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A PRCLLIINARY STUDY OF RAM-ACTUATID COOLIIG SYSTEHS
FOR SUPERSONIC AIRCRAFT

3y caclson R. Stalder and Leaneth R. Vfadleigh
SULLIARY

an analysls hos Ueon made of thie eharaseteristlos ol
several eoolling eyeles sultabile foi eoelkplt cooling of super-
sonic alreraft. All the eycles conelcdered utilize the dif-
ference between dynouile and amblent statie pressure to
aetuate the coolinz gratem and require no adiitional power
source.

The results of the study incdicate that as flight speeds
beeoms grester, inereaslngly complex syster.s are recquired
to reduee the ventllating alr to tolerable temperatures,.

At altitudes above approxinmetely 3%,0C0 fect, a system
composedl of an externclly loaded expansion turbino in
eonjunetlion with: a supersonio diffuser would maintaln
tolerable ventllating alr teaperatures, at least ud to a
fligrt ilaei nusber of 2. The nost ecomplex syster eoinsldored,
eonposed of a eoupressor, lntereooler, and expansion turbine
with the liitercooler cooling alr cdeereased in teuporature

by expansion through an auxiliary turbino ls capable of

malntelning a ventllating alr tcmperature less than amblent

tezporature up to a flizat ilaeh nudber of 3.7. The preceding
CHFIDENTIAL
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recults {or both systems are predicated on a cocitnit pressure
cqual to amilent static presesure.

It 15 possiltle that sizilar systens can e dGevised vhilch
will allow opeoratlion of ran~actuated cocling crecles with the
cocliplt pressurized, -rith, however, added systc: components

required in the form of additional heat exchangers end turblnes.

It 1s generally realized tzas thie problen of maintaining
habltable coelplt temnereturec in alrilencs ceelgned for
supersonic flignt will be dirTficult, The nceessity of
coolin. the pillotle counnrtient has arlsen Ln the operation
of hitn-specd sutconle alrolanos. Tho problem will naturally

becone mven ore acute as alroraft swecds are inercascd

throur]: thic Traneonlec and into the supersonic snecad range.

The cooling proitlen in suscrsonic alrciaft arlses, in
part, from the near-stagratior temgeratures attained in the
acceleration of amblent alr to veloeltics approacilng thet of
the airplane whieh nrevall in the boundery layer. In cffect,
the alrplaie is surrounded Ly a thin layer of air at tempera=-
tures ap roaching stagnetion value. BSolar rallation into the
cockplt through the canopy ard tiic dlsslpation of heat by the
Pilot and by eleotrical spoeratus further adds to the cooling
load., Ir adlltion, the entering ventilatinag alr whieh is at
stagnation tcemperature must be reduced in temperature before

adnittance to tiic cocippit,
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A refrigeration eycle utilizing atmospheric alr as the
working 2zedium is currently Telng enployed as e neans of
enelosure cooling. This crcle uses alr that has previously
besen econpressed oy the main engine compressor or by & cabln
sumereaarser. Tile high-pressure high-teoperature alr is
then ecoled in an intercooler and expanded thrcugh a turblne
%o the caelogure »recsure.

At osupersonic T1lizht sneedes, the pPrescure rise oceurring
from the adlabatlie acceleratlon of the verntilating clr becomes
cf larpe enocuzh maznitule thot 1t way Te poselble to utillze
the eneryy of *hie vrrou-~conpresased alr to operate a rofrigero-
tion eycle ac well as Lo Hressurizirg the enclosure.

I+ is tiic »urnoce o7 thls revort to exanlne the character— ’
istles ol several cooling ereles, fileh are zetuated by the
difference tetireen dynanle cr ram pressure and amblent statloc
nreasure, and to present the results of the analysis 1n as
general a nanner as possivlc. o predictions have been made

conecrning the megnitude of the cneclosuro coollng loads as

this Tector 13 dependent upon enclosurc size, construetional
Cets

111s, amount of lnculatlion ewployred, cte. Lilewlse, detalls
of turblnc ond couprecsor cpeeds, slzes, types, have not

been dlscueced in tiils preliminary revort.

