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FOREWORD
This effort was accomplished in the Air Force Aero Propulsion
Laboratory, Wright-Patterson Air Force Base, Ohio. The report was
orepared by the Ramjet Technology 3ranch {RJT) under Project 3012 and
Task 301212. The work covered the time period of August through
Sep*amber 1963, '

This report was submitted by the authors April 1973.

The technical report has been reviewed and is approved.
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Qf/ vt F.OREGAN, Col, usxr :

Dir., Ramjet & Laser Aerodynam=cs
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ABSTRACT

A simplified method of estimating the performance of .upersonic
combustion ramjet engines is presented. The method utilizes stream
thrust concépts and enshiles valid periarmance estimates {0 be made
without the ald of a computer program; only a few simple g}aphs are
requirad. A new "referenc:” stream thrust quantity is defined and show:.
to be of value in estimating engine flight performance. The data given
in this report enable perfuemance estimates to be made ¢ hvdrogen
fueled engines operating stoichiometrically for syeeds'in excess of
sbout Mach 8.
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SYMBOLS {CONTD) ;_

¢ Straam Thrust §

P Static Pressure 2

- E

PR Reference Pressure é
P Pelative Pressure Function (See Reference 3)

q Fuel/Air Ratio 3

R Specific Gas Constant g

i

$ Entropy g

“a . . Air Specific Stream Thrust §

i r

sa, Critical Air Specific Stream Thrust %

SaR Reference Air Specific Stream Thrust 3

Samax Maximum Air Specific Stream Thrust 4

[Sa]H Air Specific Stream Thrust Contribution by Fuel Injection %

. 2 x :_.

T Static Temperature e

Ts Fyel Static Temperature E

T Reference Temperature E

v Yelocity i

3

Ve Fuel Injection Yelocity §

L Velocity at Reference Staticn ) %

4 Specific Heat Ratio j

KE Kinetic Energy Efficiency of Inlet §

" Combustion £f iciency (Enthalpy Rise Basis) §

" Nozzle Stream Thrust Efficiency %

- Nozzle Gauge Thrust Efficiency 1

Gensity i

i
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Subscripts ;

Planes 0, 2, (*), 3, E, R are shown in either Figure 1 or 3. ‘
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SECTION 1
INTRODUCTION

This report is concerned with a simple approximate analysis of the
performance of scramjet engines operating at high flight speeds. The
method of analysis was conceived in 1961 {Reference 1) when suitable
computer p:ograms for calculating performance were not available, but it
was not pubHshed1 at this time and it was overtaken by the development
of the program described in Reference 2. Subsequently, the simplified
method became of interest when it was desired to study the.effect of
'perturbqtions of certain component efficiencies on engine performance
and yet avoid a major production run on the computer. This method of
estimating performance is based on the study of the changes in stream
thrust of the engine gas flow as it passes through the engine,
(onsequently, current methods of defining component performance are
easily introduced into the analysis. The heart of the method 1ies in .
the fact that at very high speeds the area ratio ¢f the exhaust nozzle
is large and the state condition of the exit flow is normally located
in the non-dissociation region of the Molijer diagram. This fact enables
a relatively simple approach to the estimation of the stream thrust of
the engine gas flow at the nozzle exit to be made. Using this simple
approach, engine performance at speeds of about Mach 15 have been

estimated to an accuracy of one to.two percent in comparison with more
sophisticated computerized calculations.

YT AR T FRTE ATET SRT WU RTINS P YT PR TR

SIOYE
.

This report is submitted in the hope that it will stimulate the
application of stream thrust concepts to the analysis of engine and
component performance.

1This report is a more general version of Reference 1.

’ - A-mAJ
N T Ty §
- N ki e 3 At arck ot Ttk 4 e D sl 29
iy 2 e Xl . X At bed K3 " - Dl S an N
P e aiiC e 1 st i S oo bt P . i A X sk kv i masBAT .




