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IR No. ABH23
WATIONAL ADVISORY COIZIITTEE FOR AERONAUTICS

1EIIORANDULL REPORT

Air Technical Service Command, U.S. Arny Alr Forces
EFFECT ON THT PIRFORIANCI OF A TURBOSUPERCHARGED
EHGINE OF AN EXHAUST-GAS-TC-ATR HZAT EXCHANGLR
FOR THTZRIAL ICE PROVENTION

By Bonne C. Look ..
SULLIARY

This report presents the results of a flight investiga-—
tion to determine the effect on the vwerformance of a turbo-
supercharged engine of an exhaust-gas—to-alr heat exchanger
installed between the engine-exhaust collector ring and the
turbosupercharger. The operating charadferistics oflthe
turbosuoerc"argﬁ“ and the engine vere oﬁtained for-vafious
engine speeds from l%OO to 2300 rpm during level flight at
10,000, 17,000, and 24,000 fect pressure altitudes with the
standard cxhaust stack installed and with the heat exchanger
in place. The effect of thc heat exchanger on the turbo-
supercharged-engine performance is shown by a comparison of
the data obtained for the two instollations.

A sumnary of the test data is arcesented in tebular forti,
and the change in operating charcctceristics of the engine'and

turbosupercharger caused by the heat—exchanger installation
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is shown on curves prepared from the test data. The heat—
excarnger lnstallation caused an increase of engine baci
pressure and an increase of taé turbosupercharger waste-gate~
valve closure to Gtal & givén engine maniféll pressure.

- A

Thege clianges, howeve?, Gid‘ROb affect the range

o}

o O N
I engine

povers atitalnable Tor normal operation of the test alwrplane

‘at the three test altiﬁu;es. The incrensc of engine back

DIrEessure repres mied é I ”iﬂuﬂ Lecfeaso of engine power oI lecgs
than 1 percent. Loss of cnglne power due to the effect of

the ecat exchanger on the turbosupercharger operation was Tound
to occur only below an engine spced of 1800 rpm and at enzine—

power con 6 tions beyond the range of normal operation at these

slx}eds.-~'“’ T

ITTRC:UL;_P"

The thermal ice-prevention systems developed for tie 3-2LD
ant 3=17F alrplancs, wilch arc described in rcfercnces 1 and 2,

respectively, utilize cxhaust-gas—t0-oir heat exchangerc to

transfor heat Trom the exhaucs air to be clrculated
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through the ilce-prevention system. Tho heatbt exechangers arc
locatod in the oxhaust systoms betwcen the onglino~-cxhaust

collecctor rings and the turbosuperchargers. The removal of
deercase Of the ges tomporaturce and, thereby, a deercasc ia the

cnergy of the gas flowing to the turbine which drives the turbo-

supcrcharger. In order to obtaln the samc engine nower that



was obtained with the standard exhaust stack in place, which
will require essentially the same supercharging, a greater
quantity of exhauét gas must flow thiough the turbine wheel
when.the heat eﬁchanser 1s installed bécaﬁéetthé-eﬁé?QY'pef
pound of gas has been decreased. The increasé in the quantity
of exhaust pa381ng thr ugh the turbine wheel necessitates an
increased preééﬁre at the turbine nozzle'bﬁi'whiéh~wiil be re—

flected as an increase lﬂ engine buCL Pressure. The maximun

-

anount of suoeronapglng afellable is obt ined x?en all the
exhaust gas is flouing through the tu ime’ahd;ubédause of
decreased gns energy, wlll e less wﬁenvthe heat éxchangerf
is 1nstalleo than when the ctanaard exhaust stack 18 used,”

The rbmovql of energy from the eXhausﬁ gas Vy the heat
exchanger will, therefore, effecﬁ tﬁe Jowbr~olant DGTLOfd&ﬂOe
by increasing the engine back pressure and decreaSing”theA
pmaxinum power obtainabié with maximuﬁ supéféhargiﬁg."An
addltional increase in engine back'préésure:will be caused
by the pressure losseéwacross the heat exchan"er!

The condition of PAXLNUM supericharging was not obtained
for normal operation of the test airplahe'with the standard
exhaust stack in place because the énergY'available in the
gas exceeded that required fdr sunercharging. :However, a
limited amount of date obtained dﬁring tests of several heat
exchangers on the testvairpiaﬁe~(fefe “ence 3) indicated that
the amountlof energy reébved from the exhaust gas by the heat

exchangers might be large enough to cause the condition of-
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meximum supercharging available to occur at engine powers
below the maximum for normal engine operation.

