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Bss&ttta aaaaaagaig 
A PKZLI:;I::ARY STUDY OF RAU-ACTUATED ccouis SYSTS-IS 

FOR SUPERSONIC AIRCRAFT 

By Jaokson R. Stalder and Kenneth R. Uadlelgh 

Slf.IiARY 

An analysis  has been made of ti.e characteristics of 

several coollnc cycles suitable for eochplt cooling of super- 

sonic aircraft. All the cycles considered utilize the dif- 

ference between dynamic and ambient static pressure to 

actuate the cooling system and require no additional power 

rource. 

The results of the study indicate that as flight speeds 

become greater, Increasingly complex syster.s are required 

to reduce the ventilating air to tolerable temperatures. 

At altitudes above approximately 35,OCO feet, a system 

composed of an externally loaded expansion turbine in 

conjunction with a supersonic diffuser would maintain 

tolerable ventilating air temperatures, at least up to a 

flight llaoh number of 2. The most complex system considered, 

composed of a compressor, lnteroooler, and expansion turbine 

with the lnteroooler oooling air decreased in temperature 

by expansion through an auxiliary turbine is capable of 

maintaining a ventilating air temperature less than ambient 

temperature up to a flight Ilach number of 3.7. The preceding 
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results Cor both systems are predicated on a cockpit pressure 

equal to ambient static pressure. 

It lc possible that similar systems can be devised whloh 

-..'ill allov.» opora'clon of ra"-actuatcd cooling cycles with the 

coc::pl: pressurized, with, however, added System components 

required in the form of additional heat exohangers and turbines. 

iiTRcrjCTio:: 

It lc generally realised that the probier; of maintaining 

habitable oookplt temperatures in airplanes designed for 

supersonic flight will be difficult. The necessity of 

coolin,, the pilot's oompartuont has arisen in the operation 

of high-speed subsonic airplanes« She problem will naturally 

beooKO muoh more acuto as airoraft speeds are increased 

through the tranronic and Into tho supersonic speed r?,nge. 

The cooling problem in supersonic aircraft arises, in 

part, from the near-stagnation temperatures attained in the 

acceleration of ambient air to velocities approaching that of 

the airplane which prevail in the boundary layer. In effect, 

the airplane Is surrounded by a thin layer of air a* tempera- 

tures approaching stagnation value. Solar radiation into the 

cockpit through tho canopy and tie dissipation of heat by the 

pilot and by electrical apparatus further adds to the cooling 

load. In addition, the entering ventilating air whloh is at 

stagnation temperature must be reduced in temperature before 

admittance ~o the ccchplt. 

0OKJ1BEJTIAL 
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A refrigeration cycle utilizing atmospheric air as the 

working medium 13 currently being employed as a means of 

enclosure cooling,. Shis cycle uces air that has previously 

teen compressor: by the main engine compressor or by a cabin 

cuperchru\~er. The hlgh-pres3ure high-temperature air is 

then cooled, in an Intercooler and espanlec?. through a turbine 

to the enclosure pressure. 

At 3v.per3onic flijjat speeds, the pressure rise occurring 

fron the adlabatic acceleration of the ventilating air becomes 

of large enough, magnitude that it may be possible to utilise 

the enerrcy of the rrm-co:.T|jre3r'.ed air to operate a refrigera- 

tion cycle as yell as for proosv.ri-ir.c; the enclosure. 

It is the purpoce of thio report to ey.ar.ilne the character- 

istics of several cooling cycles, whioh are actuated by the 

difference totveen dynamic cr ram pressure and ambient static 

pressure, and to present the results of the analysis in as 

general a ;..anncr a3 possible. Ilo predictions have been made 

concerning the magnitude of the enclosure cooling loads as 

this factor 13 dependent upon enclosure size, constructional 

details, amount of insulation employed, etc. LihevrfL3e, details 

of turbine- end compressor cpeodr., sizes, types, have not 

been discussed in this preliminary report. 

f 
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The following symbols are used throughout the report: 

specific heat of air at constant pressure assumed 

constant at 0.2+ Dtu per pound, F 

Intercooler cooling' effectiveness, dlr.:enslonless 
horsepower 

mechanical equivalent of heat (~JS ft-lb/Btu) 

