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NATIOMAI, ADVISORY COMIIITTEE FOR AZRONAUTICS
MEMORANDUM REPORT ‘

. fofmtﬁé; o
Matgriéi Commaﬁd, U.5. Army Air. Forces
FLIGHT TESTS OF SEVERAL EXHAUST-GAS-TO-AIR
| HEAT EXCIANGERS IN & B-17F ATRPLANE

By Bonne C,. Look and James Selna

. SUMISARY

Seven exhaust-gas-to-air heat exchangers were flight-
tested at the Ames Aeronautical Iaboratory of the National
Advisory Committee for Aeronautics on a B-17F airplane t©o
determine their performance characteristics and to investigate
their flame-—suppression qualities, The tests were conducted
to secure performance data of heat exchangers which might be
suitable for use in the thermal ice-prevention and cabin-
heating systems of the heavy bomber-type airplenes.

~ For this investigation, the performance characteristics
of the heat exchangsrs have been defined as the air-flow rate,
air-temperature rise, rate »f heat trensfer, and the air-
and exhaust-gas—side pressure drops. The information obtained
is presented in tables which include the -recorded date and
the general performance characteristics of the heat exchangers
evaluated from the recorded data, The design requirenents of
heat exchanger installations for a typical four-engine bonber
cabin-heating and thermal ice=~prcvention system &are presented
and compared with the performance. of the tasted exchangers.
The flame-suppression gqualities »f the exchanger were investi-
gated by visual observation, and the results are presented 1n
“fabular form. A limited amount of informacion was secured
relative to the effect »f & heat exchanger,; installed between
the engine and the turbine supercharger, on the supercharger
speed and angular position of the waste-gate butterfly valve,

The results of the performancc tcsts indicated that under
design test conditions the rate »f hecet transfer specificd for
the outbhoard-nacelle heat—exchanger installations would
probably be rcalized by the units tested 1n thnase naccllcse
It is questionable if -any of thc cxchanger installatiois
tested would have satisfied the rate—of-hcat-transfer recduire-
nent for the inboard-nacelle instellations at design test
conditions, For all installations it was found that the air-
gide flow resistance, indicated by the total pressure drop
scross the heat—exchanger installations, was high and resulted
in low air-flow rate and in nost cases high air-temperature
rise.
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The results of tne flane~suﬁpre5810n investigation sqoweo

the glow¢ﬁg nf the exhaust stack and turbine-supercharger

parts to be more visible than the exhoust-gas flaming for the
conditions testeds, The data obtained nn The effect of a heaj-
exchanger installation on the operation »f a turbine super-
charger indicated. that the critical altitude of the- super=-
charger ror rated enolne~powef COu@lblﬁnS vas not affected by
the he at-exchanger installdtinn, . Alsh, . fo¥ & given manifold
pressure, Gfread:er closure of the wasue—b@ce velve was reqalrea
with the exchanger installed than without the exchanger The
investigation was limited in scope and did not provide
sufficient 1'nf’nr*hatlon Tor final conclusions regarding the
effect »f heat-exchanger instellations on supercharger perform-
ance.

I TRO| U c”ztm .

For the past uevernl yedr - an- extensive’ 1nvest1g tidﬁ T

exhoust-gas—-to-air-heat exch qﬂger hag been conducted by the
NACA at the “nes'“eronﬁutlo l Laboratorry end at the- Jﬂlvef“lbj
of Califarnia as a part »f- gelergl regearch pragram on th
development »f tnernal ice~ oievenulon eﬂxiomept for q1ro¢ane
The results of a large portion of thé research.conducted at
Am@s.Aercnautical.LmbO”“tory are prnsenuc in referénce 1,
vherein reference lg &lso made U7 the wori done at: the bhlver~
sity of-California, These. prellan ry researches were I a. -
general nature to'investligate the performance »f the exchiangers
and the feasibility »f their use in thermal LCG"DTCVCJUAOW
equipnent,

The purpose of the present investigotion was to'ldetormine
the. performance Af various Types oI cxhoust- gas-to-air heat
exchangers with respect to their uéﬂWULolllcy to a production’
version »f thermal 1ce—orevent13n and cabin-he atlng equipment:
for &heavy bomber type alrplane., - The tests were conducted on
the :B=-17F airplane, for which the Ames scronautical L;ooraborv
had designed, installed and flight-testcd a thermal.lce— :
prevention systen (references 2 and 3), Porformancc dato were
obtoined for ecach heat exchanger for sinilar flight conditions.
The. performance tests were snp;Temcnuod by night flights.
during . which the degree of flane suppression nr0v1aod by th
different exchenger installations was. 2bscrvod. A limited
amncunt of ‘informotion was obtainod on Tthe cffoct-of a heat—

exchanger instollation on the turbinc-supcrcharger’ nperatisn..
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. Description

The B-17F airplane in which the seven exhaust-gas-un-alr
heat exchangers were tésted is showm in figure l. The seven
heat exchangers tested were all-prinary surface units of
three general types: ~(1) tubular, (2) plate, &and (3) flute,

One of the original heat exchangers used in “tie thermal
ice-prevention-system of the B-17F airplane, employed as a
test airplene for the present teésts is shown in figure 2,

The exchanger was of the cross-flow type and consisted of &
stainless—steel shell with longitudinal folds to form fins

on the exhaust-gas side, and copper strips inserted in the
longitudinal folds end cut to provide pin fins on the air
side, This heat exchanger is described in detail in
reference 2 and perfsrmance data may be found in references 2
and 3, . oo

The two tubular—type heat exchangers were cross—flow in.
design, the air flowing across the tubes and the exhaust gas
through the tubes., These exchangers are designated as hcat
exchangers 1 and 2 and are shown in figures 3 to 6 inclusive,

The three plate-type heat exchangers tested were alsn
eross—flovw. in design, and consisted of a number of alternate
air and gas passages separated by thin plates. For two of
these exchangers, designated as 3 and UL, -the separating plates
were flat, and the two exchangers differed nnly in the number
of air passages, exchanger 3 having nine and exchanger U
having eleven., The additional air pacsages in exchanger
one on each side, were provided because it was doubtful if
the outside plates of exchanger 3, which formed one side »f
a. gas passage, would be sufficiently cooled ©o prevent
buckling and distortion., These twn heat exchangers are shown
in figures 7 t» 10, inclusive, In the case of the third
. plate-type heat exchanger, designated as heat exchanger 5
and shown in figures 11 and 12, the scparating plates were
corrugated., The corrugated plates were assembled in such a
menner that a straight passage, diamond-shaped in cross
gsection, . was presented for exhaust-gas flow while the air
vas caused to flow through & narrow, constant-gap, winding
passage. ' .

H

The two flute-type healt exchangers were parallel-flow
in design, and consisted of a serics of altcrnatc air and
gas trapezoidal ducts which formed a cylindrical heat
exchanger with'a. hollow corc. These heat exchangers, deslg-—
nated 6 and 7, are shown in figures 13 2 17. . Heat -~
exchanger 6 was provided with & renovable plug located in
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the hollow core of the e: cchanger on the exhe ust—vas sicde for
the purpose of directing all of the exhaust gas *hrough the
trapezoidal gas passages. (See Tig. 15.)

Installatlon ‘:J 1ffw

i
D

: RN ’ PR Y A . ;
. Thp wvarious. beat—e hanger 1Dst l ations, are- descrlbeq in
detail because in deternining a heat exchanger for use in '
bonber-typé airplanes. it is important. to enneider the ‘ease of
installation of:the unit,; and becalse -the pDerformance of -a heat
exchanger depends ‘to'a vreat extent on_ the marnner.in which it
is installed in the' ai rplaae° -In figufe 1& the  heat: exchangérs
are llsted aCCQ dln” to the nacel’e 1n mhlch tley vere teSUed.

x

All the neat etol udeTS were . 6681bned to.Trep lace the
straight,” removable section of the oxn:uSumsuack.system between
the ball joint® and the Turbine supercharger, Thése: removable:
sections were about 2L inches long for nacelles 1 and L, and
38 inches long for nacelle 3, Heat exchangers 1, 3, 4, 5, and

were designhed for installation “in nacclleg I or Hy, and heat
exchanger 7-ves designed for dnstallation in nacelle 3,. Heat
ekannner 2 was not: de31:ne@ for a.oocc*fla nacnl¢e an¢ wag -
tested in nacclle 3, - Ce e S R

In general, each: heat- e\changer 1nstgA¢at19q CDHSluth
of the air inl ot 8CO0D, ﬂGdT exchanger shraud, air outldt:”
he%der, and the' ﬂeuesswry @LCGlndqu «dirget t“c hoated airt to
the point of discharges, ‘Since thc test 81 Wore- copiuctco o -