CONFIDENTIAL
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SY.BOLs

The followinge 5ymools gre used throughous the repopt:

8bceific heat of aix gt constant Prescure ascunecd
Constant at 0,24 pgy per pound, °p

iatercooles coolingz crfwctivcncss, dimenaionlcss

horscpower

rechanical equivalent of hegt (778 Tt-1b/5ty)

Jaeh nunbey, Urensionlosg

stagnation Pressure, Pounds pep square foot

heat abstracteq from gip [ intcrcoolcr, Btu per second

absoluto stagnation Yenperature (O 4 459.7)

wele:t flow rate or ventilating alr, pounds ber seconq

welzhit flop rate or intercooley cooling alr, pounds

Jeér scecond
adlabatic shart erricienc;’, c’imensionless
duct erficienc:,r, dimensionless

ratio or 8peciric heatg or eir (assumeg constant gt 1.40)

Subscri_ots

a,b arbitra.r:; Stationg i:mec‘-iately upstreanm ona do;mstrea.m,
rcspcctiv.ly, Tron component unaes consideration
comdraesgom
ideal or theoretieal
Treo strean
turbine
CONFIDZ.‘:.’TIM.
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indlcated Iin figure

Fi~ve srscoms have veen analyzed. Cf these Tive, four
are simple varietior 5T tiic Tirst uasic systom (Systom I)
whilel: conprises a supersoale diffuscr and an cxpansion turblne.
In this bacic ayete:, e alr is Qecclerstad to zero veloolty
{relative o the airsnlanc) in the dirffuser 2ud expanded fronm
tiie resultant hich presoure through a turvlae to tie »dressure
of tlio portion of the alrplanc welng cooled - tie cnclosuro.
Tiae turbdinc worit 1s otoorted by an cinel load cueh as an
cleetrical euecrator, hydraullc pump, or cimllar plcece of
equipment,

Syvoton IX 13 1dentieal with Syetom I cxeopt for tho

cddition of 2 heat cxchangcr etiwrcen tiae diffuscer and turbino.

The hoet exchanger cmploys =i interncl cocling medlum, that 1s,

fuel, 1lquld oxrgen, or colld COp as thc coolant. The turbine
worl: 1s absorived Lr o ael loald as in Systen I.

System III employs the turblie worlt to drive a compressor.
Tiie compressor le located downstresm from the Ciffuser and
increases tiie ventliletling al:r prescure atove the value of the

CCUZIDENTIAL
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ventilzting alr in passing through thc coolor to the inltial
temperature differcnce between the ventllating alr and tho
cooling air,

The temperature ratio across a comprcessor or turbinc is
glven, in terms of the pressurc ratlio, by eguations (5) and

(G), respecetively
’ & ?

=1
+{(%/Pa) LA |

(5)

(6)

In equation (5), ¢, 1s thc adlabatlic shaft efficleoney
defined as the ratlo of the iscntroplce temperaturo risc to the
actual tenvcraturce risc of the alr for tiic compressor pressure
ratio. In equation (6), ¢y 1s similarly defincd as the
ratio of the actual Grop in tcuperature experienced by the air
as 1t drops in pressure passing through the turbine to the
ideal lsentropic temperature Cdrop 1t would experlence for
the sase turblne pressure ratio.

The horsepover required to drive a compressor is given by

. 11
npg = 5% ¥ Ta (Po/Pa) ¥ -1 (7)

50

€c
. J

and tiie horsepower delivered by a turbine 1s

{ -1
TTAL

—“*56—“—
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The hecat atstracted fron the oir by sn internally oooled

heat oxscheongoer is

Q=% op (Ty = Tp) (9)

vhiok moy be roarronged, in terms of tho tomverature ratio

of the alir in nassing through tho coolor to

v .4 __8Q
, i TonTy (10

The general scheno of analysis 1s to oombino, sultably

for ceoh grste:, the precceding genorel rolationships in order
to obtain the rotio of crnolosuro temperature to ambiont
etatio tenperaturo in torus of tho flight liach numbor, tho
rotio of cnolosure static prossuro to froo-streom statio
prossuro and tiio offlelonoy of the syetom oompononts,
A dotallod annlysis of oach of thc Tivo systoms is
prosontcd in Aprondix A.
DISCUSSIO
. For all systems, the final teuperaturo ratio and tho
enount of cvnolosuro prossurization that oan bo obtalnod is
Acponidont upon the offioloney witi which tho diffuser o®nverts
tho froo-stroam kinotio onorgy to statio prossuro, Avall-
ablo quantitivo information on tho porformanco of supeorsonio
diffusors 1s meager. In roréronoo 2, Xantrowitz and