I.'acli number, dl::en3ionlosa 

stagnation pressure, pounds per square foot 

heat abstracted from air bj lntcrcoolcr, Btu per second 

absolute stagnation teuperaturo (°P + ^59.7) 

weight flow rate of ventilating air, pounds per second 

weight flow rate of intercooler cooling air, pounds 
per second 

adlabatic shaft efficiency, climensionleso 

duet efficiency, dlmonclonless 

ratio of specific heats of air (assumed constant at 1*40} 

riot« 

c 

i 

o 

t 

Subscripts 

aifc    arbitrsr- S+*<M rj  Bta1*°M linmediately urs-^ 
respective-    ,.0, "***•** and dow.tr.aa, x» »   *•o component n«*. ' 

compressor "^ COjlsloration 

ideal or theoretical 
free stream 

turbine 

CO:;FID-:3IAIJ 
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>     stationc as iniS.of.tcd in figure 1 

IV    i 

::AL^3IS 

Five aystoms hr.ve boon analyzed. Cf these five, four 

arc simple variations of tlio firot basic system (System I) 

'.•hid: oonprlaee a supersonic diffus-or and x.~.  expansion turbine. 

In this basic ay atom, :lx air is dccclerat3i to zero velocity 

(relative to the airplane) in the; diffuser and expanded from 

the resultant high pren.,ure through a turblno to tho pressure 

of tho portion of tho airplane beint. cooled - the enclosure. 

Tho turbine work in absorbed by an external load cv.oh as an 

electrical "cncrator, hydraulic pump, or rimilar piece of 

equipment. 

Syotev. II la identical with Syctem I except for tho 

addition of a heat exchanger botwoon the diffuser and turtlno. 

The heat exchanger w.ipl >ys an internal cooling medium, that is, 

fuel, linuid oxygon, or aolld COg as the coolant. The turbine 

worh is absorbed by an external load as in System I. 

Sycter. Ill employs the turbine vorh to drive a compressor. 

The coiaprer-nor is located downstream from the diffuser and 

increases the ventilating air pressure above the value of the 

CCU?IDE"TIAL 
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ventilating air in pacsir.g through the coolor to tho initial 

temperature difference between the ventilating air and tho 

eoolir.F air. 

The temperature ratio across a compressor or turbine is 

given, in terms of the pressure ratio, by equations (5) and 

16), respectively, 

(5) 

7-1 

*• 
(?b/Pa) •»   -1 

<c 
•- til 

la               * 
1   V^' 

J 
(6) 

Zn equation l§), c0 is the adiabatic shaft efficiency 

defined as tho ratio of the iscntropio temperature riao to the 

actual temperature riai of the air for tho compressor pressure 

ratio. In equation (6), t%   is similarly defined as the 

ratio of the actual drop in temperature experienced by the air 

as it drops in pressure passing throuph the turbine to the 

ideal isentropic temperature ;.rop it would experience for 

the Gt>;.-e turbine pressure ratio. 

The horsepower required to drive a compressor is given by 

hp0 - £*8L L!* 
55.O 

sea    " 
(Pb/Pal 7 - 1 17) 

and the horsepower delivered by a turbine is 

apt J cp Vf Ta e t 
 7&  

OQMFXtSSnX* 
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. 

The host abstracted from the air by an Internally cooled 

heat oxohongor Is 

Q = !•; op (Tft - Tt) (9) 

which nay bo rearranged, In terms of the tonnerature ratio 

of the air In pas3ing through the cooler to 

Tb •» 1 - 
•*0*« 

(10) 

The general scheue of analysis Is to combine, suitably 

for caoh ays to:.:, the preceding general relationships In order 

to obtain the ratio of cnclosuro temporature to omblont 

statio temperature in toiv.s of tho flight llaoh number, tho 

ratio of enolorraro statio prossuro to froo-strcaa statio 

pressure and tho offieioney of the systom components. 

A dotailed analysis of each of tho five system is 

prosontcd in Appcr.il:: A. 

DISCUSSI01T 

For all systems, thu final tenperaturo ratio and tho 

amount of onolosuro prossurination that oan bo obtained Is 

depondont upon the effiolcnoy v/ltl- which the diffuser oSnverts 

tho froo-stroain Iclnotio onorgy to statio prossuro. Avail- 

able quantitivo information on tho performance of supersonic 

diffusere is meager. In reference 2, Xantrowitz and 

Donaldson have prosontod a method for tho design of reversed 

DcLaval nozzlo-typo diffusore and, In addition, have obtained 

test data ovor a limited rango of llaoh numbors to ohook their 

analysis. The data of refcrenoo 2 «as usod In this report 

booauso of laok of comparable data on other types of diffusere. 

COHFIDETTIAL 
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It ir 3hctvrü, in reference 2, that It lo Impossible to obtain 

a Bhoch-free deceleration through the sonic velocity In a dlf- 

fUBor of this type and that an unavoidable loc3 in total 

oroccure through the medium of a normal compression shoch must 

result for the flow to he stable, This loss increases with 

tho ontranoe '.lach number. The data cf Kantrowitz rr.d Donaldson 

were used in this report for calculating diffuser efficiencies. 