‘determine the pert ormancé”of“tq ‘hest’ oicha rgors.amd nau of

the thermel: 1co-provcnt¢on equipment, tHe heatcd &irs Tram: the
outboard cxchwpﬂers was discharged overb ord- at the:top T the
nacelles and- tlo alf ffom the lﬂquTu eXchange or was dlﬂcaargoﬂ
through a louver in the upper surface 2T the Wing.: Altera-
tions to° the naCOLWGS woro “COCuSUfy in- ordor to qcconnoduto

the various: hcat oxchang s -ond to provide-an ouuWCt for . the

heated airs -~The najarity df the altoratlano Wore confincd 0
the oxnaust;shrdud, defined &g tho portldn of the naco¢lo
structurc '(forﬁod of - CO¢P0810H~TCSlSt ant steel shett) u;Ch
shiclds: from the: remaindcr nf the hacgllehea twghg.oanuutu
gascs from the cxhouet stacks :;no lusugllub$or of hcat: .
cxchanger L-in nacecllc 1 -rcquired & cut—out ih! the' cxhougty
shroud for the ‘heated=air 3utlct Ast slivwm 1A Tigurc: 19, ‘“ho
installation of cxchanger 6 in nacelle 1 nocos51uaucd an
cnlargenent »f the cxbaust shroud eand, Ll a cut-out for
the hCuqu—”lr ouulut‘ (Soo f g, 20 ) w»»uﬁi;; i

i
ks

Considcrable ﬂltcr tlon to nmcollﬂ 3 wa's neces ﬁrJ ;or
the installatinn of heat dxchanger 2. The cxhaust: shroud was
alterecd vo accommodato th c hCub ©3 cLan or and»yrpv¢do-fdr.tho
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heated—air nutlet as shown in figure- 21,  .1in nmajor altere-
Lﬁo& of . the exheaust shroud was requl“ed for .the installa-—
tian nf heat exchanger 7 as the original ghroud »f nacelle 3
was used and a heated-air outlet. pw0v1deu as shnwn:in
figure 22, In the case of nacelle L, one alteration.to the
Yhsust shroud was sufficient for the installation of all.
three of the exchangers tested in that nacelle. This altera—
tion is shown in figure 23%. The qu of the bhroud was lelf
open for the heated—air outlet. :

-Details »7 tne heat—-ex changer lﬂSbcllathnS for the,
performance tests are given in figures 2lt to 45, inclusive,-
These installations were for test purposes of 11n1ued dura-
tion and do not necessarily represent a satisfactory service
installation., In the installation details the heat-exchonger
shroud is defined as that portion »f the system which re—

stricts the air flow to the exchanger passages between the
1nlet scoop and the outlet header, For exaﬁQWe, in' the case
of exchangers 1 and 2, the. exchanger shrouds arc OWSldOLC

tn be the additions to the exchangers as 1s ev1dcnt from a
comparison of figures 3 and 5 With figures U and 6, respec—
leely. For exchangers 6 and 7, the cxchanrer ghroud con-— .
sisted of the exhaust-stack shrﬁuq nn nne side »T the exchanger
and a continuatisn of the air inlet scoop on the other side.
The space between the exhaust stack and the shroud was sealed,
in front of and behind the heat exchanger, with rings formed
nf stainless steel 1 hich have been refcrred to as dams, (See
flgs. 27, 2 ;3, and 34,) The sir-tcmpering system shown
in figures 33 and 3 was not installed until after the
porIOfnanco tests. In preliminary flignts with exchanger 6,

the plua in the exhaust-gas core was found 92 produce an |

cexcessive temperature rise of the air and was, therefore,
removed Ior tn@ Perfornance tests, .

For the flamc— suppre881om tests,. the installations »f all
the heau exchangers cxcept 6 and 7 "or° the same as T»o» the
performence tests, In nrder to incrcasc the quantity of heat
renoved from the exhaust gas for heat exchangers & end 7, the
rear dams werce romoved, thus allowing the alr to dis chnr@o
through this opening in addition ©9 the regular discharg
Furthbfmn rce, in tno casc of exchanger 6, the gas-side olu@ which
had becn rcmoved for tne performﬁncc upsts was reinstallcds

Altcr the per;ormanoe ﬂnd flhmc~sxapression tests of |
the heat cxchangers-had been completed, three:of the heat
exchangers which & appecared to be mIst roadily adap t%ble for use
were installed in naceclles 1, 3, aad U4 for scrvice testing. The
preliminary investigetions of the servico-test installe tion,
hercafter rcferred to as the final THSbc*lablﬁﬂ, were cnnducted
at the Ames Acronautical Laboratory and form a part of this
rcport.
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- A Valvo essonbly Wos. :Lnﬂtalio1 in’ﬁhc'heatcd;éif;butiot
systen af the flaal instellations d;ic%'prﬁwiéed for “LTGCUL

he hcated air fo. ke icée-prevention systen: (from nacclle 1 %
tho left-wing outcr pahe ;. Trom qaceWLr 3.to the empennage,
and fron nwcellﬂ IL'to! tnc rlﬁku—wwng auter D?HOL) or- overboard,

OC\?

. The. valves were, acfuated by clectric mntnrs and could be
-oporatod- in f11gnt Durlné ‘the brolTN¢nary tests of the final

installations the heauoa air was discharged ovoroocrd; however,
the valves werc included in’ the instelletions in order that
the heated air could be. dirccted To, tAC lCO-pPOVCutlon systen

.durlﬂ”:tk’_SCTVlCC tCSuSo:

qo flnal TCV1SlOno t9 he t eAchunwcr E'snd tho“insan

__atlon details arc shown in' fi gufes L6 $9 51, inclusives The
revised shroud dculgn snovn'in figurc ’6 orOV1dcd an increzascd

air -passage around the sides of tno oxchgng end freedom of

‘mOuﬂon bctvoﬂn the shroud and exchangoer, (Sc¢c Section C-C,

. 48,) The ncw air inlet ccooo (flr 51) cxtonded forward
uo thc rear cdge of. the cowl flaps, ‘and baffle (or glow

~shield) was 1n5ual*90~insidé;the‘Scoop”;P:ordgr to- roduco the
-possibility of 2il and eﬁplosivg”"" nline vapors Ltcrll. the
- systen with the air and to decreasc tho visible -glow of tho

cxhaust systen.to 2 ninimum. An npecning was Drov1cod'¢n each
side of ‘the scoop between the glow shileld and The cxhaust stack

o=

to provide for 01 cuqulon of COOlan ulr ugq1not thc cxububt~

1

Durlng the pOP;Q“JqﬂCC tosts,'ohc%amgorﬁj'had developod
acks in the flutes.at the forward béaded ring, and’ eome of
tan spot. welds ttavhlnb the flu L~¢ to thc c*fcun;orcntlcl
rings had f’llo@ ~ Por the Tinael insta 7'“uloq & ney . unit: was
constructed) shown in figure: 5e, wh:ﬂn wos Hf the same dcsign
as the or¢ginal cxchanger 7, tut was fuor¢catod gonevhat.
difforonG¢J in-an cffort to climinatec thc fa¢¢hr00 noted above.

‘A now type circumferenticl oand was designed to'provide less

restriction to exparision. of. the  exchanger, and tho flutes of
the new heat cxchanger were: forned o cl*nlnnto the welded
joint at the innermost edge of cach flutcy which anpl¢f¢cd

. the joining of the flutos at tho end bands of th 1'on: _
exchanger.. - N R A L A PP

'Lbc fin 1 Tea t~cxc%angcr 1nsubl¢uui3n in nacelle 3 did

not requirc altcrations to the cxhou "u:oud, but a cold-air

tomoorlng syster was installed in- ovdcwito decredse. the c@mpor~

- aturc of the air supplicd to the icce—prevention ""ster“.'This

alr-tompering installation, shiown “in figures 33;" sh and b3,
consisted of an alr inlet scoop- lOuct“d an--the ‘na ccllc abave
and aft. of ‘thc hcd t«cxcnangpr sconp, & dU0u~to.d1root,tL¢ air
to the.hcat-cxchanger air ovtlot houdcr “ond oa valve to control
the amount of c¢nld air aduitted into the: no@tbo— \ir strican,

The velve position was sct before flight becausc.ns meons was



provided to adjust the valve during flight. The valve assenply
to control the direction »f heated-air flow was located in the
wing anear the averboard olscnarge louver (fi igse 35 and Bk ), -

The final installation of heet e\changer 7, ready for f*Loquw
testing, is shown in figure 5b. :

Heat eychanger 3, shrouded ds shovn ii. figure 56 was
installed in nacelle U for service testing. The shro*ﬂ wag
added to the heat exchanger to provide two’ &d@iu' onal qlr
passages, approximately five--eighths inch wide, in order %9
increase the alilr-flow rate through the unit. The ilnstallation:
nT this excthger was similar tn tnau of exchanger 5 in nacelle
1 and is shown in figures 57 to 60, T .