This investigation was conducted to determine if a heab“ 
exchanger, suitable for use in the thermal 1ce~preventlon
systen, affected the perlornance of the tlrbosuoercharger—
engine COlLlu%thﬂ of twe test cl“Ol ane SULflClenth to
decrease the fange_of engine powers-ax- Lle Tor nornal opera_
tion. The method enDlo*édrwas”to determine the operating
character 1stlos cf one of tne OUuboaro englnes and turbos dper—
chargers of the test al rplane with the standard exhaust stack.
in place duriné level fligﬁt at seversl altitudes Tor con0wr1~_

son with the ooeratlon .at the same test condluloﬁs Tlth a heat

exchanger.- lnSb lied *perfo mance~characte;1s of the
heat exchanger were alsoﬁobtained in order to determine its
suitability for the ice—prevenfion system and because the
magnitude of fhe efrect onvthe turbosuperoharger—engine opera~
tion is directly associated with the quantity of heat.removed
from the exhaust gas and the pressure drop across the gas side
of the heat exchanger. The energy avellable in the exh ust'gas
to drive the turbosupercharger and the quantity of exhaust

gas Tlowing through the turbine wére‘@valuated for both test
installations in order to provide a direct indication of the
effcet of the heat exchanger on thé furbosupercharger opera—
tion which may be correlated with the heat—exchanger perform—
ance. The engine speed, the engine manifold pressure, the

turbosupercharger speed, and the turbosupercharger waste-gate



" ing through the turbine, were related to the engine
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valve Position which controls thc amount of exhaust gas Tlow—

" horsepower for the various test conditions with and 73 thout

the hoat exchanger installed. This information shows the

effect of “the heat exchznger on the general opersting charac—

L

teristics of the power plant and on the max tinum power svalle—
able at various operating conditions.

The'reportod tests were conducted at the Anes deronautical
Laboratory of the National Advisory Committee fop Aeronautics,

iloffett Ficld, Calif.

The test vehicle used in this investigation was the B-17F
alrplane shown in figure 1. Airplanc and engine data (taken
from rcference 4) arc as rollows:

Airplane | |
Over—all wing»span. « v e e v e o w . . . 103 ft 9.33 in,
Over-all lenmgth . . . . . . . . .. ... 7% £t .90 in.
Total wing area (including R

ailerons and fleps). . . . . . . . . . . 1277.5 sq Tt

Zotal weight as tested. . . . . . . . . . .. . 46,000 1b

IIO .'-Gl .. . . . . . . . . e . . . . . . . . . .l . 3—1820'—97
T"pe . . . - . . . . . ° . . . QSl lglo"'rox Stath"r CLia.l
air-cooled

Humber of cylinders « v v v v v o 0 o . . . o + .« « JHine
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SEPONE. « ¢ ¢ v e h e e e e e e e e e e e e e 6.875 in.
Piston displacement . . . . . . . .. . . . . . 1823 cu in,
Gompression ratio o « . . . S e e . ... 6u70:1
Slower gear Tatlo o « « « « o+ o i . 4 . e . .+ 6.00i1
Rated pdwef at ses level and
at 25,000 T% « « + « .« « . + «-. 1000 Bip at 2300 rom

Take—off POWEr. « « « « « + + « « » o+ »1200 bhp at 2500 rpn

)

.

Propeller reduction gear »atlio. . .« ¢« o o . .. 1629
CELI".DLII'C‘EOI' . e . . 0 . ¢ o « o 8 e » . . . . . . . . . PD]—E}{Z
Exhaust- d“ ven turbosupercharger o« o o o0 o e . JTyoe B—2

Haximum operating turbo-

o SUPeTCAnTEET SDEEd . s v+ + e e« + + » . +21,300 rpn
Smergency raltlng. .o o o o o 0 e o v e e e el .2'2 %00 rpn

The alrpTane used for thcse tests was vrevwovsly eoulooed

-wilith a thermal 1ce~o;eveﬁulon svsten and wva LS usea for the heat—

exchenc tosto-reoowte@ in reae;enco %s For the current tests

I

a hsat e:cnan”c Fvas 1n talled

in nacelle L, Zngines 1 and 3

,were equimned with the standard straight eAbaﬂct stacks and

engine 2 with the sta ndard glycol boiler unit‘for cabin heating.