Tho procedure used in determining the diffuser efficiencies 

used heroin was aB follows: The maximum diffuser efficiency 

for a given entrance cr fllfj.it llaoh number was calculated by 

the method of rcferor.ee 2.    This theoretical maximum efficiency 

was then multiplied by a factor, 0.95, t0 obtain an efficiency 

closely corresponding to \.):o bert test efficiencies obtainod 

by Xar.trowitz an;, Donaldson. It is worthy of note that, for 

a fixed gooaotry elffuser, the maximum efficiency occurs only 

at the design llaoh number. In this report, it is assumed 

that the optimum diffuser is used for each flight ".lach number. 

Figaro 2 shows the diffuser efficiencies used in this report 

as calculated by tho preceding method. 

In order to visualise the magnitude of the stagnation 

tempcraturos which occur as a result of the acceleration of 

ventilating air, figure 3 has boon prepared. Figure 3 1* 

derive', from equation (2), a;-;d shows the stagnation temperature 

as a function of altitude and '.lach number assuming UACA 

CO:!FIK:::TIAL 
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• 

standard air properties.  (See referer.ee 3.) 

The naximun derree of enclosure pressurization obtain- 

able fror, flight ran, shown in figure k,  was ealoulr.ted by 

neons of  equation (^) using diffuser efficiencies taken from 

figure 2. Constant pressure lines for several effective 

enclosure altitudes are also shown in figure k.    The lo-'er 

lir.-.it of the curves was taken at 30,000 feet altitude, since 

it is unlikely that prolonged supersonic flight would be 

undertaken below this altitude. The coolin- system« discussed 

herein would operate lers effectively as the enclosure 

pressure increased and would not operate if the enclosure 

were maintained at the maximum possible ran pressure. It 

is probable, however, that systems of this typo could be 

devised which would allow alnost complete i-am pressurlzation 

to be utilized and still ualntain the system effectiveness, 

with, however, the addition of i.:ore pieces of equipment - 

turbines, heat exchangers, etc. 

It i.- unfortunate that the equations for the tenporature 

ratio aci-or-:. each system do not lend themselves to plotting 

in terms of nondlmeneional or dimensional groups of variables, 

so that the effect of a change in efficiency of a system 

component is Immediately apparent« Xn order to calculate 

the performance of the system it is necessary to assume 

values for each of the cor.-.poner.t efficiencies. The follow- 

ing numerical values -.-ore used for substitution in the equa- 

tion for the temperature ratio across each system: 

CCITFIDSITTIAL 
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1. Eiffurer. efficiency, taken fro:.: figure 2 

2. Turbine adlabatic efficiency, C.S 

3. Compressor adlabatic efficiency, 0.7 

-!-. Air-to-air lntorcooler coolln..: effeetivencr-s, O.S 

The enclosure vas assumed to be unpres'-.urizod, hence the 

enclosure prcerure tras taken as equal to ambient static pressure. 

It is thought that the above values approximate the 

na:d.inu:: efficiencies that aro practically obtainable, consider- 

ing the probable snail slco of the equipment. The seemingly 

high value of ir.tcrcoclor effectiveness arises fron tlic fact 

that the high ram pressures allow the use of multipass (and 

hence high effectiveness) heat exchangers. 

Tho performance of System I is shown in figure 5«  -he 

pertinent point concerning this syten is that the final 

temperature ratio is always greater than unity, that 13, the 

entering ventilating air temperature is always higher tlian 

frec-stroam static temperature, owing to energy looses In tho 

diffuser and turbine. 

Tho temperature ratio of the air after passage through 

System II is shown in figure 6. In figure 6, the parameter 

vi/'iTc^To represents tho fraction of the initial total heat 

content of the ar:.biont air that la removed by the internal 

cooler. This variable is a function of the effectiveness of 

tho internally cooled heat exchanger as well as the lowest 

temperature obtainable fro:.: the cooling medium. From figure 6, 

it ic apparent that if a suitable coolinr :..edlum can be 

CO;;FIDZ:;TIAL 
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'v.. 

employed, It is possible to obtain very low outlet tempera- 

tures from this system. 