Instrumentation
The instrumentation of the heati-exchanger installations
provided for the determination o the air-Ilow rate, tempera—
ture rise, and static pressure Qrop (including losses in inlet
scoop and »utlet hea Gor\ the heat transfer to the air, and
the static pressure drop T the exhaust gas across the ex-
chenger. Some additional dat. wWere nbltained relative tn cech
installation such as the temperatures »f points on exhaust
shroud and the total nressure 4t the cir inlet sco27p.. The
fnllowing. temperature and pressure data were 2btained:

Temperatures
1 Zxhaust ges forward »f the hect exchanger
2 Ixheust gas T of the heat exchanger
? Ambient air ‘
- Heated air out of the heat exchanger
5 Various points 2f the heat dchanger and exhaus?t

shrouhu, and the heat-exchanger air outlet header

5 Exhaust—stack wall at the locatinns of the forward
and aft exheust-gas Thermacouples
Pressures

-

tack rforward of the heat

foa)

1 Static in the exhaust ¢
exchanger

2 Exhaust-gas static preosurc aronp across the heat
exchanger

2 Total in the air inlet sco27p

Static in the air inlet sco9»

5 Static in the heated-air outlet ducting

6 Stetic at venturi meters used t5 obtain the air-flow
rates »
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inshielded thermocouples were used to indicate 21l temper—

tures except that of the ambient air, which was obtcined witih
giass—sten thernometer in a radiatinn shield mounted in uue:
alf- streen, Chromel-alumel wire was used for the thermocounles
in the exhaust-ges stream, and iron-constenten wire was used
for 21l others, The tynes of thermncouples used are shswn in
flgufe 61, The tenperatures were obteined with a portable
patentiosneter. The pressures mere obtained with static or
total tubes as shown in figure 51, The absolute value. of %the
stavic. D;escure,in the erhaust stack forvcrd of the heat
exchanger was indicated on- a rculfoll—preqsure gage, The.
xhuust~ras static pressure 4rop across tie heat exchcnger’and
all alr pressures were indicated o2n water mancmeters., The air
pressures were referred to the static pressure of the service
ailrspeed head., The locations »f the tbcrrooouples and pressure
tubes ars shown 21 the installation dravings of each heat ex—
changer (fﬂgs. 24 o %“) Tne LﬂSbTumCJbat_On'Of all heat ex-—
changers was sinilar with fespect tn. locationsg and types oF
thorpocoup ies and vpressure- tubes used, o

fD

. Wnen the heat—exchanger Tests were coupleted, a quad iruple-
shielded thermocouvle, shown in figure 62, was installed in
the exhaust stacks of "engines 1 and 3 t» provide an indicatinn
of the radiation error of the unshilelded gas thermndcouples.
The shielded thermocouple was installed. in the center »f the
the regular str.lgnt sections of exhaust stack which had been
replaced by the heat exchangers, Tiwus, in acelLe 1, the
shielded thermnocouple was located apnfﬁxlnate v halfwey
between statinns 23 and 23 (fig. 24) and in nacelle 3, apurix-
imately halfway between stations 2 and 2D (fig. 34). The
section of stralght exhaust stack wos logged w1tk asbestns,
pbroxlmﬁtely three- elghtho inch thick, and the uns hielded

thern 1ocouples used during the heet-exchanger tests were left
in place in t1c unlagged portiosns of the ovraust ﬁv"uc“.

A single unshielded'tlornocouvlc (figs 61) ond & venturi
meter xefo installed in the heated-air dlcc%urhe ducts of the
final heat-exchanger installations in nacelles 1 and L, In
the case of tne finsl installstisn for necelle 3, an unshielded
thermycouple was installed. 1n the duct betwecn. the exchenger

outlet header and the discharge-valve asscmbly, The venturl

neter, located between the e\ohanbcr in nacelle ‘3 and . the
hoeted—alr niQCnargo louver for the pcr ITIMANCG t sts, was

Although during the preliminary tcsts of the final heat-
cxchanger. ‘installations the heatcod air was directed overbne rG
only, a singlec unshielded thermncouple was located in the duc
wrlch Glrootcd the heated air to the wing »uter pancls »f uﬁu
installation in naccllecs 1 and 4 for usc during the scrvice
tests, Also, Tor the right wing, the cuentity »f air flow



could be determined when the air was. dlrected to the 1ce—: ,
prevention system by means of, the venturi nete; located mear
the »uter panel joint (referenoe 2) o o

During the tests of the flnal heat~etchanger 1n5ual—
latinons, instrumentation wes’ pr0v1de7 in nacelle 3 to obtcin
the turolne supercharger speed end angular position’ of tnev"
waste—-gate butterfly Vlee. An 1ndlcau1ng tachoneter was
connected o the turbine supercnarwer, and an NACA control-’
positiosn recorder was attached t» the waste—gcte butuerflv
valve, -

TESTS

Prior to flight tests, the engines were operated on the
ground with the heat exchangers installed. All pressure and
temperature data were recorded for the heat- exchanger instal-
lations at engine-power conditions of approximately 16 inches
of mercury man;fold pressure and 1200 rpm engine speed., The
engines were also nperated at high-power conditions »of full
throttle and full bonst in order to investigate the maximun
temperatures of the heated alr and perts of the exhaust shroud
under these severe conditinns »f low cl”*flO” rate and high
exhaust-gas—Ilow rate and temperaturc

hen the heat-exchang ver installations were considered
sa ulslactsry, as aOtcfmlnCd by the ground testing, the flight
tests were made o investigate the pcrformmnoe nf the hca
exchangers at verious flight conditions. Pressure and 3e
ature data were recorded far each heat exchanger during r
power climbs and normel descents at verlous altitudes, D
were alsn recorded during cru1slnf~p wer level flights for all
of thc heat exchangers at 18,000 fect pressure q1u1tuqc; for
heat c¢x cLhngors 1, 2, and 3 atVEE,OOO feet pressurc aliitude;
for heat CYCuaPéCTS L, 5, 6, and 7 at .30, 000 Tect pressure
altitude; and for ncgt exchangers 5, 06, and 7 at 31,000 Teet
prcesure altitude. For cach rlight conditisn the engine power
vas repeated, as nearly as possible, for all heat exchangers
tested, The hcated-air teomperaturcs and air-fliow nates were
nbtaincd for the final installations »f hicat exchangers 3, 5,
and. 7 during rated-power climb ond level-flight conditinns
similar to the performance tests in »rdér that the final
installations COhLd ve comoarco tn tho performance-test
installations, B

Tight flightS‘WOPF conducted to o2bserve the flaming of
the exhaust ges end b;om_ng; nf the cxhaust stack and turbine
supercharvcr Toar cach exche ngor~0crf0rnance installation with
the exceptinon »f exchanger b, Vwau .1 observatlions werc nade
from the ball turrct of the test cirnlane, from an acconpany—
ing airplenc, and from thc ground, The observer in the Test
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airplane was statiosned . in the ball burreu and nade observe-
tions Quring level fiight-at: verlous engine-powver oonc1tlons.

The ¢ eccompanying airplane, with-‘two- nbservers. exclusive. of -

the flight crew, was mansuvered about the B-17F airplene at

a distance of epproximately 300 feet, Observations.of each
heaj-exchanger installation were nade from several positiong:’
from-each side; -dl PeCulj Lelow, and belov and Sllﬂlt+y aft.
Ii . addaition to the:ab nve tests -the B-17F airplane was Tlown
at r_twuoes of - :300. an "FOO feet OV“P tvo ob ervers stationed
on - the grovnc, . yw O : I

lner‘tne per:ornaﬂce tests of the ho .t ez changers”were
completed and the quadruple-shielded thermnacouples were
installed in the exhaust stacks, temperature dete were recorded
for the unshielded and shielded the Lgocouyleu during rated-
powver climb anc level-flight conditions similar %o thel,
conditions, at wklch uhe he t chnunfe“s Vcre tested

'.,For7the.inves 1g°tlon of tno efLer of the “hea, —excnun ger

'installatibnion the: turbine-supercharger 2peratinsn, tests were

conducted. at the sane. flight . conditions with and Ult;ﬁub heat
exchanger 7 installed in nacelle 3+ Rated-power climbs were
made to ﬁgnr0x1rauoly 51,000 feet pressurc altitude 5 investi-

.gate the critical altitude of the turbine supercharger for this
‘power conditisn.  The test climbs were made with Tull throttile

under the operating conditions of constant nanifold” pressure,
engine speed, and indicatcd airspeed, The manifold pressure
was mainteined constant by adjustment of the bo9s t‘cdntrol,,
Level fllgbts were conqvctcd at 25,000 fect pressurc dltitude
o deternmine the effcct on the tuPD;ﬂO spced and wcstﬂ —-gate—
valve position of (1).varying cangine speed'(at full throttle

~and full boost) and (2)'varying nanifald pressure (at .full’

throttlg and constant engine specd), For part (1), the engin
spccd was changed by adjustment of the 0rovellor pitch controal
and for part (2) the manifold pressure we.s changed by »perating
the ooost control, o R

RESTULTS

- The data recorded during the perfornance tests of the

seven. heat exchangers arc prosbnuod in tables I to VII,’

inclusive. ' The reference pressurc, which was the static -
prousufe of the service airspecd head, has been corrceted to
true anblont static. pressurc, Thc pressurc corrcction applicd
was obtq1neu Tron a.calibratinn »f the scrvice ailrspeed head
by neans of a static head suspended beneath the ﬁwrplcnea
The data obtalnod 4ur1ng the operatisn »f tlic cngincs at high
pover on the ground and during talke-off eorc not oomnl|to uad
o not represcnt. a state of equilibrium., The lengt th 2T tine
that the cngines could be opcrated safcly at this uigh power
without overheating did not nermit o statc of cquilibriun 6o .
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be reached., The data for these conditions have been included
because they are indicative of the maximum -values which mnight
be attained under these severe operating conditions. The
ranges of altitude given in the tables for the climb and
descent runs represent the change in altitude during the
recording of the data., - o

The evaluation of the general performance character-
istics of -the seven heat exchangers.is presented in tables
VIII to XIV, inclusive, which were prepared fron the data
in tables I to VII, inclusive.  The heated-air temperature
given in these tables is the average value of the five-
thernacouple survey located in the heated-air outlet ducte
The air-temperature rise was determined from the ambient-air
temperature and the average heated-air temperature, The
rate of heat transferred was based unon the air-temperature
rise, the air-flow rate, and the epecific heat of the air
at the arithmetic average of the ambient air and the heated— -
air temperatures. -

The measured static prescsure at the air inlet scoop was
corrected for the difference in cross—sectional area between
the air inlet scoop and the heated—air outlet duct, The
difference between this corrected static pressure at the air
inlet scoop and the static pressure measured at the heated—
air outlet duct is presented in each table as the air-side
static pressure drop. The exhaust-gas préssures were measured
at points of equal cross-sectiondl area and, therefore, no
area correction to the recorded pressure differences was
necessary.

