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By Jackson R. Staldesr end Ray J. Sples, dJr.

SUMMARY

As part of a gemerasl investigation of thermal lce—prevention
systems, testd have been conducted of an exhaust—gas—~to—eair heat
exchanger dssigned for use in aircraft Incorporating individual-
cylinder exhaust stacks. The thermal performence of the heat
exchanger was debtermined as well as the effect of the heat—exchanger
insballation on indlcated cyllnder power and exhaust—Jet thrust.

The results of the tests Indicate that predicted steady-flow
values of thermal output may be used with reasonsble accuracy to
deslgn Intermittent—~flow exhaust—gas heat-exchanger installations, .
provided that unrestricted exhaust stacks are used. A reductlion
of epproximately 3 percent of total Indicated cylinder power
resulted from the Increased exhaust—gas-—flow resistance due to the
heat—-exchanger installation. The loss in total head of the exhaust
gas during 1ts passage through the heaet exchanger caused a reductlion
of exhaust—gas thrust of 15 percent at the highest Jet veloclty
obtained., The reduction was smaller for lower Jet velocltles.

INTRODUCTION

During the course of a general Investlgatlon of lce~preventlion
techniques conducted at the Ames Aeronmautlcal Taboratory, 1t was
found (reference 1) that the most effective method of preventing
lce formations consisted of supplylng heat Lo the affected portions
of the airplane structure. Conslderation of various sources of heat
revealed that the engine exhaust gas was the most obviocus and practl—
cal source for the large quantlties of heat requlred to prevent
ice accretlons on wings, empennage, and windshleld. TUse of the englne
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exhaust gas as a heat source, however, involved the use of exhaust—
gas-to-alr heat exchangers; conseguently, & general research program
was Initlated in order to determine the performence characteristics
of various types of heat exchangers suitable for installation In the
exhaust systems of reclprocating aircraft engines. Considerable
regearch (references 2, 3, and %) has been completed in applications
involving the use of a single healt exchanger located in an exhaust—
gas stream of practically conmstant veloclty such as exists with
englnes utilizing cellector—ring-type exhaust systems., The present
regearch 1s an extension of the previous work to the case of unsteady
exhaust-gag flows, such as sre encountered in recliprocating engines
having individual-cylinder exhaust stacks, since 1t would be expected
that the intermittent nature of the exhaust—gass flow in an Individual-—
¢ylinder exhaust stack might affect the thermal performance of a heat
exchanger.

It wae the specific purpose of thls Investigation to evaluate
the followling factors from tests of a typical heat exchanger on a
ground test stand simulating an actual englne installiation:

l. The loass of cylinder power resulting from the back pressure
Jmposed by inserticon of a heat exchanger in the Individ-—
ual Jet stack of the cylinder

2. The loss of exhaust-gas thrust resulting from the pressure
drop and coollng experienced by the exhaust gas in passing
through the heat exchanger

3+ The effect of a pulsating gas stream on the thermal per—
formance of the heat exchanger

All three of these factors are considered of equal importance 1n any
practical application of heat exshangers to Jet—stack-type exhaust
systems,.

APPARATUS AND EXPERTMENTAL METHODS

The heat exchanger tested was a flat—plate cross—flow type, as
shown in figure 1, and was comstructed of welded stalnless—steel plates
in accordance with an Ames laboratory design. Pertinent data concern—
ing the heat-exchanger dimensions are listed in the following table:

Aly glde Ges slde

Number of passaeges 12 11
Paseage gas, It 0.0065 0.0092
Passage length, £t 346 «520

No~flow length, ft 275 «275
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A schematic diagram of the heat—exchanger installation on a ground
test stand is shown in figure 2. The heat exchanger was connected
to the exhaust stack of cylinder 8 of a Pratt & Whitney R-985-50
aircraft engine which was rated at 450 horsepower at 5000 feet alti~
tude. A photograph of the heat-exchanger test apparatus is shown in

Pigure 3.

Msasursments were made of the heat—exchanger thermal performance,
the Indicated englne cylinder power, and the exheust Jet thrust with
(1) the exhaust~gas discharge from the heat exchanger unrestricted,
and (2) with conatricting nozzles installed downstresm from the heat
exchanger. The wnrestricted exhaust stack had an area of 0.0193
square foot, and the two constrlicting nozzles tested had areas of
0.0155 and 0.0128 square foot, respectively. Bach conflguration
was tested at three condlitlions of engine powsr and calculated exhaust—
gas flow:

Condition 1.— 2200 rpm, 35 inches of msrcury absolute manifold
pressure, 318 pounds per hour exhaust-gas flow

Condition 2.— 1900 rpm, 30 inches of mercury sbsolubte manifold
pressurs, 215 pounds per hour exheust—gas flow

Condition 3.~ 1700 rpm, 27 inches of mercury absgolute manifold
pressure, 163 pounds per hour exhaust—gas flow

Durlng the tests in which the heat exchanger was 1n the system, the
cooling air-flow rate to the exchanger was varied from about 600
pounds per hour to about 1400 pounds per hour in Increments of
approximately 150 pounds per hour. Thls was done for each engine
condition. A blower was used to draw the alr through the system
and a valve on the blower discharge wes used to control the flow.
The gir flow was measured by a calibrated venturl meter located in
the system downstream from the exchanger.