Detal*s of the plate—type heat exchanger used for the tests

are shown in figure 2, and UJOtO raphic views of the gas and
glr wasss g resoectvvely, are presented as figures % and b,

The heat-exchanger unit was designed to replace the removeble
portion of the straight steck between the exhaust collector

ring and the turtosupercharger of englne L, The installation
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detoils of the heat exchanger are shown in Tigures 5 and 5.

-

For this test installation the heated alr provided by tne
heat exchanger was not directed into the ice-prevention
systémfin thé‘airplane but was ducted through the nacelle
and discharged as shown in figures 5 and Ge The hest-
exchanger installation ready for flight is shown in figure
7. In Tigure 7 the cducting which 1is shown suspendéd beneath
the wing, aft of the turbosupercharger, was lnstalled for the
purpose of metering the exhaust flow through the turbosuper-
charger waste gate. A schematic dicgram of the engine-
induction and exhaust systems is presented in figure &,
Instrumentation was provided to obtain all information
required to determine (1) the flight condition, (2) the
performance of the heat exchanger with regard to satisfying
the requirements of the ice-prevention systen, (3) the increase

o

of engine back pressure and the decrease of the energy avolle-
abié in the exhaust gas to drive the turbosunercharger wnich
were daused by the heat exchanger, (I) the power output of
the engine, and (5) the operation of the turbosupercharger.
The information obtained is listed here with reference to the
notation used in figure S to indicate the location at which
the various factors wer: neasured,
Gteneral
1. Pressure altitude (Pg)
2. Atmospheric temlerature (Ta)

3. Indicated airspeced
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L, Engine speed

5. Turbosuperchqrger‘spéed

. Turbosuperbhargér waéte—gate%valve position
7. Tngine air-flow rate (o)

§. Engine fuel-flow rate

7,

9. Exhaust-gas—-Tlow rate through turbosupercharger

du

10, Air-{lov rate through heat exchanger (W)
& h

_Pressures
11, Engine manifold (Py)
12. 'Total at carburetor inlet (H.)

13, Stetic in carburetor boost venturi (P.)

- —M—3tEtic and total ifmedistely aft of exhaust-gas

collector ring <Pel, and Hel, respective1y>

1=
oy}

« Total at eatrance to turvosupercharger nozzle

M 1T N
DOX /\}162 )

Tcmperatures
16. Carburetor air (Tg)

17. Exhaust gas in stack inmediately aft of collector

\. s /
18, Exhaust gas at nozzle-box entrance &Te°>
19, Zxhaust gas in extension duct connected to
waste gate (T j
B AS E’y
\*es,
20. Air in heat-exchange—outlet duct (Tp)

The instrumentation of the heat-—exchanger installation is

shown in figures 5 and 6. Detalls of the total-pressurc tubes
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used in the exhaust system and ol the air-temperature survey

used in the heat—exchanger—air outlet are given in figures b

-

’

and 6, respectively., Total-pressure—~tube surveys were installed
in the standard erhaust stack in the same locations as siown
{for the !l eat excnnnge“ A thermocouple survey similar to tihat
in fthe heat-exchanger outlet, but consisting of three Instead
of five thermocouples, was installed at the carburetor inlet,
The typve of quadruple-shielded thermocouples used to obtain the
exhaust-gas Temperatures 1is shown in figure 9. Iron-constanten
thermocouple wire was used for the alr th ernocounles and
éhromel—alumel wire Tor the exhaust-gos fhermocoupleso

The alr-flow rate rovéh tihe heat exéhanger was obtalned

with a venturi meter in tTlLeO in the heated-air-outlet duct,

as shown in figures 5, 6, and &, The exhaust-gas—Tlow rote
through the turbosupercharger waste gate was determined with

a venturi meter installed in the duct extension shown in
Tfigures 7 and &, Engine U carburetor was calibrated to

obtain the engine-alr and fuel-flow rates. The carburetor—
impact and boost-venturi-suction pressures and thé'inlet—air
tenperature were recorded for this purpése,. The impact pres—
sure was measured in the annulus around the carburetor body
into which all the impact.tubes are nmanifolded and the suction
pressure was measured at the suction silde of the alr-netering
dlaphragm.. All recorded pressures, except the engine manifold
bressure, were referred to the atnospheric pressure indicated

at the static orifices in the service alrspeed head corrected
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for position error,