The data obtained for the tests conducted with the
shielded thermocouples installed in the exhaust stacks of
engines 1 and 3 indicated a difference in temperature between
the shielded and unshielded thermocouples ranging from 1207
to 160° F for the level-flight and descent test conditions,
and from 609 to 80° F for the climb condition, with no
consistency of the data within these ranges. The corrected
exhavst-gas temperatures presented in tables VIII to XIV,
inclusive, are the recorded values increased by 140° F for
the level-flight and descent test conditions, and increased
by 70° F for the climb condition, The values of the exhoust—
gas—-flow rate given in the tables were calculated from
engine-performance data,

The results of the flame-—suporession tests arc given in
table XV. No attempt was made to mecasure the intcnsity oF
the visually obscrved flame or glow becausc 1t was believed
that whether or not the flame and glow were visible to the
eye was a fundamental critcrion of flamc sunpression, During
all of the night flights conducted to obscrve cxhaust flaning,
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heat cxchangers were installed in nacelles 1, -3, and U, and
the glycol boilers of the: service- cab*a—ncatwug systen vwere in
nacelle: 2y.therefsr € o indication-"of - the . intensity of the
»laa*ng or -gloving was obtained: for " the regular exhaust system,
The exhaust flaming, which . was v181ble only from the ball
turret ~f.the test alrolane, was & blue’ laze of. low intensity,
The type of' fuel used in the engines nay have an effect on the
1utcnsi*v 2T exhaust flaning; hovever, only-aireraft engine
fuel, oe 130 rOdaulC was. used our11g the ropovtea tests, .
The thea t excnangera Vero ot tosced for & saf‘lolont
length o time to- provide, COHClLSlVe lJ;OfW&thn regarding the
service 1life of the Vérious units; “howvever, each heat exchanger
was visually: ] specteo for. 1ndlcct10ns of failure after the
tests had bc“n c leted,. A q1scolorcuL3n of the metal on all
heat oAcnanvprs was. obsorveo to be more pronsunced on the
exhaust-gas side than on the -air. 31ce,_f$ slight roughness »of -
the netal.:sn” the exhﬂUSu~gas qlcc,'oupCCL 111y noticeable in
heat exchariger 1 I, wes found at the forwvard end of .the heat
exchongeérs, - In 811 ¢ases, the annsunt »f discoloration and

rouéhneso did nnt appcar to exceed thay of the reguler ezxhaust

systori, Sm%ll craciis. were 2bscrved &t the Trrward end of hoatb
e

exchangers 0 ‘and 7 in the region where trc flutes were Jjoined

uoootkcr. TPrior o The. *“sap0b13d, heat exchengers 1, 2, and
3 had been tcstoc Lor approximately 2“‘uour~ Lofar apprnxi~
matcely L& -hours, 5 for'eour671hauel; ll uﬁuru, and 6 and 7 for
about 29.hotirs ';3-“ 3 o '

The:rcsults OL the orcl¢ 1inary: testing »f the final ins
lations of ‘heat ‘exchangcrs 3, 5, and 7 -are given in table XVI,
Since the porlornagcc characteristics »f the hecat exXchangers
had been investigated, and these threc final instellation
werce specifically for service tcsting, canICUe temperature
and Dressurr Mata vcre not QotulnCG

1
~l O

The effoct of hoat cxchaaﬂcr 7 1HSUullation in.nacelle 7
on the turblne spced and wasto—gaub~valv pRsition for the
thrce test conaluloﬁs 1nvost1~atod is shown in figurcs 6% to
65 1nclu31ve

Flgu“c 6;wproserts 1 e rooults of thc r%bod~povcr climb
tests, anglilfuwes ol &nd 05 Droscnt tno results of the level-
fllght 1nvc tl""tlodh., :

DLS""SS O

The poss1“111tj 3f oetc rnining & s C anex hiich can
be used for comparlng all heat- cxohcnge s has been the subjgct
of nwuch discussion and.recsearch, The large number of factors
involved (heat qutput,. tonporotu”ﬁf“iso, rcsistance to‘cxhaust—
gas—ond-a 1r 1low and e\cbanbor ‘welght "and volume ) makes the
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selection of the optimum exchanger very dependent upon the
particular application. This problem of establishing &
tecoefficient of performance® for hcat exchangers was also
cncountercd during the investigations of reference 1, 1in
which several exchangers of different design and anticipated
nutput were tested. A rcasonably satisfactory basis for thc
comparison of diffcrent exchanger designs exists,. nowever,
when all the exchangers are intcnded for the same installating,
as in the case of the reported investigation, ~accordingly,
the design requircments of the hcat-cxchanger installations
for a typical four-engine bonmber airplane thermal ice-
prevention and cabin-heating systens have been chosen as the
basgis for the comparison of the seven heat exchangers.

The design requirements arc given for the critical
conditions of the outboard- and inbnard-nacclle heat-exchanger
installations, The outbnard-nzcclle installations, to be used
for the wing icc-preventiosn systen only, werce considered tn be

ritical for 18,000 rect .pressurc altitude ot maximum rangc
cruising~-flight conditions, The inboard-nacelle installations,
tn be uscd for the cmpennage ice-prevention and cabin-heating
systoms, were considered to be critical at 35,000 fect
pressure altitude for cabin-hcating usc during naxinum rangc
cruising—flight conditions., Unfortunately, the. test conditions
werc not identical to the design spccifications because the
specifications were not aveilable untll The investlgations
were almost completed, and becausc the factors involved in
flights at high altitudes rcstrictced operations at 35,000 feet.
The tcet conditions, neverthcless, closely approximated the
design assumptions in moast casecs and, in general, provided
data Trom which the rclative abllity »f the varisus cxchangers
to satisfy the deesign requircnents could be cstimated,

The design requircnments and the performance data to be
comparcd with those requircments arc prcoscnted in table XVIZ,
Although exchangor 2 was installed in nacelle 3, it was uo%
teoeted at 35,000 fect (design rcquircment for the inboard
exchangers) and hence has becn listed with the outboard
»xchangers in the table. The cxchanger was o comparable size
with thosc tested in the sutboard naccllecs and con rcasontbly
be included with them for the purposcs »f .dilscussinon, All
three of %he cxchangers for which tcst data werc obtained at
34’600 fcot have been grouped together for comparison with
the inbeard-nacclle rcauircments cven though two of thesc
cxchangers were designed for the outboard nacclles.

The desired valucs »f the total pressurc drop for the
exhaust-gas end air sides of the heat-cxchanger installations
werc specificd in- the design rcquircments, -However, the totol
pressurc drops werc nnt obtaincd during thic. testing because
~f the difficultics and complications associlated with the
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instrunentation necessary to determine correctly the total
pressure. profiles across the heated-air oUtlet duct and the
exhaust stack, -On the exhaust-gas side there was little:

space avallable for the location »f pressure tubes aft.of -

the exchangers and between the heat e: chgjgors and the engine-
-€xhaust coll ectOﬂ (See the figures of the heat- exchanger
inste llavloas ;) An indication of the- static pressure drop
cacrnss.-the ges side »of Tthe ex changers was nbtained and oy

be used: in conparlng the various excnaligers but should n»ot
‘be compared with the desigh. total pressure drops, %With regerd
to the .air side »f the Heat ex Aanger Tthe velocity distridu-—
tinn across the alr—lﬁleu—scoop entro 1ces was sufficiently
constaAu to allow the total pressuré o be evulu ted fron a
bnree-ubbe tota l—nresoure survey, :

f.o . In uhe neaued—air outleu only the static pressure, which
- ‘has essentizlly . a.constant valué at any duct sectinn, was
neasored_E.A reasonaole aporaxlmatlau of the .total Dressure
~in the air outlet qoﬂever, can be obtained by adding a .

o calculated value of the Gynamic pressure in the outlet to the
‘measured static pressure. The flow in the heated-air outlet
(i.ucuj.ngm,~ assumed to be turktulent and the relaulﬁqshln used
tn.calculate the dynanic pressure was ¢ = $oV?; where ¢ is

- the dynamic presoure, p is the density nf tnc alr, and. V

"1s the average air velocity in the duct, The calculated values
of total pressure in the dir outlet duct were subtracted from

the values neasured at thé air inlet t9 provide the total
Iprossuro drops oreuenued 1n table AVII, :

: 'rA-00n51aeratlon 2f ‘the rate »f heat transfer of heat
.exchangers 1 to 6, 1 01us1ve, indicates that only exchanger
5 e\coeded the 6081gn reguircnent for the »sutboard-nacelle
lnstellation at 18,000 feet pressurc altitude. However, the
test indicated airspeedeas below the design value and it is