Doncléson have prosontoé o mothod for tho dosign of rovorsed
DoLaval nozzlo-type diffusors and, in addition, havo obtained
tost data ovor a limitod rengo of llooh mumbors to choog tholyr
anelyslis. Thc data of roforoncoe 2 was uscd in this roport.
booauso of lack of aomparablo data on othor types of diffusors.
CONFIDEITIAL
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It 1e shows, in refercnce 2, that 1t 1s Aimposcsible to obtaln

a shock-freo dceccleration thiirough the sonlc velocity in a &if-
fuser of this type and that an unavolcable loss in total
pressure throuch tho medium of a normal compression shock must
result for the flow %o be stable. This loss ircrcases wilth

tho onirance limeh numboer. The Gata cf Xantrowltz cné Donaldsen
were used in this roport for calculating daiffuscr officlonecles.
The procedurc used in deternining the diffuser cfficiencles
used herein was as follows: The maximun diffuser cfficleney
for a glven éntronce or Tligiit llach number was calculated by

the method of reference 2. Thalc thcoreticel naximum effielency

wvas then multinlicd by a factor, 0.93%, to obtaln an efficleney

closely corresnoniing to tlc bDest test officicnelics obtalned
by Xantrowitz and Doneldscu. It 1s worthy of note thet, fer
a fixcd goowctry ¢iffuecr, the maximu. offlclonecy occours only
at tiie design llach nurioer., In this rcport, it ls assumed
that the optimunm diffuser is usod for cach flight ilach number,
Figurc 2 shows the diffuscr officlenclces used in thls report
ae calculatod by th. dreceding nothod,

In order to visualize the nasnitude of the stagnation
temperaturos which occur ae a recult of the acceleration of
ventilating eir, figure 3 i:ae btoon prepared. Flpure 3 is
dorives fron cauatiorn (2), and shows the stagnation tomperature

as a function of altitude and lacli numicr assuming HACA

COTFIDEITIAL
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»d air proserties. (See referenece 3.)

The moaxizun derfree of enclosire precsurization obtain-

)
rom Slight ran, shown in {isure <+, was ealculcnted by

meang of equation ) using diffurer efiicleneles taken from
firure 2, Coastont pressure lines for ceveral effeetive
enclosure nltitudes are also shown in Tigure 4, The lover
lizit of tiie curves was taken &t 30,000 feet altitude, cinece
1t 1z unlilliely tihcot vrolonged suneirconie flignt wouléd be
undertalien telow thig altitude. The eoolinc systeme disecussed
hereln would operc*ts lorg effeetively as the enelosure
pressure inerecced ond would not overate LT the enelosure
were nalntolned at the mazlnus possible ram Hressure. It
is provetle, hovevar, thot srstens of thils tyde eould be
cdeviced wihleh woulld allow alwncst couplete iam pressurization
to Lo utilizod ond still aaintain the system effeetiveness,
with, however, the addltion of rore pleeesc of equimzent -
lnos, heat cxchangers, cte.

It 1s unfortunate that the equations Tor the temporature
rotio seros: eac: systen do ant lend themselvos to plotting
in terrs of noadlimensional or dirensional groupns of veriables,
80 that the elfeet of & ehange in eflleleney of & system
component is luellately apnarent. In order to eclculate
the perforianee of ti:e system it is ncecssary to assune
values Tcr eaech ol tiic eomponent eflicleneles. The Tollow-
irg numorieal valucs -rere used Tfor substitution in the eque-~
tion Tor the tomperature ratlo aeross ecaech srystem:

COUFIDINTIAL

= = et = m————




vem e e e N
COoRFIIUTIAL UCASH R Dol ATCOw

Diffuser. efficiency, taheﬁ fron flgure 2

Turbine adlaba%tic efficlioney, C.6

Comdresszor adlabatic efficlency, 0.7

Alr-to-alir intercooler cooling cffectlvencfg, 0.9
The eneclosure vas csouned teo be unpressurized, hence tic
einclosuirc pregoy as equal to cmblent statle pressure.

It is thougnt that the above velues approximate the

maxdnu: cffleleneles thot are proctlcelly obtalnable, consider-
ing the proeavle omall silze of the caulpment. Tie scemingly
hlgh valuc of intercocler effectivencss arlscs from the fact
that tho high rem Decsswies nllow the use of nmultipass (and

henee high erfifectivencna)

neat exchangers.

e performaniec ol Systen I ile shownr in figure . The
pertinent »oint concerning this syten 1s that the rfinal
temperature ratlo 1s alweys greater than unity, that 1a, the
cnterdng ventllating alr tempereaturc is always higher than
frec—stroan statlce tcmperature, owlng to energy losses i the
Alffuscr and turblae.

The temweraturc ratio of the alr aftrr_passogc through
Byater II is shown in figurc 5. In Ticure 6, the paramecter
Q/anTo represcents the Tfractlon of the Initial total lhicat
content of the amblont alr thiat 1s removeld by thc internal

cooler. This variable 1s o functlon of ‘tlic effceiivensss of

the internslly cooled ncat exchonger os well as the loweat

teiperature ovtalnable froir thie cooling nedlun, From filgure

1t is apparent that 1f & sultable cooling wedlum can be

CONFIDEHTIAL
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eaployed, it is possitle to ovbtaln very low outlet tempera-
turos rfrom this sgysten.