A resistance bulb thermometer was installed on a l2-inch
mast under the nose of the Tfuselage for the atmospheric-air-
temperature mecasurement. This resistance-bulb—thermomoter

installation was calibratod in flight to dctermine the error

/ -
in 1ncicatced temperature caused by adlebatic heating. All

temperatures were recorded with a multiple-channcl simultaneous
Temperature recorder. The remainder of the test data was
recorded with standard HACA instruments. - The installation of

This cquipment in the alrplane 1s shown ia figurcs 10 and 11,

TESTS

-A11 test data were obtained Guring level flights at about

10,000, l?,OOO, and 2l 000 feet pressure altitudes with the
heat coxchanger installed, and then with the stancard cxhaust
stack installed in nacclle U, Enginc I was operated at cach
altitude at full throttlc with.intcrcooldf shutters fully
open over the cngine—specd range of from 1L00 to 2300 rpﬂ in
about 100-rpm stcps. At cach speed the'turbosupcrchargcr-
control sctiing was varicd from zcro to full boost, or until
the cngine manifold pressurc reachod o safc nmaximum for the
particular cngince specd, All data wcre rceorded Tor scveral

different manifold pressurcs at cach cngine speed. The car—

burctor-mixturc control was sct at auvtonatic rich Tor all

powers at an enginec spced of 2300 rpm and for thc highcst

e

powers et the otaer specds, and automatic lean was used for
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the rcuainder of the operating conditions. During the flighte
at each altitude the indicated airspeed was maintained anHrox-—
ingtely constant at 150 miles per hour by varying the »ower

of cngines 1, 2, and 3.

Sunmaries of the tecst data obtained for both the standard-
Yhaust—staci and hecat-exchanger installations in nacclle 4
are prbscnted in tables I and II, respectively. The . values
of atmosvpheric tCﬁ' raturc given in the tables have becn
corrccted for adiabatic heating. At the test alrspeeds
these corrections were found to ve =50 F, =7° ¥, anda -9° F
for 10,000, 17,000, and 24,000 fcct pressurc altitudes,
respectively.

The valucs of enginc back »ressurc given in the tables
arc thc static pressurcs mcasurcd immediately aft of tkﬁ cx—

el 4.7

naust collcctor ring. The arithucticzal average of the tom-

-

peraturcs indicatcd by the three thermocouples in the
carburctor—air inlect duct is prcscnted as the carburctor—-alr
temperaturc,

The. cngine bralic horscpoweor was obtaincd from the cngince
monufacturcr!s chart, using the rccorded valucs of cnging
spced, manifold pressure, back pressure, and carburctor—alr
tenperaturc. The turbosupercharger nozzlo-box entrance
prcssurcs arc the averages of the five pressurcs indicated

EN

by the total-tubc survey at the nozzle—box cintrance. The
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five pressurés of the total-tube survey just aft of the ex-
haust collector ring were averaged to obtaln the total pressure
at this irt and the dirference between this and the average
pressure at the nozzle-box entrance is presented in table II

as the pressure drop acrosg the heqU excianger.

In table I, the heat-exchanger heavel~alr temperature 1is
the average value of the five temperabtures obitained with the
five thermocouple survey Locahed in the heated-air-discharge
ducts The rate oflheat Tra Dsfer to the alr was computed Dby
the use of the following equation:

Q = i Cp (Th - TO. - Ata)

where

Q. .. rate of heat-transfer;- Btu per—hour —
W alr-flow rate through the heat exchanger, pounds per hour
Cp -8pecilfic heat of alr at the average of Ty and Tg,

Btu per pound, Op
Tp, =~ heated-air temperature, OF
Ts,  atmogpheric temperature, OF

At, adiabatic temperature rise, OF

The results of the tests are presented in grgl’ ic form
to show the effect of the heat excnanger on the factors
affceting the operation of the engine and tbe turbosuper—
charger., - Before a compnarison could be mede between thé engine
and the turbosupercharger opcration with the standard exhaust
stack installed and with the heat exchanger in place, 1t was
necessary to C;OSo—plOb the data in order to correct for

variations in engine speed., This was done by plotting the
I Yy &
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date for the various engline spééds, falring curves through
thece data, making a cross plot from the faired curves showing
the variation of the particular factor with engine speed, and
replotting from the crosslplot at the same engine speed for
both the standard-cxhaust-stack and the heat-exchanger
installations.