Fx

: Drobao“e that the rate of heat transfcr »f CYCQuﬂre”S 1 2,
'”3, E, and 6 would satisfy the requircnent if tested @ Gos“tn
airspecd conditions, Atbcﬂulﬂn is dirccted to the fact uhat,
although the design rate of heat transfer ney be recalized,
the heat-cxchanger. performance may nst be satisfactory unless
the air-flow rate-and temperaturc: risc, which deternine the
rstc 2f heat transfcer, “lso nget the design requircments,
For heat oxchangerv 1 to 5, inclugive, hp air-flow ratcs werec
bolow the QCSWFn valucs, and the- 11r~uonoorcuurc riscs, except
for cxchanger excecded the design requircments, The heatcd—
1r~tomperatvrc risc pronduccd by cxchanger I was within the
range specified in the decsign rcquircncats, but the air-flow
rate was low, This general con@’*lon 7t low flow rate and
high temperature rise indicates thet the press urce drop acrns
the exchangers was high, which is verificd by the valucs of
tatal pressurc drop rr:Lvon in table AV;_. Of the six cxchangcrs
comparcd with the 6081ﬁn requir omen s for the nutboard nacelles,



cxchanger 5 most nearly approached the design pressure arop
and air-flow rate. The combination »f low air-flow rate and
low total pressure drop presented for exchangser 2 indicates
that the heated—alir outlet ducting c¢ontributed nore to. the -
nver-all pressure loss in the 1nboard.--nc.celw than in the case
of thc outbnard-nacellc installations. -4 Total prassure Grop
acrass the exchanger 2 installation equal to: the allowable
iesign requirenent would probebly have ‘resulted in.an alr—flov
rote, temperature rise, and raue of heat traﬁsfor closc. the
design specificationss '

In the intcrprctation »f the air 51de tOu 1 plcusure
drops for the heat ekchauger it is important to realize
thot the values given in Eable WVII 1nclu e the pressurc
dron through the air inlet scoop, the heat exchanger proper
end the air outlet header. It is possible, however, o sbtain
o rolative indication of the pressure loss to be attributed
%o the exchanger itselfl bj o COPO(LLS?Q of the test data for
ainilar installations, such &g thosc of exchangers 1, 3, L,
and 5, On this basis 1t mey be scen that cxchanmcr l instal—

atisn had the highest pressure drop at the lowcst flow ratc,
‘6 since the installation of this cxchanger was similar 19
those of exchengers 3%, %, and 5, it is p;OchlC that the
pressurc drop across the exchanger proper was appro: timetely
twice that for exchanger 9. Exchenger 6, slthough tested
in the outbocrd ﬂmCCl~CS, hes not been considered in this
comparison becausc this wae e cross-flow hcat exchanger and
required o di fl ro“u tipc of lﬂotclluleQ.

(‘J‘_J

An inulcatlon of thc cffecet »f air inlet scoop, heat-
cxchanger shroud, and outlet design »n the perfornancg of
an cxchanger iﬁst 1lation is illustroted By a comparison »f
the data for exchanger 3 instalicc for pcrxornoncc teests ond
for service tCotS. (Scc tobles X ond (VI.) The final instal—
lation of exchanger 3 was designced to have & lower nir-side
preesurc drop then the test ingtellation, Although the finel
installation pressurc drnp was an% naecasured, a rthCbiDn we.s
apparently achicved as evidenced by the 1ﬁciease in The air-

fiow rate and the deereose in air-teaperaturc rise,

, A comparison of the performence dete for cxchangers 5,

6, and 7 with the design reau1rn“ont at 35,000 feet pressure
altitude indicatcs that the ‘rote »T heat tronmsfer of the
cxchangers was below the deslgn valuc, Although exchanger 7
was the osnly unit spec1f10ally Q031g10d fov use in thc inbnard
nacelles, the test cata show that the rote 0f heat transfer
far exchanger 5 ¢ POub'GQU&l a that »f cxchonger 7, Althouzgh

the Test indice
the exXchanger r
design airspecd 1
recuirecd rate of

bclow the dO”lgﬂ valuc and
ronsfer would increasc as the

, 1t 1s ques stinnabic 7hothcr the
¢ could be uCMLOV"d by cithe

e
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5 ar 7 under cesign conditions. The perfornance data 1nd1cate
that for e\cnaﬂgerﬁ_ﬂ'aQG 7, the air-flow rate and air-
teﬂocrguvre rise, which determine the rate of heat-transfer
and nust neet design requ1renents if uhe'perlormance of: the:
ice-prevention or ecabin-heating systen is to Be SathfaCbOP
vere, respectively, below and abové design velues. This-
reported performance of the installations indicates a’ ﬂLgh

air—-side pressure drop vhich is substantiated by the da ta
presented in table XVII., The high air-~tepperature rise:
experienced with the installation of exchanger 7 in nacelle 3
vas the reason for the adaptation »f the cold-air tempering
systen. already described under the discussinn of final or
service~test installations., The effect of this tenpering
systen. in reducing the temperature of the Heated air directed
to the mpeﬁqage is shown to be saulsfactowy by a cnmparison
- 0f dut '1n tables XIV and XVI. - ‘

. A conoaflson of tThe performance date recorded for each

xchanger at. different altitudes indicates that, in genecaI
*the air-flow rate decreased and the air-temperature rise .
:increased as the altitude was increased for similer air speed
and engine-power conditions, The recor@ed decrease in air-
flow rate had a greater effect o»n the rate »f ‘heat transfer
tnan did the. increase in a1”~tcnberatu“e rise, resulting in

decrease in the rate of heat transfer, These recults indi<
cate that the variatiosn »f heat—oxcqbnger performance with
changes in altitude is an important consideration in’ the
cesign of such installations, The application of exhaust-gas
heat exchangers: to future engine instellations in which
satlufecﬁory exchanger performance is required over a large
range of alirplane and engine operating conditions will
probebly leﬂd to the development of “lr~uelp°r ng systens and
exhaust- gas bypass deV1ces. R

The results of theé flane- ~suppression *tests indicated -
that The intensity o»f the exhaust flaning was not sufficient
to be visible at an estimated distance of 300 feet, but that
the glow of portisns of the exhaust systen and the turbine -
supercharger was V131b10.' Exhaust fleming, as & blue hozb,
observed from the ball uurrct of the test airplanc, indicated
that flaning did exist but was of low intcnsity. Ln the
gvaluation of the results of the flame-suppression investi--
gation, the background conditisns should be considercd, For
the reported tests, 1t was observed that the moon was nst’
-vislble when heat exchangers 1, 2, and 3 were tested, but was
v1sib1e necar the end of the fllgbts vlhicn heat exchangers
L, 6, and 7 were installed During &ll »f the tests, ground
lights werc visible but, Lhon obscrvations vere being nede,
tho airplane wes mnncuvoreo so that the source of light was
n»t in the background. ‘



The results 2f the tests to investigate the operatio
he turbine supe“charger with and without exchangcer 7 ins
16 cate that in a rated engine-powcr climb, the spoec {
2
v
o

|.l. faayd

’C‘l

hereforc, critical altitude) »f the sunercnarger vas n
effeccted by the exchanger installatinn (fig. 63). -are
was found that the exchaiger installatisn nccessitated a
greater closurc of the wastc-gate valve in order to naintain

"J o]

the -manifold pressure at the rat OdrpOWGT value, .The date in
Tigure 65 indicate th&t a movenent of the waste-gate valve
from two-thirds closed to almost Tully. closcd wag required”

to attaln the same mah*zold pressurc in level flight with the
exchanger installcd as that obtained with no- chana,r. The
llnltoé scope of the supercharger ¢QVOSul atwons precludes
the prescntation »f definite st;tc*e ts regarding the effects
of hcat—excqanger installations nn turolno—uvocrcgsrﬂor
perfarmance, and the data pres sented in flgd“bo o) 6E_~1d o5
should be intcrprcted witihi rescrvation, )

The total tine that the heat excuscgefc wvere tCotbL vao

not sufficlent to provide a bagis for conclusiong 721 the
. gervice lifec ofltbe units. Thic discoloration Unlcn 115'
observed when the heat cxchongers werce inspected did not
appear to be excessive. The locatinn »f the small cracks
obgerved »nn heat cxchangers & and 7 at the forwari enc viiere
the flutes werc Jjnined uogctho nd cd that fallurc was
nrobably due o the method of ri 1on of the heat
oAcgaagers.v The cracks werc in the ;ion wherc & consider-
ablce amount »f Lﬂrmlag and we lalqg 7e.s required in the
febrication, and the methnd »f joining the flutcs arnpecrceld
tn causc a COﬂbOQtr tion of stress ot this point., It wos
alsn @Qscrvoa thet. the discoloraticd »f the metal of
cxenangers 6 and 7 was nosst pronnunced in the region vhere
the cracks were located, The discoloration ; 10b@oly indicates

at the distribution of air was nnt oatlsfactory to provide
fficient cn22liing 2f this area,
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In the installation of exchan
ctions which jo2ined the heat
i vere located within tTihe air s
eakage of exhaust gos at These J
stream Ixhaust—-gas leakage at 1Tl
vas evidenced by discolarations of the exhaust

1n the vicinity of the Cluugu. If a heat-exchanger
ﬂlLatlon of This type were ©t2 be used for cabin Aeaulng,
qecono_arv exchanger would be necessary in order to avaid

the danger of LﬂtTOLUC‘P carbon monoxide into the alrplene
cabin, Installations ulmilar to the cross-flinw type Tested
arc nnt subject to contamination »f the nedted egir by exhcrst—
gos leakage at the attachment clomps because these connections
are located outside The alr passoges; howevef a secHndary
exchanger may be employed as a precautiocnary measure in the

A
[,

(02
8]

e

r 7, the clar
C

r tn the exh““st
g and, therefore,
s would enter tae
lanp connectiong of

[
—
]
Gm
)

o5
(0]
n ® 03

-
<
-
%! 1
4ad,

[
[

ir

e
.:

¥
.