The Cetemidnation of the charsctorisilcs of System III
involves, as noted in the aprendix, the graphlcal solution of
equations (A9) and (AlC) in order to dctermino the commrossor
pressiro retio values for sutscquent substitution lnto equa-
tion {(43). The valucs o7 trhe com»ressor pressuro ratlo
dotormined 1a the foreroins manner erc shown in fipgure 7.

The perfor ance of the srysten as represented by tho final
tomporature rasio of the ventilatling alr 1ls presentod in
flguro 8. It 13 notud thet this srstez is capatle of main~
taining a syston ouilct terperaturo lcss than froc-stream
static tomperacure upd to a flight llach nunter of approximately
1.7.

Tho performanoc of System IV 1s decpondent upon the amount
of hoet abstracted from the air by the intornal cooler, as in
Syston II. <Tiwe comprcssor prescurce ratlos obtalned from a
grapulcal solution of ocuations {Al3) and (414%) cre shown in
flgure 9. “ha Dressure ratlos deeroaso rapldly as hoat is
abstractcd ty thc internal cooler duc to the doorcasod
turbino wori: avellablc with the lower turbino inlet tempora—
turos. Tho Tfinnl ovor-all temperature ratlo across the systom
ie shotn in fisro 10, It may be scen from this figure that
tho final temperzturo ratio is determired by the amount of
heat abstrooted by the intornal cooler and that tho systom

1s sonsitlivo to changes in flight linch number sineco a slight
COUFIDEUTIAL
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cnanee N Jlach nurber sr.creasss e £inak t.uupcraturo ratio
cor.si:lc':c.bl:! .
The é.ctcfr.;i.’m‘tic‘.: ol the per? HyYT.anco of Syshel v is
compli.cc.uca. vy thc prc:cr.ce of tue c.u:r.l'.\.ie.ry co01ling turcinc
1@ bom:f reture of te cooling air pecforc 1%8

ne in‘:.c:'coolcr. Is Voooicsd ncccssar:,' to

.

tr.c A288 flovw ratio O+ 1ntcrcooler cnoling
secn Irom an c.*am:.nn.‘aion of
¢ svsten tcm‘-_)...rature
o couation (a7 s wa.5 nceesstry tc
amhions (A18) ond (ALF) ior yalues of
~EP S v tl0e Tae mmurlcal volues obtainca

arc chown i ipwTe i3, Froa a considcr:-.fion of figures 11 and

12, it is cvident +.at Tho comprcssor ho)

cxt'-:cmcl'; wren ob 10l 2 oCcrs groater than 2,6 for & yalue

-

or WM of o, It will pe noted fhot these pressure ratios

are considcrr{-ol;: narher ghan thoso obtaincd. ia systous B
and IV, ~ue B0 WG added wor: Put snte the connrossor py the
auxiliary furoinc. e auxiliesy curtine pcri‘orms two
bcncficin‘.\. functiond ~ is s nereascs to work e.vai'\_u.ble to
arive the compreesoT and, henct, jneorenses the prcssuro ratlo
acrocs o maln L roAns, and 1T providcs cold cxhaus® air %o
cool tho prinast vcntilating aire

The f£inel 1:cntiluting—s.ir-‘acmporo.turc ratio 20088 gystem
v ie chowd gn figure 12, The performancu of this aystoen shows
a marked dcorcasc in ovcr—-c.ll tor.\.pcrature yrotio cosr.parcd to

GO’.’S‘IDS’.‘.TINJ
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that of the other egystems due to the veneflcial effect of
the auxillary turbtiane. From Ilguro 12 1t is scen that, for
a valuc of ee-Ilow ratlo of cooling to ventllating alr of

PR

the srstem outlet temporaturc may be nalntalncd loss
al %o, amdlent stetlc tempcrature up te a llech
aumber of 3.7. The added performance of thils system 1s, of
cowrae, accoupanied ©y an luereasc in the power requircd
e afcitlonel ercling alr through the systenm.
tin% the tcemperature ratlo decrcases to a
nimun 2t 2 llocl number of cporoximatelr 1.9 and then

inercasce as ho Ji1lob% llaeh ruabcr inereascs is due to the
oppocing cffeets o incrcasing precsure ratis seross the aux-
1linry turbline snd dacercasiag due’d efficlency.

