
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accomodate the accampanying exchanger lengths. It msy be possible, how-
ever to install the exchanger in segments (fig. 14(a)) or to fold the
heat exchanger over itself (fig. 14(b)). The latter arrangement results
in a heat exchanger made up in layers. The additional pressure drops
resulting from U-turning the air must therefore be considered in the
calculations. - '

For all the examples presented, i1t was assumed that the gquantity of
campressor bleed air remained constant (2.70 Ib/sec). This quauntity,
however, could vary 1f one should want to increase or decrease the tem-
perature of the turbine cooling alr {compressor bleed air) to maintain
a constant blade temperature. From reference 2, it was possible to estl-
mate that an increase in compressor bleed air of about 20 percent is re-
quired for a 100° F increase in turbine-cooling-air temperature (this is
applicable to the cooling of two rotor and one stator blade row). This
incresse results in & required compressor bleed weight flow of 3.24
pounds per second. New heat-exchanger weights were calculated with this
weight flow and & reguired reduction in campressor-bleed-air temperature
of 200° F. The results are presented in figure 11 as a dashed line, -

A comparison of these results with the results for the comparable
compressor-bleed-alr quantity of 2.70 pounds per second and 300° F tem-
perature reductlon shows that the weight of the heat-exchanger core is
reduced about 50 to 60 percent by taking a smgller tempersture reduction
in the heat exchanger and increasing the compressor-bleed-glr flow encugh
to maintain & constant blade temperature. This results in a change in
specific engine weight of about 0.301 to 0.304 (12,000 pounds thrust,
initial engine specific welght of 0,30, Wl/Wz =1).

Some increase in heagt-exchanger weight can be tolerated without af-
fecting the specific engine weight if the coolant flow can be reduced.
Reference 7 shows that every percent of coolant-flow ratio (ratio of
cooling air flow to compressor ailr flow) results in spproximately 1 per-
cent reduction in thrust for nonafterburning turbojet engines. As a
consequence, the specific engine welght 1s increased 1 percent for each
percent of coolant-flow ratio. At the flight conditions considered, the
change in cooling-air weight flow from 2.70 to 3.24 pounds per second
corresponds to changing the coolant-flow ratio fram 0.054 to 0.065 (com-
pressor sir flow, 49.8 pounds per second), which in turn results in s
1.1 percent increase in specific engine weight, neglecting the effects
of heat-exchanger welght. For the previously assumed engine weight of
3600 pounds (lZ,OOO-pound seg-level static dry thrust and speciflc en-
gine weight of 0.300)} and a maximum possible saving in heat-exchanger
core weight of 30 pounds (fig. 11), the saving in engine weight is less
than 1 percent by using the lighter heat exchanger with the smasller tem-
perature reduction and comnsequently a higher required cooling-sir flow.
This weight saving does not quite compensate for the specific engine



14 A NACA RM ES6EL7

welght increase of 1.l percent resulting from operating with the higher
coolant-flow ratic. For this case, therefore, it appears advantageous
to use g larger heat exchanger to reduce the required coolant flow. The
welght difference between the two cases consldered is small, however.

It is also possible from figure 11 to determine how heat-exchenger
welght is affected by compressor-bleed welght flow for a constant tem-
perature reduction by comparing the curves for AT = -200° F for com-

pressor bleed flows of 2.70 and 3.24 pounds per second. It can be seen
that the heat-exchanger core weights increase almost proportionally to
the compressor-bleed welght flow. A 20-percent increase in flow results
in a 20-percent increase in weight.

SUMMARY OF RESULTS

Celculations were made of crossflow heat-exchanger core gizes and
weights for possible use in an engine flying at a Mach number of 2.5 and
and altitude of 70,000 feet for a compressor-bleed-alr flow rate of 2.70
pounds per second. Ducting weights were not included in the calculations.
A range of temperature changes in the compressor bleed sir and a range
of ratios of compressor-bleed to ram-alr weight flows were considered.
Pressure drops for the two flulds and the inlet states of each fluid were
prescribed. The resulis of the calculatlions are summarized as follows:

1. For small values of compressor-bleed-alr temperature changes,
the required heat-exchanger core welghts gsppear to be tolerable. For
large values of the bleed-air temperature change, hest-exchanger core
weights increase appreciably. A 60-pound heat exchanger increased the
specific engine weight of a 12,000-pound-thrust engine (static sea-level
conditions) from 0.300 to O. 305 pound per pound of thrust.

2. For a fixed value of compressor-bleed-sir tempersture change,
the heat-exchasnger core weight decreases with decressing values of the
ratio of compressor-bleed to ram-air weight flows. For example, for a
campressor-bleed-alr temperature change of -300° F, a tfeduction in the
welght-flow ratio from 1.00 to 0,25 reduces the exchanger core weight
from sbout 49 to 19 pounds.

3. For & fixed heat-exchanger core welght, an increase in compressor-

bleed-air temperature change can be obitained by decreasing the compressor-

bleed to ram-air weight-flow ratio. For heat exchangers of moderate
weight (30 to 60 pounds), the compressor-bleed—air temperature change

can be increased by about 100° F if the weight-flow ratio is reduced from
1.00 to 0.25.

*
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4., Increases in frontal area in the primary-fluid direction result
from decreases in the weight-flow ratio for a fixed compressor-bleed-air
temperature change.