In order to determine the effect of the heat exchanger on
englne performence as well as the thermal performance of the heat
exchanger, separate Instrumentation was provlded to measure indlcated
cylinder power, exhaust Jet thrust, and the thermal characteristics
of the exchangsr. The instrumsntation for each of these phases 1s
discussed separately in the following paragraphs.

Cylinder Power Measurements

The cylinder power data were obtained from readings of cylindsr
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ingtantansous pressure made with a modiflied Farnboro-type instantan—
eous preesure recorder. The Farnboro-type recorder employs a
pressure--halanced diaphragm element inserted 1in the system at polnts
where date are desired — 1n this case directly In the cylinder. The
operation of the ingtrument is as follows:

The diaphragm, when activated by a pressure unbalance, triggers
an electronic clrcult, causing a high—tenslon spark to
discharge from a moving stylus to a recording drum. The
recording drum is driven at a definite fractlon of crank—
shaft speed by a geared synchronous motor arrangement. The
trace of the spark polnt on the recording paper gives she
variation of cylinder pressure with crank angle,

A rotometer and a chronomstric tachometer were used to measure fuel
flow and englne speed, respectively. Other engine operating data
woere obtained with standsrd alrcraft—type Instruments.

Jet—Thrust Measurements

The Jet—thrust measurements were made with a thrust tank similar
to the deovice described in roference 5. In place of the arm and
counterwelght, however, a restrained deflection arm on which a straln
gage was mounted was used. The straln—gage readings were a measure
of bending moments In the restrained arm, which, in turn, was a
megsure of thrust forces on the target plate. The thrust forces
meagured were average thrust forces, slnce the exhaust pulse frequency
was too high and the lnertla of the apparatus was too great to
measure any varlation of thrust durlng an englne cycle.

Thermel—Performance Measurements

The thermal performance of the exchanger was determined from
the Increase Iin enthalpy of the ailr as 1t passed through the heat
exchanger. The temperature of the alr was measured with lron—
congtantan thermocouples in conJunction with a self-balancing poten—
tiometer. The inlet—air temperature was determined with a single
thermocouple located in the inlet duct, and the temperature of the
elr after passage through the heat exchanger was averaged with nine
thermocouples connected in seriles and spaced across the outlet duct
downstream from the heat exchanger as shown In figure 2, The exhaust-—
gas temperature was meassured with a gquadruple-shislded chromel—alumel
thermocouple inserted in the exhaust menifold between cyclinders 1
and 2,
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RESULTS AND DISCUSSION
The Effect of the Heat Exchanger on Indicated Cylinder Power

It was origlinally Intended to determine changes of Indicated
cylinder power, due to the installatlon of the heat exchanger and
gseveral nozzles, by graphlcally Integrating the lnstantaneous pres—
sure records, replotted as pressure-—volume diagrams. It was found,
however, that the percentage change 1n the total indicated horse—
power was small enough to be within the accuracy of the Ilnstantaneocus
pressure recorder so that a much better correlation of the data was
obtained by using indiceted pumplng horsepower as obtalned from the
indicator dlagrems; therefore, thlas quantlty was used as a basls of
comparison of the data. A comparison of the difference 1n pumping
horsepower required for the seversl nozzle sizes tested, with and
without the heat exchanger installed in the exhaust stack, is shown
in figure L. The data have been plotted as indicated pumping horse—
power per unlt nozzle area HP /An, as a function of the cylinder
mass flow per revolutlon per unlt nozzle area Mb/AnNL The presence
of the additional flow resistance offered by the heat exchanger
would be expected to reduce the over—all power output by lncreaslng
the amount of pumping horsepower requlred to force the exhaust gases
out of the cylinder. In addltion to the resistance of the heat
exchanger, restrictlion of the exhaust—gas-flow area by the nozzle
offers further flow impedance. It may be seen that the installation
of the heat exchanger increased the pumping horsepower over the range
of nozzle sizes and englne powers tested. At the highest engine
power, an approximste 30-percent increase 1n pumplng horsepower due
to the added restriction of the heat exchanger 1s evlident. However,
due to the fact that the pumping horsepower constitutes only about
one—tenth of the total indicated power, a reductlon of approximately
3 percent of total Indicated power may be charged to the heat—
exchanger installetlon at thls maximm power condition.