For £ll irc syeteoms Glscussed, it is strongly empha-
sleoed thot the perfermicnce shovm 1s tho maxinun obteln-
eblc itk the assumcd valucs of compicsior and turbine
cfricicnelcs and iutereooler cffceetiveness, beesusc the
masirnum obtalneble valuc of Aiffuser cfflciency for thc type
of fiffuscr eonsidored wae tnler for cach Tlisht llach nunber.
The performancce over a range ol flipht liaeh numbers of any
actual enclosure cooling system with a fixed geometry diffuser
of the t¥pe dlscussod would dcercasc below thie 1deal values
ghowm hcreln. The velues of élffuser clficicney uscd hercin
ghoula no%t be considered the naximun obtalnable with any type

of dalffuscr. It is cultc poscible that diifuscrs cen be

designed wirleh will Lieve perforuonccs superior to the simple

CCUFIDENTIAL
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revercsed Deloval-nozzle trpe dlccussed,
Systems, such asthose deseribed in *his report, vhieh
oke free stream 21r ond pecs 1% thiough A cooling eyele con—
triiute dreg to the epirnlene DY virtue of the difference in
moacntunm between the rir telen into, end that dlecharged from,
the rirplcone.  Thue, the cliolce of & porticular system will
depend upon the system aQrsg chirreceteristice as vell & upon

the internsl efficiency of tie instrllation. The dreg

produced by a crsten 1s rreatly dependent upon the size ~nd

confipgur-tion of the Cucta end he-~t exchengers, hience 1t 1s
not poasible %to €ér-~'r specifle ceoncluslons concerning the drag
of the several systems Glecusged llereln, Hovrever, 1t 1s
opwarent thet coolin, systems ti-t hondle relotively lerge
eaounte of cooling ~ir such ae Sycteme III and V will have
unfavoraivle Arog chnrecteristies and 1t mey be necessery to
reduce the hent—exchianger effeetiveness in oirder %o elininate

xeeerive oreceure Grops on tile esoling rir cide, Detalled
computatione recuired to design an ontinun systen weould require,
as r storting point, epeciflections concerring flight speeds,
eltlitudes, ond epoling losd, and lience licve not been undertaken
in thls genercl report,

CONCLUDIIS RIILRIS
The high ventileoting and boundcory-leyer-alr temperatures

ettalned at supersonic velocltles will probably require use of
en enclogsure coeling systenm to perult »lloted sumersonic circraft

to be flowmn,
CCNFIDINTILL
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An cxeominstlon of the choracteristies of seversl ron-
actuated cooling eyrtems dlscloecs thet these systems may,
fron ¢ stondnoint of ecoonling perfornance, be sultable for the
cooling of elreraft cr alssiles onerating ¢t supersonie
veloeitles, The opereticn of oil the systcems depends upon
thie diffezcnee In »mrescure betrreen tiic encloswre or coekpit
cnG the rom precsurce Que Yo thie veloelity of the sirerefs,

A system (Systew V) ccuposed of o supersonie diffuser, a
counrecesor, intereooler, ~nd two e¥ponsion turbines aprecrs
promicing, from o cooling stoiadpoint, in viewr of the fact that
the 1deal performancce of thne systes lndleates a systen
outlet terperaturc less thon cmblent stotie temperature un
to a flight ilaeh nuwiber of 3,7, provided the cneclosure is
neintained ot anblent statie presswice,
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In the simultarecuc graphlcal solution of equations (28)
ané (29), it 1s nceessary t- assume values of the mass-flow
ratlo of intorcooler coollng alr %o ventilating alr W!'/if
In tiie actual easc, the value of thie parazseter 1s determined
by thc arce of tc intercocler hoat-transfer surface and the
over-all hecat-trancfer ecocffielent ootained in the coolor,
sinee the econllng clfecilveness 1ls artitrarlily chiosen.

The presentation of tihe resulss of the forezoing analysls
in the Torm of o finel syeten “emperature ratio 1s belleved to
bo the most esnvenlont - of presentation decause tempera-
turc changes due to variution in altitude then doc not onter
tihic equatiens,

Thz cooling eapaelit; of any systenm ney be ealeulated for
any dosired flight llach number and altlindo 2y the following
pethod:

The antient tenperaturc 1e muliliplied by the system
teunerature ratlo to ortalrn tiae teuverature of tho vontilating
alr entering the encloeure. The difference between tho enclo—
sure anblont tomperature and the entering ventilating air
tomporature is ther the teuperature differernco avollable for

coolling the enclosure. :ultioliecation of tiho temperoturo

differencs by the term Wep Sives the ¢ooling cepacity of

tho system in terms of Btu per second.
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