The heat-exchanger—-periormancc ciisracteristics of air-
flow rate through the hcat exchanger, alr-tcnperature rise
above atmospheric temnerature, and rate of heat transfer are
shown in figure 12. Figure 13 presenﬁs the exhaust-gas-flow

.

rates ané fthe exhaust-gas temperaturc and total-pressure drops
across the neat exchanger and acrosg the same length of
standard exhoust staca. The data obtained for the factors
shown on figures 12 and 13 did not show a cloa*lv defined

variation with engine speed; thereforc, a 81;g73 curve was

faired tiirough the points. The test »noints arc not showm in

L)

the figures beccause tie values of engine air-flow ratc were

corrcctcd for variation in cnginc speed betwecen the heat—

rd—-staclt ftests before nlotting.

+
9]

exchanger tests and stancar
As noted in figurc 13, the cxhoust-gas—flow ratc is the sum of
the engine-—-air and fuel-Tlow ratcs obtailned with the cali-—
brated carourctor.

The effect of the heat—cxchanger installation on cngine
back pressurc is shown in figurc 1. The form of this plot

is not thec samc as that used for Tigurcs 12, 1%, 15, and 16

bcecausc the scattering of the experimcntal points did not



1k IR No. AFHZ23

make 1t Dossitle to cross—-plot the data. The effect of the
heat—exchanger installation on the ideal work 6f expansion of
the exhoust gas in flowing through the turbine of'the turbo--
supe?c;ar?er may be determined from figure 15, The idesl work
was compubed from the test -data by the metnod given in reference

5, which uses the following ecuation:

P r—1%
i ° :
L = I‘s.e.i.e r il -— (/-a \ r 2
21 \E, / g
- 2 -
where
E ideal energy, Toot-pounds per pound

Re zas constant for the exneuSU gas, Toot-pounds per pound, OF

e exhaust—gas temperature at nozzle-box entrance, °F absolute
o 3 HLe, B

r ratio of snecific heats

Hg total pressure at nozzle-dox entrance, pounds per scuar

Pa atmospiteric alr pressure, pounds per scuare Toob

The effect of the heat-—exchanger installation on the exhaus
gas—Tlow rate through the turbine is showm in figure 16, The
total exhaust—-gas—flow rate 1s the sum of the engine air-flow
rate and fuel-flow rate, and the turbine-flow rate is the

F

ifference between this Total flow rote and the exhaust-gas-

(&

Tlow rate through the turbosupercharger wvaste gate.
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The engine and turbosuvercha fger onerating conditions of
engine brake horsepower, turbosupercharger waste-gate-valve
position, engine manifold pressure, eagine speed, and turbo-
»supefcharéer speed ére shovn in figure 17 for both the heat—
exchanger and standard~exhaust—stack instullmtlons. The alti-
tude va *1atlon of tne eng 1ne oack pre oure, englne nanifold
bressure, turbosuvercnq "ger waste—gate-valve posluion,.and
tULDOSUQe;C“;féef speed are giveﬁ in figure 18 for the two
test installaulons._ |

An estimate of the'precision of the tesﬁ data ié as
follows:

Pressure altitude, *£100 feet

l‘_cJ

Atmospheric temperature, +20
Indicated a1r3ueed, £2 miles ner hour
Engine speed, £10 rpn
All pressures, 0.1 inch of mercury
Alr-flow rates, £5 percent
Engine ;uel—llo" rate, iiO percent
E\hmuqt—ga —-flow rate th LouHi turbosupercharger waste
gate, 6 percent
Carburetor-air temnerature, £10° 7
Temperature of elr at Jecb—OAChmﬂéef outl eu, £10° 7
Exhaust- —-gas temae ~ature, +40° F
Turbosupércharger waste~gate~valve position, £10

Turbosupercharger sveed, £500 rpm
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DISCUSSION
General

The results of these tests indicated that the effects of
the heatéexcﬁanger installation on engine vack pressure and
turbosupercharger 6peration did not limit the range of engine
powefs attainéble for normal operation of thé teét airplane at
the three test sltitudes. The decrcase in engine brake horsce-—

power due to the increase in engine back pressurc caused by the

" heat exchanger was found to be a maximum of about onc-half per-

cent. The linitations of engine power duec to the heat exchanger

causing a greater closure of the turbosuncrcharger waste-~gate

- valve were found to cecur only below an engine spced of 1800

rpm and were beyond the range of norial engingc oporétion.