The determination of the characteristics of System III 

involves, as noted in the appendix, the Graphical solution of 

equations (A9) and (A1C) in order to determine the compressor 

prcssvro ratio values for subsequent substitution into equa- 

tion {AB),    The values of the compressor pressure ratio 

determined in the foregoing manner arc shown in figure 7« 

The pcrfor anco of the system as represented by the final 

toaperature raülo of the ventilating air is prcsentod in 

flguro S. It is noted that this system is capable of main- 

taining a syotou outlet temperature los3 than froe-stream 

static temperature up to a flight llach number of approximately 

1-7. 
The performance of System IV Is dependent upon the amount 

of heat abstracted from the air by the internal cooler, as In 

Systom II.    The compressor pressure ratios obtained from a 

graphical solution of equations (A13) and (Al^) are shown In 

figure 9«    *ho pressure ratios decrease rapidly as heat is 

abstracted by the internal cooler duo to the decreased 

turblno work available wich the lOT-ror turbine inlet tempora- 

turos.    She final over-all temperature ratio across the systom 

is flhom in fi^v.rc 10.    It may be seen from this figure that 

tho  final tomporaturo ratio is determined by the amount of 

heat abstracted by the internal cooler and that tho systom 

is sensitive to changes in flight llach number slnco a slight 

SOiJFIDEIlTIAL 
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that or the other By atoms duo to tho beneficial effect of 

the auxiliary turbine. From figure 12 it is seen that, for 

a value of mass-flow ra'oio of cooling to ventilating air of 

1.5, the system outlet temperature may he maintained less 

than, or co;eal to, ambient static temperature up tc a llaoh 

number of 3.7. Tho added pcrfomar.ee of thi3 system is, of 

course, aooompanied by an increase in tho power required 

to ram the additional cycling air- through the system. 

Tho fact that the temperature ratio decreases to a 

minimum at a llaoh number of approximately 1.5 and then 

increases as uho flight llaoh numhor Vicrcasos is due to tho 

opposing effects of increasing pressure reitlo .\cross the aux- 

iliary turhino and decreasing duct efficiency. 

For rll the systerns discussed, it is strongly empha- 

sised that tho porfcrmenee shown is the maximum obtain- 

able with the assumed values of compressor and turbine 

offiolonoios and intercoolcr effectiveness, because the 

maximum obto.inc.tlo value of diffuser efficiency for tho type 

of dlffusor considorcd was takon for each flight '.lach number. 

The pcrformanoo over a range of flight llaoh numbers of any 

actual enclosure cooling system with a fixed geometry dlffusor 

of the type discussed would doorcase below the ideal values 

shown herein, "he values of diffuser efficiency used herein 

should not to considered the maximum obtainable with any typo 

of dlffusor. It is quite possible that diffusere con be 

designed which will havo performances superior to the simple 

OOSKBBIIXAL 
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reversed ?eLaval-nozzle type diccussod. 

Systems, such as those described in this report, ''hlch 

•jake free stream air end pace it through p. cooling cycle con- 

tribute drag to the airplane by virtue of the difference in 

momentum between the rlr taken into, rnd that discharged from, 

the airplane, "hue, the choice of a particular system "ill 

depend upon the system drag chrrrcterlstics as T,ell as upon 

the intern-.! efficiency of the installation, "he drag 

produced by a cyste:.: is greatly dependent upon the size rnd 

configuration of the ducts rnd he-t exchangers, hence it is 

not possible ~o dr.iw specific conclusions concerning the drag 

of the several systems discussed herein. Ho-'ever, it is 

apparent that coolir.,. systems th-t handle relatively large 

amounts of cooling air such as Systeme III and V will have 

Unfavorable drag characteristics and it may be necessary to 

reduce the heat-exohanger effectiveness in order to eliminate 

exccsrlve pressure drops on the cooling rlr side. Detailed 

computations required to design an optimum system t/culd require, 

es a starting point, specifications concerning flight speeds, 

altitudes, and cooling load, and hence have not been undertaken 

in this general report. 

CGSCLOTJI» aaaKB 
The high ventilating and boundrry-lryer-air temperatures 

attained at supersonic velocities will probably require use of 

an enclosure coding system to permit piloted supersonic aircraft 

to be flown. 
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An examination of the characteristics of several ra..;- 

actunted coolina; eyrtcms discloses thr.t these nystems may, 

fron r standpoint of cooling performance, be suitablo for the 

coolinc of aircraft or missiles operating at supersonic 

vclooiticr?. The operation of all the systems depends upon 

the difference in prccaurc bct"cen the enclosure or cockpit 

and the ram pressures due to the velocity of the aircraft, 

A system (System V) composed of a supersonic diffuser, a 

compressor, Intercooler, and two expansion turbines appears 

proniein,~, from a cooling standpoint, in vier: of the fact that 

the ideal performance of the system indicates a system 

outlet temperature less than ambient static temperature up 

to a flight ilaoh number of 3.7# provided the enclosure is 

maintained at ambient static pressure. 