-5 o+ O
3

O SHm o

@ bg)Q:rm
SRyt
O ct e

-

B LY
o R Qo
O
< o
CL:.':J
c2
- D
L]
e

fDthm o)



event of a minor failure of the exhaust-gas-to-air heat
exchanger,

OVC LUDING REMARKS

The design fequTemePbS of. heat exchanger installations
for a typical four-engine bomber airplane are used &s & basisg
for com08“1n~ the performance of tlie heat exchengers tested.
The results 1ndlcatcd that -ths design rate of heat transfer
far the sutboard nacelle heat-eKCuLngev installationg would
probebly be provided by all the heat exchangers tested in
tiingse nacelleso It is questinnable if any of the heat
exchangers tested in the inboard neccelles would provide the

rate of heat transfer -specified for those nacelless For all
the heat exchangers tcstea 1t was found that the air-sicde
pressure drop across the exchangers was L';ﬁ anc resulted in
1lov air-flow rates and in nost cases Tigh air-temperature
rises, '

The flame-suppressinn tests results showed unet the glov—
ing of the-exhaust stacks and tUPDLﬁF~Sd30rO£”PgOT parts was
more visible than the exhaust gas Llrmlugo

- The liﬂiuo@ data abtained nn the effcot of a neat~cx changer
lﬂsu;ll@G ion on the opcrmtwaa of & turbine superchargor’

ndicatcd that the criticel altitude »f the svﬁorok roer for
ratoq—cnglne—power conditions. was nnt alffccted by the heat-
exchanger installation, Thesc data also show that, for a given
enginc manifpld pressure, grceater closurc 7 the wosto-gate
butterfiy valve was required with the exchenger installcd then
without the cxchanger installed, ’

i
ad

Amcs Acronautical Labowﬂtory
National Advisory CONUltbCO for “-ronvaulcs
lioffett Field, Calif,, April 19, 19uh,



19

Jackson, Richard, and Hillendahl, Vesley H.: Flight Tests
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TABLE I,- DATA RECORDED FOR EXCHANGER 1 TESTED
IN NACELLE 1 OF THE B~1TF AIRPLANE

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Run number .. L 1 2 ) 4 5 8 7 8 9 10 1
Flight eonditions Ground | T.O0 | Climb] Climb | Climb] Level| Climb | Level |Descent [Descent Pescent
“¥anTfoId pressure, in, Hg: i
Noe 1 engine = « = = @ = « = = = 16 44 37| 38.,5| 38.5 28 37| 26.6 20 19 20
Foe 2 ongine = = = = = = = = = = 16 44 37] 38.5| 38.5 28 37 26 20 19 20
No. S engine = - = = =« = =« =« = - 16 44| 38.6] 38.,5| 388.5 25 37 27 19,6 19 20
¥o. 4 enging = = = - - - ---- 16 44| 38.5] 8B8.5] 38.6 28 37| 27.6 19.5 19 20
Engine speed, rpm:
No. 1 engine = = = = = = = = = = 1150 | 2500 | 2300 2300| 2300| 1800| 2300} 1900 1800 1800 1800
No. 2 engine » « = = = - - =« «| 1150|2600 2300 2300f 2300] 1800| 2300} 1900 1800 1800 1800
Noe 3 engine = = = = = = = = - «| 1180 {2600 2300} 2300| 2800| 1825] 2300} 2040 1800 1800 1800
Nos 4 enginge « « = = =« - = - = ={ 1200|2500 | 2300] 2300 2300| 1825} 2300 1900 1800 1800 1800
Indiceted airspeed, mph = = « = =| ececce | cw-- 134 135 133 128 133 129 153 148 160
Sea |Ses ;000[ 8,000 12,3001 = 120, 2¢ 800 24,500 17,200 | 8,000
Pressure altitude, ft - - - - - ~| level Jlevel | 7,000{12,000{16,400]| "* 24,3001 "* 21,600] 14,200 | 5,000
Mixture setting,
automatic rich or lean = « = = «} AR, |AJRs| A.Re] A R} AJR.| A.Lo| A.R.| A.L. A.L. A,L. AL,
Temperatures, VI:
Ambient air - = = = © =« = - - - 66 62 57 48 17 14 12 -9 -2 18 63
ng, exhaust gas in = = = = - =] wee- | -=--| 1554| 1584| 1546] 16268} 1576| 1680 1555 1499] 1698
40s ©Xhaust stack wall at Tgg.- 527 | wwa= 876 906 910! 1022} 1114| 1110 1007 883 779
T41» exhaust steok wall at ng - 637 | mwa= 990] 1034} 1032] 1072| 1097| 1168 963 906} 815
T42, exhaust stack wall at Tgg = 601 | weew | ewmce]| cccel <--=| 1149 1145| 1203 997 963 866
T‘S' exhaust gas out « = « = « « 950 | === 1462 1480 1475 1522 ceme| ecee —— cemel  emee
T45e exheust stack wall at T,q = 28l | emee | ecee]| ecce] ea-- 642 T04 694 ———— 526 395
44 exhaust stack wall at T43 - 440 | wwe= 823 844 850 804 900 898 799 637 665
T49, air out™ =0 - - -Te - 307 | 464 476 495 485 479 536 520 440 370 332
TSO' airout | 0 « e - - 317 | wenw 469 496 494 482 544 525 428 356 307
T51, air out BUrVeY = = « = = 307 | ===- 456 474 472 467 520 486 398 337 290
TSZ' airout | 20 = - 294 | wwe= 440 452 460 434 495 450 373 320 280
58+ air out - - == 279 | me=a 404 416 414 392 454 . 399 340 294 264
Tgq4, oxchanger outlet - - - - - 245 | enme- 426 437 437 424 498 438 353 283 251
Tgg, exchanger shroud - - - - = 138 | ==ew | mwme]  wcea]  ceee 200 250 208 215 127 120
T56‘ exhaust shroud, forward - =« 130 | woma 180 146 157 167 233 194 310 138| 130
Tgn, oxhaust shroud, aft = = = = 151 | 254 276 309 325 328 440 400 257 1560 127
Pressures:
;Pn, exhaust gas in, statio - - 31 |36.5 | 35.9] =28.4 27 20| 25.5| 18.4 16 17| ----
,Pn'PZZ' exhaust gas statio APp ome=| 3,5 2.9 3.2 33| emcel ecmea| coee ——— ] e
st, air in, statio e @ - @ - - 2,3 | 2.3 | 13.56] 13.5] 12.8| 10.5 12 16 12,3 12,3 14
:P24, air in total, top = - -~ - = 25| =o=- | 13.5| 13.3| 12,9| 10.5| 11l.9| 10.0 12.7 18.5] 14.4
st, air in total, center - - - 25| w===| 13.7| 13.4] 13.0] 10.8] 12,2| 10,3 12.7 13.7] 14.4
’st, air in total, bottom - - - 2e5 | me=u | 13,5| 12.3| 13.0| 11.,0f 12.,0| 10.4 12.9 13.5 ————
31’21, air out, static - - = = - - 15 | oo | «044| «0.6{ =0.8] =1l.2 -1 -1 -1.8 1.5 -1