The Effect of the Heat Exchanger on Jet Thrust

It has been shown In reference 5 that the thrust per unit mass
flow of exhaust gas F/M; may be correlated with the factor Poln/Mc,
where Pp 18 atmospherlc pressure. The factor F/Mc may be consid—
ered as the effectlive velocity of the Jet of exhaust ges that lssues
from the exhaust nozzle. The effect of the heat exchanger on the
effective Jot veloclty 1s shown In figure 5. Although the data are
somewhat scattered, 1t may be seen that the presence of the heat
exchanger reduced the effective Jet veloclty by approximstely 300
feet per second over the total range of effective Jet velocitles
obtained. At the highest effective Jet veloclty obtained, 195C feet
per second, this represents a reduction 1n thrust of ebout 15 percent.
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No correlatlion of the reduction of effective Jet velocity with the
amount of heat abstracted from the exhaust gas was evident. This is
not surprising in vliew of the small temperature drop experienced by
the exhaust gas in 1ts passage through the heat exchanger.

It should be noted that the heat exchanger used in these tests
was not especially designed to eliminate pressure losses. Undoubtedly,
the abrupt area expansion and contraction at the enbtrance and exit of
the heat exchanger accounted for the majority of the pressure loss.
It would appear evident that a heat exchanger could be designed which
would largely ellminate these losses at the expense, however, of
compactness and ease of installetlon.

The Thermal Performance of the Heat Exchanger

The thermal performance data were corrscted to standard condi-~
tions of 1700° F inlet—exhaust—gas temperature and 60° F inlet-eir
temperature by use of the method presented in reference L. This
reference also shows that a method, described therein, of predict—
ing steady—flow thermal performance for thls type of heat exchanger,
will glve results which check closely with steady—flow experimental
data. The predicted steady—flow performance was used, therefore,
ag a basls for comparison with the Intermlittent—flow test data of
thls report, since no steady—flow experimental datae were avallable
on the test heat exchanger.

The results of the tests showing the thermel performance of the
heat exchanger are presented in figures 6, 7, and 8. In figure 6 1s
shown the variation of thermal output Q with alr—mmse—flow rate for
the unrestricted exhaust stack and a comparison of the data wlth the
steady—flow thermal output as predicted by the methods presented
in reference 4. It may be seen that there is fairly close agreement
between the calculated steady—flow thermal output and the measured
intermittent—flow thermal output for the case of an unrestricted
stack. Consequently, predicted values of steady-flow thermal output
may be used wlth reasonable accuracy for purpoges of deslign of Jet—
stack heat—exchanger lnstallatlons, provided that unrestricted
exhaust stacks are used. The effect of nozzle restrictlon on thermal
output is ghown in figures 7 and 8 for several exhaust—gas mass—flow
rates and air-mass—flow rates. It can be seen that the thermsl
output with restricted stacks 1s somewhat higher than that with the
unreatricted staeck. This effect 1a probably due to the deereased
back flow of cooled exhaust gas Into the heat exchanger through the
exhaust stack during the exhaust—gas no—flow period. The effect
may also be due to the shortening of the no-flow periocd due to the
constrictive effect of the nozzles.
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CORCLUSIORS

Engine tests have been conducted of a small flat-plate-type
heat exchanger designed for installation in a Jet—stack—type
exhaust sysbem where intermittent exhaust-gas flow exists. The
results of the tests are ligted below:

1. The predicted steady—flow values of thermal output were
in sufficlently close agreement with the measured intermittent—flow
thermal output to indicate that, for conditions of the present test,
the use of predicted steady—flow thermal performance is satisfactory
for purposes of design of jet—stack heat—exchanger instellations,
provided that unrestricted exhaust stacks are used.

2. The losgs in total head of the exhaust gas during passage
through the hept exchanger caused a reductlon of thrust of approxi-—
mately 15 percent at the highest Jet veloclty tested.

3. A reduction of approximately 3 percent of total Indicated
cylinder power resulted from the increased exhaust—gas—flow resistance
due to the heat—exchangsr instsllatlon.

Ames Aeronautical Iaboratory,
National Advisory Commlttee for Aeronautics,

Moffett Field, Calif.

REFERENCES

1. Rodert, Lewls A., Clousing, Lawrence A., and McAvoy, William H.:
Recent Flight Research on Ice Preventlon. NACA ARR, Jan. igh2,

2., Jackson, Richard, and Eillendahl, Wesley H.: Flight Tests of
Several Exhaust—Gas—to-A1ir Heat Exchangers. NACA ARR No. 4Clk,

19hh,

3. Jackson, Richard: An Investigation of a Thermsl Ice—Prevention
System for a C-46 Cargo Airplane. II — The Design, Construction,
and Preliminary Tests of the Exhaust—-Alr Heat Exchanger. NACA

ARR No. 5A03a, Feb. 1945.



8 NACA RM No. A8E14

4, Tendeland, Thorval, and Steimmetz, Charles P.: A Comparative
Study of Weights and Sizes of Flat—Plate Exhesust~QGas—to-Air
Heat Exchangers With and Without Fins. NACA TN No. 1312, 1947.

5. Pinkel, BenJamin, Turner, L. Richard, and Voss, Fred: Design of
Nozzles for Individual Cylinder Exhsust Jet Propulslon Syatem.
NACA ACR, Apr. 1941.



R

Flgure 1.~ Exhaust-gae to alr heat exchanger used in tests.
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