Amos Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

i-'offett Field, Calif. 

W«*'/, 
- y 

A "?• 4 ••; 

C^Jaokson P.. Staldor, 
lloohanlooi Snrlneer. 

Konnotfi R. tfadlclgh, 
Ilochanlonl 3nglnocr. 

• ' Approved: 

v^ 
Smith J.• DeFrance, 
Englneer-in-Charge, 

> •*_ 

ooirireOTiAL 

**•*. 





:ACA HI: ::0. xrzoi\ riBEi 19 

I \f 
>o 

T5 

. .1 

.•I 

11- 

04 

I? 

I . J 

r I 

H 

s 

EH  I EH 
V » 

E7|EJ 

.H 

* 

-h 

E-l |EH 

En |EH      EH !EH 

EH I EH 

<< 

:j 

E< 

P< 

n 10 
h 

COIIFIDEHTIAL 







• 

2C COHFZS&rcXAL ::.V:A K: :U>. A?CC4- 

3 
^~% '-. 3 3 a 

a -i 
(3 :- *» 
O tJ 
-H ti 
4» » 'i 
I1 > U 
X •5 1 B" '.. n 
J • 
0 
4* 

• 
•H i 

a 
«H o 

o ( 
H 

\ >- 
O 3 

«H ••—• o 
u rH Hl a •ci O 

•M "H 

• 
.'•1 3 

s 
5 

o 

o 

• 
•H 

• _ 
Ü ^2 J ,*-S * i • 

f«J w O U EH lE-i 
»—* S 10 

c fc :••» • >< 
+ r.H o o 

•J n g 
ml n 

Ci ICH 

H 
1 

r-l 
J I 1 o 

•P 
U 

E4 1 EH ^, 
O 

1 
o 

o 

a 
o 
U "1 ° u 

rH O <^-l o c< ln-t a I s: :: 
c •~ s rH 

+ O 
«H a 

o 
-H 

ii t 
•H 

Ü ft o •P _*l c H 
o 3 •2 t EH |EH 

•p o 
II 

O • 
o 
.a g 

A in 
infc-t 

H 
o 
0 i I) 

8? 
S 
3 4J O 

o 1 J .'.: 
:.' H fV ') •p 
> 1 •# 

•p 
VH 

i: «H P4 rH O 
• 
H 
c: B 1 

1 B 
0 u o 

4 
o 

«-< •p O •P 
o 

£H f o 
si 

i 
•H 

1 
r3 o •Ö o 

C0NFIDEI3TIX 

  

r 





2»V 
cc WX3EI5IÄ« 

ILäCA A7°0+ 

d- 

oonrioBiw*1 

~^f*.'. 

^46* 



5" ,—r"*£^_^-v;i«»<3rtr*J" 



25 
COIfiSDEOT 

P. 

h    -3 

5       H 

'< 

c        c; 

MCA Hi- w. AyccJf 

Mf". 

 . » 

a- 
'H 

M 

C     -i 

>i» 

;-   -H 

I'. 

Pi 

!. 

I>, 

y   <j 

s I 
rl 

s • 
Ö, e 

•:. • 

« i^ 

5 

o    .H 

JJBI 

EH |C. I    "    J 

fl    2 
tu r-i 

CQHPlDESnS^, 





r. COlTSIBir.-TIAL I'-MA ?:: :to. A7PC4- 

In the simultaneous graphical solution of equations (28) 

and (29), It la necessary t ascunio values of the masp-flow 

ratio of lntorcoolcr ooollr.r air to ventilating air V /'.'. 

In the actual oaec, the value of this parameter Is determined 

by the area of the ir.t ircoolor heat-transfer surface and the 

over-all heat-transfer coefficient obtained In the cooler, 

since the cooling effectiveness Is arbitrarily chosen. 

The presentation of the results of the foregoing analysis 

In the forr.i of a final system temperature ratio is believed to 

be the moot cor.vcnlor.t form of presentation because tempera- 

ture ch.3r.gcs due to variation In altitude thon dc not enter 

the equations. 

Th3 coollr..• capacity cf any system may bo calculated for 

any desired flight llaoh number and altitudo by the following 

method: 

Tho ar.ticr.t temperature Is multiplied by "he system 

tomperaturo ratio to obtain the temperature of the ventilating 

air entering the enclosure "he difference bctreen the enclo- 

sure a-r.blont temperature and the entering ventilating air 

temperature Is thc"i the touperaturo difference available for 

cooling tho enclosure, lh.ltlollce.ti or. of the temperature 

dlfferenco by the term ^Cp gives the cooling cepacity of 

tho system in terms of Btu per second. 
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