3 Inches of mersury, absolute.
8 Inches of water.

3 Inches of water, referred to ambient statio pressure.



TABLE 11.- DATA RECORIED FOR BXCHANGBR 2 TESTERD
IN HACELLE 3 OF THE B-17P AIRPLARE

NATIONAL

ADV I SORY

COMMITTEE FOR AERONAUTICS

Run number 1 2 3 4 5 6 7 8 9 10 11
Flight condition Ground | T.0s | C1limdb | Climb| Climb | Level | Climb| Level|Descent|Descent| Descent
“WanlZold pressure, In. Rgi
No. 1 enging = « = = = = = = = = 16 4“4 87 38 38 28 37| 26.5 20 22 20
Hoe 2 angine = = « = « = = = = = 16 @ 37 38 38 28 87 26 19,5 21 20
Noe S engineg = = = « « « = = = 16 % 37 38 38 25 37 27 18,5 21 20
No. 4 NE @ = @ v« ©« = © = == 16 44 37 38 38 28 37| 27.5 19,5 18 20
Engine speed, rpm:
Noe lengine « « = « =« = = = = = 1160 | 2600 | 2300 | 2300] 2300| 1800] 2300| 1900 1800 1800 1800
No. 2 engine = = = = = = = = = « | 1150|2500 | 2300[ 2300| 2s00| 1800f 2300 1900/ 1800| 1800 1800
Hooe 3 engine = = « = = = v = = = 1150 | 2500 | 2300| 2300| 2300| 1825| 2300| 2040 1800 1800 1800
Noe 4 eNgine = = « « = « = = = = 1200 | 2500 | 2300| 2300| 2300} 1825} 2300| 1900 1800 1800 1800
R EEAR airspeed, mph = = = = = | <e—e]| 106 | 135| 133| 133| 128]| 133| 129 138 158 165
Sea | Sea R B,000 (12,000 |15 300 FOr 25000 J5U0( 21,000 7,000
Pressure altitude, ft =« - - - = | level flovel {7,300 12,00016,000] * 4,800] " * 21,500{ 18,000f 4,000
“Wixture setting, )
automatic rich or lean = = = - - AeRe | AoRe | AsRe | AeRe| AoRe| AsLs| A.Rs| A.L, A.L, A.L, A.L,
Temperatures, 3 .
Ambient air - - = -« = « -« - - 68 62 58 60 36 10 12 -8 -2 3 58
Tpp, exhaust gas in = = = - - = 1072 | w=== | 1320} 1329 1485] 1506| 1600| 1628 1476 1290 1190
'!21, exhaust stack wall at Tyg - 646 | w—a= 763 780 830 889 900 997 1111 805 670
1’22, exhaust stack wall at Tpg = 694 | me== | 1044 | 1042| 1077| e===]| -=-=] 1200 —— 946 787
T,5, exhaust stack wall at Tp, = oo | mwee | 1031 | e=e=| 1064| owe=| wcce| aca- ———- ——— ——
Thqs exhaust gas out = = = == = 911 | ——=| 922| 892| 1319| 1140 1368 7s50| 12%0] 1248] 1152
To5» €xhaust stack wall at T,, « 308 | e=em 545 533 570 447 695 607 390 408 S19
Tog» €xhaust stack wall at ‘1‘24 - 38) | wewa 496 515 6524 397 620 548 334 350 265
T27' exhaust stack wall at T24 - 430 | wwae 831 852 864 682 920 529 580 310 530
T30, air out - - - -- 302 | wnew 378 426 432 372 480 479 368 330, 275
1‘31, air out .- - 360 | 402 438 4462 448 398 498 490 390 368 300
TSZ' alr out Pgsurvey « = - = « 313 | eme=e 440 445 454 398 504 490 387 358 296
1'33, air out --- .- 295 | emae 424 433 439 382 490 473 70 346 288
'1'34 , air out -- ia- 274 | wee= 4056 410 416 848 468 443 340 315 269
Tz heater outlet, skin = « = = 380 | e=e- 435 400 402 400 504 485 398 365 378
T35, heater shrouvd, skin - - - - 131 | ewe 147 138 131 140 185 177 155 181 135
Ts.,, exhaust shroud, forward « - 167 | 259 290 282 284 215 324 430 216 176 169
138' exhaust shroud, aft « - - 13} | === 153 155 146 123 162 190 148 168 176
rressures:
‘Pn, exhaust gas in, static = - 31| 37.,6 32 30 29 20| 27.5] 20.1 15,5 ——— c——-
:Pu-Pw exhaust gas, OPp, static| =wee| 16 | 26.§ 28 29| 11,8 33 17| 10.5]  cmen]  eeee
aF14e 3ir in, total, top - - ~ - 2,1 | e | 13,9} 13,5| 13,2| 11.3| 12,5{ 10.6 11, 14,3 15,2
3P 5 oir in, total, center « - - 2,0 ] ===} 13.7| 13,1} 13.,0| 11.8| 13,0{, 10.8 11.5 14,0 15,2
316’ air in, total, bottom « = = 240 | === § 18,7] 13.2] 13.,0| 11.8| 12.9| 10.6 11,3 1440 16.2
P13, air in, static = = - = = o 166 | meme | 13,3 1S} 12.8] 1.3 12.,3] 10.6 10,8 13,5 14.6
=p17, air out, static = = = = = « 008 | ~=me 6 6 6 5] 4.3] 4.8 4.8 5.8 6

1 Inches of mercury, absolute,
2Inches of water.

31Inches of water, referred to

ambient static pressure,



TABLE III.- DATA RECORDED FOR EXCHANGER 3 TESTED
IN MACELLE 4 OF THE B=17F AIRPLANE

NATIDNAL ADVISORY
COMMITTEE FOR AERONAUTICS

BRun number 1 2 3 4 S 6 7 8 9 10 11
Flight conditions Ground| T.0.{ Climb| Climb | Climb | Level| €1imd] Level|Desoent |Descent|Descent
“enifeld pressure, in. Hg:
Ho. 1l ongine = = « = = = = = =« 16 44] 38,5 38 38 28 37| 26,5 20 19.5 18
Hoo 2 00ging = « = = = = = = = 16 4| 37.5 38 38 28 37 28 20 19,5 19
Noe Segind = « = ¢ = == = = 16 44 38 38 38 25 37 27 19,5 19,5 19
No, 4 eng - - - o= = - 16 M_L 39 38 38 28 37] 27.5 19.5 19.5 19
Engine speed, rpms
Noe 1 engine = « = = = « = = =] 1150} 2500 2300| 2300| 2300| 1800} 2300| 1900 1800 1800 1800
Noe 2 ongine = = = = = = = =« =| 1150| 26500f 2300} 2300| 2300 | 1800f 2300 1900 1800 1800 1800
Noe S engine = = = = = = =« - -} 11650{ 2500 2300} 2300| 2300{ 1825| 2300{ 2040 1800 1800 1800
Noe 4 €enginge = = =~ « = = = - -] 1200} 2500] 2300]| 2300} 2300} 1825] 2300} 1900 1800 1800 1800
Indicated airspeed, Eph = = < =|ecewe=! 108 133 133 135 128 134 129 143 150 158
Sca | Sea | 3,200 8,300 3,500 s 000| 20> 25.100| 2%s700] 20,0001 7,000
Prossure altitude, ft - - = - | lovelilovel| 7,200 /12,400 17,300 [*"* 24,300|°"* 21,700] 17,000] 4,000
ure setting,
sutomatio rich or lean =« - - =] AJRe| A.Rel A Re| AJRs| AuRe | AuLe] A.Rs] AlLe A.L, AJLo Aels
Temperatures, Fs
Ambiaat air = - - = = = = = = [.1] &2 54 39 32 16 16 11 -6 16 4“4
Ty, exhaust gas in - - - - - - 1114 | =v===] 1500 1500 1540 | 1582| 1572| 1626 1600 1514 1441
T2, exhaust staock wall at T} - T50|e=w=w=f 1018]| 1036 1064 | 1125| 1145| 1220{ 1020 945 840
Tg, oxhaust stack wall at 7] - 580} wwema| 832 858 884 | 1063 948| 1060 978 958 836
Tg, exhaust gas out - - - - - 8TTjw—wee| 1374| 1390 | 1398 | 1378] 1444 |cecee- 1290 1280 1156
Tg, exhaust staock wall at g - 367 cvews! 842 884 878 T 920 8563 858 604 448
Ty, exhaust stack wall at Tg - 408 )| covee T08 T4l T80 nT 836 768 25 692 464
Tge exhaust stack wall at g - 443 | emann 832 384 922 857 980 47 7468 680 517
T1), air out .- - -~ 2684 |wewa- 380 388 402 346 442 388 299 29C 233
Ty2, air out - - .= 280 |ecean 380 388 405 343 442 381 295 . 290 236
Tys» air out Survey = = = = 326 |wmmee 411 417 440 381 478 415 335 324 288
T4, air out -t e e-ea- 291 |evmaa 386 393 420 349 454 393 307 295 246
T18s air out .. o --- 3321 440 438 448 461 418 498 440 370 354 293
T1ge heater outlet, skin - - - 332 |ewaee 432 “2 468 415 498 4567 365 360 300
T17, heator shroud, skin - - = 572 | meeme 98681 1000 ] 1080 975| 1111| 1001 850 806 677
738, exhaust shroud, forward - 157 | comae 210 220 272 345 350 342 267 228 173
T19, exhoust shroud, aft - - -| 168]| 234] 276] 308| 364 | 310 fow—emu| 434
Pressures s
1 py, oxhaust gas in, static - - 31) 38,5 32.65| 30,6 | 29.5 2] feeeaae| 20,3 16 14.8 25
3 PPy, gas statio, AR - - - 8.6 306 prmo—ee 12 7 1.6 4.6
8 Py, air in statio = « = = = - 1e6jmmeem]| 11.56] 1143 | 11.2 9.8 | 10.3 9 95 10.8 11
3 Py, eair in total, top - = = - 2ol {emmee | 13.,5| 12,7 | 13.0 | 11.6| 12.0f{ 10.2 11,3 12.4 13.7
3 Py, air in total, ceater - - 2ol jmmma= | 13.7] 13,0 13.2 | 11.6| 12.,0| 10,3 11.2 12.4 13,7
3 Pg, air in total, bottom - - 262 [wwmea | 13,7 13,0 13.2 | 11.,6| 12,0] 10.4 10.5) 12,7 14.0
3Py, air out statis - -- - - 140 | mmmee 1.5 1.2 0.8 0.4 Ock| 0.3 0.4 0.8 1.3

11aches of mereury, sbsolute.
SInches of water,
3Inehes of water, referrod to ambiemt static pressure.
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TABLE XV

OBSERVATIONS OF EXHAUST FLAMING AND EXHAUST-SYSTEM GLOWING OF THE B-17F AIRPLANE WITH VARIOUS HEAT EXCHANGERS INSTALLED IN NAGELLES 1, 3, AND 4