Above this cnginc specd, complctc closure of the waste-gate
valve did not occur and the meximum pernmissible engine manifold
prcssures were obtained when the hecat cxchanger was installed,
For otner turbosupercharger—-enginc—airplanc combinations in

wnich the demands upon the supcercharger rcquirc opcration at

b

morc ncarly maximum capaclty to achicvc the normal range o
cnginc power then is the case for the test airplano; a hoat
exchanger may’limit the powcr—plant opcration,

The variation of the bngino opcrating conditions with
prcssure altitude for rated and maximum cruisc powcrs indicated

that, for both installations, thc maximum operating spced of

the turbosupercharger would bec reached before the waste-gate



IR No. ABE23 | - | 17

valve would be fully closed and, therefore, the increase in

vaste gate closure caused by the heat exchanger was not enough

to affect the critical altitude at these. power conditions.
Detail

The plate~type heat excianger used Tor. these tests
exhibited performance characteristics which compare with The

-

design reauirements for the outboard heat-exchanger installa-

tion in the test alrplwnc a5 follows:
Design . ' : Tes?t
vrequ1rement~ - data
Pressure altitude, T . . . . . 18,000 17,000
Indicated al*soeeh, mphl . . .. . | "155 150
aslr-flow rate through exchangéf,‘  ; _ ='. %

W/Br. o e e e . :“'3500 o 3650
Al;—uenperaturv rise, oy ,,”; . ?951f6.325 F - o 265
Rate of neat u“ﬂasfc~re6<fo.the : ' _

air, Btu/nr . . . .. ; ,'.>._; 256,0@0' ’ 240,000
oxhaust—gas totalepreséurevlrop;' e

in.. of 1-;51.1:(-31"'._4. . .. .l . : “.7;3. - 945
Zxhaust-gas —flom ue, lb/hr B ) ““vijOO. ' 400

This compﬂflson ”ltﬂ desvgn reovlrements indicates that
the performance of the test 1 ol_utlon was in clo se enough
e?reement with design values_to provide a good indication of

the effect on elﬁlne “nd tu uosvoc“charﬁer oaeration of a

heat exchanger qvluuole for the th 11hl 1ce—Drevenulon equip-

ment of the test airplane.
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The exhaust-gas—-{low rates presented in figure 13 are the

sunis of engine-alr-flow rate and fuel-flow rate, or charge-
flow rate, measured at the carburetor and, therefore, are‘not
corrected for any leakage in the induction or exhaust systenm
between the carburetor and the turbosupercharger. A4 limited
anount of data obtained on the gas 1eakagé with the straight
sftack in place indicated that 1t varied from 5 to 12 percent

of the engine charge-flow rate; however, the inrormation
obtained was not complete enough to warrant borrecting the data
for the straight stack installation. o information was obtainec
‘on the gas leakage with the heat exchanger installed.

The variation of the exhaust-gas totalupressure drop across

the heat exchanger and thédéaﬁal 1enoth o;—zgggdaro ekhuqu
stack shown in figure 13 agrees with theorctical calculations
up tp engine alr-flow rates of about 1000 pounds per hour, but
is less then calculated valués at higher flovw fafeé¢ Very few
experimental points were obtained in the region'él high flow
rates and tﬁese showed considerable dispefsion.‘ It is probable,
therefore, that. a change in the flow conditions at the higher
flow rates ser 10Us1y.affectedlthe pressure méasurements.
Although the absolute values may be in er;or, *t is believed
that the datﬂ provide a falr indication of tle increase in
Pressure drop caused by the heat exchanger