5. For the gpplication under discussion, space limitations may not
permit the use of exchanger core lengths found herein, so the exchangers
may have to be broken into segments or folded into layers. The pressure
losses connected with these types of installetions are not considered
herein.

6. Weights presented herein are for the exchanger core only. Duct-
ing weights must be con81dered.before the selection of any exchanger can
be finalized.

7. Increasing the turbine cooling-sir quantity t0o a value comparable
to a decrease in tempersture of an additlonal 100° F results in & reduc-
tion of weight of the heat-exchanger core of about 50 to 60 percent.
However, this saving in weight may not compensate for increased specific
engine weight because of the addltlonal campressor-bleed-air flow
regquirement.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Chio, May 23, 13856
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TABLE I. - HEAT-EXCHANGER CORE, SIZES, AND WEIGHTS
-AT]_, W'l/WZ Zz, Zn, AF,l’ Zl’ AF,Z’ Weight,
Op in. |in. |sq in.| in. |sq in.| 1P
100 {1.00 5.25|5.23{27.48 8.19| 42.86 3.71

« 715 4,10|6.54126.80 7T.74| 50.59 3.42
«20 2.80(9.3026.05 7.28) 67,74 3.12
200 |1.00 (13.3513.10i41.46 |20.57| 63.89| 14.07
' <75 110.00]3.93({39.34 |18.65| 73.36| 12.10
.50 5.58|5.54137.04 |16.65| 92.32| 10.17
<25 3.60|9.52}34.66 [14.74(|141.93 8.43
300 {1.00 |29.75{2.11.162.82 [46.90| 99.14| 48.65
<75 |19.95|2.78i55.42 | 37.40]103.89| 34.19
<50 |12.4513.9949.70 | 30.,95(123.55] 25.36
«25 6.50|6.91}(44,.92 [25.80|178.32| 19.11
400 .75 144.80(1.91|85.66 [86.28|161.96|121.88
.50 {24.30]12.87(6%.81L {60.,03(172.16| 69.12
«25 |11.55|5.12|59.22 |44..901230.24| 43.86

17



Figure 1. - Heat-exchanger instellation on Jet engine.
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Compressor bleed alr
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Figure 2. - Croseflow finned-tube heat-exchanger cora.
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Figure 3. - Heat-transfer and friction data for finned-tube
core (ref. 5).

Hydraulic diemeter, fin side, dp, £t . . . .
HBydraulic dismeter, tube side, dy, £t . . . .
Free-flow area/frontal area, fin side, o3 « « « « + « .
Free-flow area/frontal area, tube side, o7 .« . « . -
Heat-transfer area/volume, fin side, ap, Bq ft/cu £t .
Heat-transfer ares/volume, tube side, %, sq ftfcu £t .

Fin area/total area, Ap/A « + « « « « « + ¢ ¢ v 4 4 .
Finpiteh, L/in. . ¢ 0 . v v v i i i e e s e e e e
Fin thickness, tg, in. . . . . . st et e e e e e

6 8 10x10°

heat-exchanger
-+« 0.795
« .« 9.681
e« o« 0.004
.« . 0.0118
. + « 0.018
« + « 0.897
« ¢« 0.218
« s . 229
« « « 48.76
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Figure 4. - Performance of crossflow heat exchanger with fluids unmixed. (Specific
heat at conetant pressure assumed constant.)
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Figure 6. - Graphlcal repregentation of equation {3) for inlet state, temperature and pressure drops, and flow gharac-
terinstios corresponding to compresscr bleed air. Pressure drop, 1000 pounds per squeras foot; inlet pressure, 5500
pounds per square foot; inlet temperature, 1410° R; ratlio of free-flow to fromtal arsa, 0.218; hydraulis diameter,

0.018 foot.

Compressor-bleed-alr-side passage length, 11, in.
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Pigure 7. - Graphical representation of equation (1} for prescribed heat-transfer
characteristics.
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Product of Reynolds and Stanton numbers of compressor bleed air, (Re St)z
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Figure 8. - Rearrangement of heat-transfer char-
acteristics of finned-tube configuration.

Prandtl mumber Pr2/3 = 0.75.
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Weight of heat-exchanger core, 1b
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Flgure 10. - Welght of heat-exchanger core sgainst tem-

perature drop in compressor bleed air. Compressor-
bleed~alr welght-flow rate, 2.70 pounds per second;
metal thickness, 0.004 inch; density of metal, 0.300
pound per cubilc inch.
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Weight of heat-exchanger core, 1b
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Figure 11. - Weight of heat-exchanger core against rate of

compressor bleed &lr to ram bleed air.

Compressor-bleed-

alr weight-flow rate, 2.70 pounds per second; metal
thickness, 0.004 inch; density of metel, 0.300 pound per
cubilic inch.
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Figure 12. - Ram-air-gide frontal arez agailnet temperature drop of compressor

bleed air.

Compregsor-hleed-air weight-flow rate, 2.70 pounds per second;
ratio of free-flow to frontal area, 0.697.
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Filgure 13, - Ram-air-slde frontal area against ratio of compressor bleed air

to ram alr bleed. Compressor-bleed-ailr welght-flow rate, 2.70 pounds per
second; ratio of free-flow to fromtal area, 0.697.
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(a.)- Heat-exchanger core divided into segments.

Figure 14, - Heat-exchanger core arrangement.
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Figure 14. - Concluded. Heat-sxchanger core errangement.
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