NATION AL ADVISORY

COMMITTEE FOR AERONAUTICS

Engine ) Mixture, Visual observations
Teat Pressure | panirola |MDEime | aygomatie | dbdicated oo U . Exhaust-system glowing
condition altitude pressure speed rieh or airspeed £1eme Stack forward Stack aft Supercharger General comments
(re) (in, Hg) (rpm) lean (mph) of exchenger | of exchamger | Turbine | Waste gate :
Exchenger 1 installed in necelle 1. Flights made from 9130 P.M. to 11:00 P.M., Mey 28, 1943 for conditions 1-4, end from 9100 P.M. to 11:00 P.M,, June 2, 1943 for eanditions 5-10
1 9000 2 1450 A.L. - Yes Yes == Yes Y¥es | Observations mede from ball turret; ome observer; in-
2 $000 38.5 2300 Auite -—— les ies -—= Yes les enpity of flaming and glowing greate or condition 2
3 5600 31 2100 AL, === Ro No No No No | Observations were made from the ground; two obeervers.
n 300 31 2100 AL, - No | Yes Yes Yes o
5 7000 27 1500 A.L. -— No Yes Yes Yes === | Observations were made from an saccom airplane
6 7000 38.5 2300 A.R, == No Yes Yoo Yes === at an estimated distance of 300 feet, from each aside
i 7000 31 2100 AL, - No Yes Yes _ Yes === eand from below the B-17F airplane; two observers; in-
8 7000 31 2100 A.R. == No Yes Yes Yes ===_| tensity of glow was greatest for condition 10 and
9 7000 15-18 2100~ AR, — No No No No Ko least for 5; observations were alsc made from the
2300 ball turret and for conditions 5, 6, 7, 8, apd 10 were
10 7000 46 2500 A.R, e No Yes Yes Yes _ === | essentially the same as for 1 and 2; the flame and
glow were most intense for condition 10 and least
for 5; the flame and glow were more intense for.
condition 7 than for 8.
Exchang_e_ 2 installed in nacelle 3, Flights mase from 9:30 P.M. to 11:00 P.M., Mey 28, 1943 for conditions l-j, and from 9:00 P.M., to 11100 P.M,, June 2, 1943 for eonditions 5&6
1 5000 7 1450 A.Ls = No —— o No Yes ; Observations were made frem the ball turret of the
2 5000 38,5 2300 A.R, - Yes — —~— Yes Yes | B-17F sirplane; one observer,
3 500 31 2100 A.L, —— Ne Ro_ No No No | Observations were made from the ground; twe obe
4 300 31 2100 AL, == No _Fo No No No | servers,
5 7000 27 1500 A.L, -—= No Yes Yes Yes === | Observetions were made from an accompanying air-
[3 7000 15-18 2100~ A-R. -——- No No No No No | plane at an estimatea distance of 300 feet, from
2300 each side and from below the B+17F; two observers,
ixchanger 3 installed in nacelle 4., Flights made from 9:30 P.M. to 11100 P.M., Mey 28, 1943 for conditions 1-4, and from 9100 P.M. to 11:00 P.M,, June 2, 1943 for conditions 5-10
1 5000 o4 1450 AL, === No Yes -— -— Yes | Observations made from ball turret; ons observer;
2 5000 38,5 2300 AR, v Yes Yes Yes Yes -— for condition 2.
3 500 31 2100 AL, -— ¥o No No No No Observations were made from the ground; two ob-
4 300 31 2100 A.L. - No No No _No No | servers,
5 7000 27 1900 A.L, -—= No Yes Yes Yes ===_|{ Observations were made from an accompanying air-
[3 7000 38,5 2300 AR, == No Yes Yes Yos ===_| plane at an estimated distance of 300 feet, from
1 7000 31 2100 AL, - No Yes Yes Yes ---_{ each side and from below the B-17F; two observers;
8 7000 31 2100 A.Re - No Yes Yes Yes ===_| observations were alsc made from the ball turret;
9 7000 15-18 2100~ A.R. ——- No No No No No | flame and glowing of the exhaust system were ob-
2300 served for conditions 5, 6, 7, 8, and 10, being
10 7000 46 2500 A.R. == No Yes Yes Yes ===_| the most intense for 10, and more intense for 7
than for 8: no flame or glow were visible for 9.
Exchanger 4 instelled in nacelle L, Flight made from 11:00 P.M,, July 22, 1943 to 2:00 A.M., July 23, 1943
1 {20,000 38 2300 A.R. 150 No Yes Yes Yes Yes | Observations were mede from an accompenying air-
2 2,500 29 2000 AL, 168 No Ye Yeos Yes No | plane at an estimated distance of 300 feet, from
3 2,700 29 2000 A.R. 165 No Yes No Yes No | each side and from below the B-17F; two observers;
4 | 2,600 38.5 2300 A.R, bYLY No Yes Yes Yes Yes | the glow was most intense for conditions 1 end 4,
5 1 2,800 8.5 1 2300 bala 190 No ] Yea 1 = Yes
Exchanger 6 installed in nacelle 1, Flight mede from 11100 PsM., July 22, 1943 to 2:00 July 23, 1
1 120,190 38 2300 A.R, 150 _No_ Yes ——- Yes Yeoa| Observations were made from an. aceompenying air-
2 2,500 29 2000 AL, 165 __Fo _ Yes == Yes =--1 plane at an estimated distance of 300 feet, from
3 2,700 - 29 2000 A.R; 165 No Yes - Yes ===] each side and from below the B-17F; iwo observers.
b 2,300 38,5 2300 A.R, 155 No Yes Yes Yes -
LY 2,800 38.5 2300 A.R. 190 No Yes Yes Yes -
Exchanger 7 installed in nacelle 3. Flight made from 11:00 P.M., July 22, 1943 to 2:00 AM., July 23, 1943
1l 20,100 375 2300 A.R, 150 No Yes Yes Yes =-=1 Observations were mede from an accompenying air-
2 2,500 29 2000 ° A.L, 165 No Yes No Yes No | plane at an estimated distance of 300 feet, from
3 2,700 29 2000 AR, 165 No Yes -—- Yes ===_| eéch eide and from below the B-17F; two observers.
4 | 2,800 38.5_ 2300 A.R. 159 No_ Yes Yes Yes ===
5 1 2.800 38,9 2300 A.R. 190 No Yes Yes Yes —-e
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Figure 2.- Heat exchanger used in the original thermal
ice-prevention system of the B-17F airplane,
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Figure 19.- Nacelle 1 exhaust shroud as altered for
heat exchanger 1 installa.tion. B-17F airplane,



Figure 20.,~- Nacelle 1 exhaust shroud as altered for
heat exchanger 6 installation. B-17F airplane,
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Figure 22.- Mock-up of heated-air outlet for heat
exchanger 7 installation in nacelle 3, views
looking outboard and aft, B-17F airplane,



Figure 23.- Nacelle l; exhaust shroud as altered
for installation of heat exchangers 3, |, and
5. B-=1T7F airplane.
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Figure 26.- Feat exchanger 1 installation in nacelle 1,
ready for flight, B-17F airplane.
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Figure 29.- Heat exchanger 6 installation in
nacelle 1, ready for flight. B-17F airplane,
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Figure 3%2.- Heat exchanger 2 installation in
nacelle 3, ready for flight. B-17F airplane,
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Figure 39.- Heat exchanger 3% installation in
nacelle l;, ready for flight. B-17F airplane.



Figure 39.- Heat exchanger 3 installation in
nacelle lj, ready for flight. B-17F airplane.
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Figure L2.- Heat exchanger | installation in
nacelle li, ready for flight. B-17F airplane,
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Figure L,5.- Heat exchanger 5 installation in
nacelle L, ready for flight. B-17F airplane.



Figure L6.- Heat exchanger 5 shrouded for final instal-
lation in nacelle 1 of the B-17F airplane.



Figure l;7.- Nacelle 1 exhaust shroud altered for final
installation of heat exchanger 5. B-17F airplane.
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Figure 50.- Heated-air ducting for final installation of
heat exchanger 5 in nacelle 1; to direct air to the
left wing outer panel or overboard. B-17F airplane,



Figure 5l.- Final installation of heat exchanger § in
nacelle 1 of the B-17F airplane, ready for flight,



(PSR R T e P

Figure 52.- Heat exchanger 7 used for final instal-
lation in nacelle 3 of the B-17F airplane,




Figure 53.- Cold -air-tempering system for final instal=-
lation of exchanger 7 in nacelle 3 showing ducting
from inlet on side of nacelle to heated-air outlet
from heat exchanger., B-17F airplane.



Figure 5l .- Valve system in heated-air ducting from
nacelle 3%3; to direct air to empennage or overboard.
B-17F airplane.



Figure 55.- Final installation of heat exchanger 7 in
nacelle 3 of the B-17F airplane, ready for flight.
Inlet for air-tempering system is on side of nacelle
above and aft of exchanger air inlet.



Figure 56.- Heat exchanger 3 shrouded for final instal-
lation in nacelle l; of the B-17F airplane.
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Figure 59.- Heated-air ducting for final installation
of heat exchanger % in nacelle lj; to direct air to
the right wing outer panel or overboard, B-17F
airplane.



Figure 60.- Final installation of heat exchanger 3 in
nacelle L of the B-17F airplane, ready for flight.
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Figure 62.- Quadruple-shielded thermocouple used to
measure exhaust-gas temperatures. B-17F airplane,
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