The exhaust-gas tenperature-droa curves siiow that the
'gas temperature at the'turbosuperoharger nozzle-box entrance

was decreased 250 to 300° F by the heat=exchanger installation,
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A comparison of the rate of heat transfecr to the air,
given in. figure 13, with the rate of heat loss from the ex—
haust gas indicated that the hecat lost from the cxhaust gas
was sreater than the heat transferrcd to the air, or
was an apparonf.net heat loss. The rate of heat loss from the
exhaust gas was computcd from thce valucs of exhaust-gas flow
rates and temperature drops prescnted in figurc 14,'With the
latter decrcased by 50°F to allow for a nornal heat loss approx-—
imately cqual to thaf with the standard. -ecxhaust stack installed.
Difficultics encountercd in instrumenting the cxhaust system
are believed to be responsible for the failure to obtain a sat-
isfactory heat balancc. The factors affccting the heat balance
which could not be cvaluatcd beceuse of restrictions imposcd on
the instrumentation are (1) heat losses which may not .be com-

or

Lo

pletely accounth for by allowing

Q

norital heat loss ccual

to that wlth the standard oxhaust staclk

fomed

installed, (2) leakage
in the induotibn syétcm downstrcam of the. carburctor and in

the exhaust systom and (3) the usc of a singlec temperatur
measurement as the average temperaturc of the exneust gas 1in the
unlagged cxhaust stack in front of and behind the hecat exchangen
An’analysis‘of ﬁLc'data indicated that thec apvarcnt net hcat
loss, cxprossed in percent, inerecased with an incrcase in oX~
haust gas flow rate. For cxample, for the tcsts at 2,000 feet
altitude the appércnt nct heat loss incrcascd from about 1.6
percent at an ckhaﬁst—gas flow rate of 1680 pounds per hour %o

aboutb u9 porcont at a flow rate of 5290 pounds:por.hour.‘A
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similar varlation was noted for the tests at 17,000 and 10,000

feet, It was also found that at the samc cxhaust—gas Tlow ratcs

he apparent heat loss decrcased with a decreasc in altitude,

except at the lowest flow rate where a slight indication of a

reverse in this varlation was Tound. This variation of the

hcat loss with gas flow ratc tends to indicatc tnﬂt lo“_ago
.O

was ﬂn 1mpor ant factor, and that possibly the crrors intro-

duccd by tho other factors affeccting the heat balance varied

)

with cxheoust-gas Tiow ratc.

Thoe curves faired through the test dota preso: ted ir

Ll”UlC 1L snou an incrcase in tacik presgurc causcd by the heat

exchanger of Trom about O.1 inch of mercury at 10,000 fcot

~prCSSU?e“a1ti%u&e~toMaumaximum~of-aboutf:~inch—of“morcury‘at

24,000 féot'prossuro altitudc, The naximun incroasc in cngince
back ;ossuré-causoé oy the hncat cxechanger was cvaluatad fron
the cngine chart to rovrescnt o decrcasce in V“.lq; powar Of 5
bralkc gorscoov r at an cngine speed of 2300 rpm and maﬁifold'

rcssurc of 38 inchies of mercury absolute, or about bne—half
percent of the total engine pmower at- this operating cdndition.
The cnginc-back-pressure date were not very consistent, as

indicatecd by the scatter of points plotited in fl"uf” l This

scattering 1s belicved %o be due to pulpat¢ons 1n tn xnoust—
gas flow which werc not accuratcly. rocov~od 1d to tho noor

location available for the pressurc orificce in the crhaust
system,

The decrcasce of ideal work of cxpansion per pound of
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exhoust gas causcd by the heat-exchanger installation,is shown
in figure 15 to be as high as about 50 percent, at low eagine
speeds, and never less than 10 percent of the iﬁeal worik for
tho standard stack installation. In order to provide the same
total energy for supercharging, it is epparent that, becausc
of this deccreasc in idcal work pcr pound of ¢xiiaust gas Dor
minute, a greater quantity of gas must Tlow through the turbine
when the heat exchanger is installed, An indication of thils
increase in the aquantity of cxheust gas flowing.fhrough the
turbine may bé obtaincd from figure 16°‘ Thc lines of constant
turbosuncircharger waste éate;valvé @osition shown in figure
16 were included to illustrate Lov tho turbosupercharger
control was arfccted, The curves iﬁdicato thét at low éngine
speeds the *bl tionship between th xhaus u~gas—flox ratc
through the turbine and alr-flow ratc to the ongine is such
that closod wastoe te-valve Dogition is roc gﬁ:od but as the
cnginc speed 1s 1ncrc:‘sod this CODCLblOH beeoncs less criticals
The over-all cffect of the hecat-cxchangoer ih tallation
cn the cngine aﬂd turbosuperchargcer o operation is )mg cnted
as figurc i?. The increascd cloéuro of thce turpOSUDCTChw rger
waste—-gatc valve to obteln tﬁo same oagine brakc horsopowcr
with the hecat cxchanger installcd is showm to be morc critical
at the low cnginc spceds than at the high cnglnc s)vedsa One
of thce most important cigino operating conditions in the low-—
power rangc l1s that for maximun rﬂﬂ"e cru1s1ng vnich, in

a

Q
Q
o
5

dancc with thc opcrating instructions given in rcforence
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6, was found to be tho following for the tTest alrplanc:

@rcséuroA Engine Engine
altitude, speed, . manifold
(7t) (rpm) pressure
_ _ o (in. Hg 2bs.)
10,000 | 1550 29
17,000 _ 100 29
ol 000 2050 29

Figurc 17 shows that thesc operating conditions werce
obtainable with the hecat cxchanger instslled. In geoneral,
figurc 17 indicatcs that, for cnginc speoeds of 1800 rpm and

above, thc incrcascd closurc of the turbosupercharger wasto-

gatc valve causced by .thc heat exchanger was not sufficicnt to

precvent obtaining the same meximum cnginc manifold pressurc

and p wer that ﬁas obtained with the standard cxhaust stock in
placc. Below an cnginc spced of 1800 rpm wlicn thie heat
exchanger was installed, closcd waste-gate—valve position was
frequently réachod beforc thc maximun qpcrating powers for the
standard stack inétallation were attained, It 1s belicved,
however, that the cnginc-power conditions (fig. 17) limited by
the heat-exchanger installation arc below the range of norncl
operation an&, therefore, arc not critical,

The differcnces in turbosuporchargor_spood between thc
staniard-cxhaust—stack and heat~exchanger installations at the

saric engine powers (figs. 17 and 18) arc not belicved to be

corrcet. then the operating condiftions at the seamc congine
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na
AN

power for both the heat-exchanger and standard exhaust-stacl
installations were used, the supercharger speeds determined
from the compressor'chart fof the type 3-2 turbosupeﬂchar'or
vere essentially the same with a maxirum Variatioﬁ bf 500 rine
The speeds ascertained from the compressor chart were witiin
50C rpm of the ‘test data for the heat—e: <changer 1nsuc11auwon,
and 1t is probable, therefore, that these values are more
nearly correct ﬁhan thoss for the standa “_~buacx installation,
The discrepancy in the test data may be due to an error
incurred in the installation of the recording tachometer,

In figure 18, it is shown that rated power (1000 bhp),
maximum cruise power (750 bhp),‘an& an average ;ormal cruise
power (600 bhp) could be maintained For the range .of test
altitudes with the heat exchanger installed. At'these povers
the turbosupercharger waste-~gate valve was further closed when
the heat exchanger was installed than when the standerd stack
was in place, but the data indicate that, for both the 10CC-
and 750-brake horsepower conditions, the maximum operating
speed of the turbosupercharger would be reached before the
waste-gate valve would be fully closed.

Anmes Aeronauvtical Laboratory,

National Advisory Committee for Ae'onautics,
ljoffett Field, Calif., August 23, 1945,
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Jones, Alun R., and Rodert, Lewls A,: Deve’0W1enu of
Thermal lce~Preventlon Zquipment for the B-24D Ailr-
plane. HACA ACR, Feb. 1943, (Classification changed
to "Restricted! Aug. 1or,a§ :

Jones, Alun R., and Rodert, Lewis A.: Development of
Thermal Ice~Prevention Jovloueno for the E-17F Alpr-
plane. 1ACA ARR Mo. ZH2Y, 1943, ‘

Look, Bonne C., and Selna, James: Flight Tests of Several
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HACA RIR, Apr. 194,
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Anon.,: ZErecction and ilaintenance Instructions for Army
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" Dec. 1, lQL? (revised 4pr. 5, 1945).

Pinkel, Benjamin, and Turner, L. Richord: Thermodynamic
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Figure 7. - The heat exchanger installed between exhaust
collector ring and turbosupercherger and venturi meter
installed in duct connected to turbosupercharger waste gate.
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(a) Side view,

(v) TFront view,

Figure 9. - Type of quadruple~shielded thermocouple used to
obtain exhaust-gas temperatures,
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Figure 10, - Temperature-recording equipment installed in the test
airplane for the heat-exchanger tests



Figure 11, - Pressure and speed recording instruments installed
in the test airplane for the heat-exchanger tests.
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