- S— . - TR g : : el L e s bl B SR I St Wi 2ottt el i £ At A
F"c?wwmm«mwmvww, R T A ST R T T W T RIS YRR R R VY T R TR L PR T S LY ¥ ¥ = X

E ]
E AFAPL-TR-73-38 i
: : ]
f SEC”ION I ;
1 EXPLAFATION OF METHOD
: The object of this method is to evaluate the specific thrust and
H fuel specific impulse of a supersonic combustion ramjet engine operating
§ at a given flight condition. In evaluating these performance parameters,
‘ extensive use is made of the concept of air specific stream thrust.
fg |
? Referring to Figure 1 the internal thrust of a ramjet engine,
E axpressed in terms of the stream thrusts of the inlet and exit gas
E streams, 1s given by the conventional expression:
~ { Streom ?hrust} - {Streom Thrus'} Po (Ag - Ay)
é ={ -v-PA} »-{-—~+PA} - Py lag - Ap)
% The specific thrust of the engine may be writien a3 5
F Pohy (A
— SCE -~ Soo - "'“"""o, 0 —'A'E" ""}

where generally .
- 4 {chv
So = g -5t PA}

The foregoing expression for the specific thrust of an engine may also
be written as ‘

F V, AE V,

= S SN -2
o {soe - -} R {s0- 3 (1)
A

If attention is now restricted to engines in which the ratic 2\'" is held
constant then of course one has

® {S“F.'Y'g‘} -k {s"o"Y%'}
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The corresponding fuel specific impulse of the engine is defined by

Lsp 3?;':?:%{”&'} (2)
On inspection of Equations {1) and (2), it is apparent that for a given
engine, operating at a specifieq f%ight condition and fuel/air ratio, the
orily unknown quantity is Sap. Once this quantity is determined, the engine
performance can be easily evaluated. The unique feature of this simpiified
method of estimating performance is that it permits a relatively accurate
determination of SaE without resorting to compiex and lengthy calculaticns.
Lonsider an engine operating at a»given condition and assume for the
_moment that the flow through the exit nozzle is an equf}ib?ium isentrgnic
process. The actual expansién through the nozzle can be considered as a
seguent of a hypothetical isentropic expansion which starts fyom the
stagnation condition following combustion, and proceeds until the gas

temperature apprcaches absolute zero. At any intermediste state condition,

the corresponding air specific stream-thrust can be calculated from

Sa = (I +4q) {%—+—ﬂv1}

wnere q, T, and R are knuwn and V can be obtained from the Equation

- v = 290 (Hy - n)
For any given expansion proces;vit is thds posé%bfé to plot the vaiaticn
in Sa as a function of a suitable reference area ratic A/Ag or a
reference pressure ratic P/Pp.  In gas dynamic work, it is, of course,

cenventional to use the sonic condition as a suitable reference state.

Sty MMWWMW Wﬂﬁﬂlﬂ
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Two reference vaiues of specific thrust have often baen used 16 varmjet

performance analysis, namely “a, worreiponding Lo tne sonic conditiom ip

the expansion and Sag,, whieh vy the @ wmen spelifie streon thryst

obtained by expansion to an abtabute tes wialovs of zurg, These vaige

- VR

i
E

are indicoted on Hiqure 2 which illustrates o Lopiral variation of

A
PEIN

Sa/Sa, with &/A, . In the performance anaiysts of subsoniz combustion

ST TR T O IR PR TN T

ramjet engines, this type of chart wes of lhe utstht vatue  Thiz was

A
Y

because the reference area A, correspodded (5 the yeometrical sres af

the choked throat of the exhaust nozzle. Thus for s given d*vexg nt ares

X

ratio Ag/A,.. it was possitle to read off diractly the aazunr%+ Szp - from

the chart. However, in the case of the supersen*a yamo ILRAL égine.

.

this type of chart cannot be directly utilized since thz sonin reterencs

g AR PR G Ao D s At rene A AT i1

area Joes not correspornd Lo any specific gepmetrical area, axcep' ir tff- oo e

limiting case where sufficient keat is adced *0 redbce tﬁe ég%aé?,y{7' S

TRER
MWHs 2

Wl

e
1y
b

v
\
\

say from a corstant area combustor, to the;scnlc exlue. 1% ‘ﬁ'ﬁevef%% =L

Tess informative to consider the aprGCo ion sf tnxs chavt 1z thes .S LT

.
AN

\ N
Lk .
St bl

scramjet engine. Ref»rriﬂg to Figure 3, in whwch ¢ &Lrﬂmgﬂb w%tknaf

\

w
&
K

N Al
Y, 1
NN

\‘ 0 A »
b b hedie

constant area corbustor is consiiored, it is apds tha? *rﬂ s;e‘*“‘ :
stream thrust at olane 3 is determined by the flow caﬂdz ions &t the - -

diffuser discharge, the stream thrust contributed by the fuej injeciion

iy
AACTA

.

~

f
NN
LYY

system, ang the Trictional losses in the corbustor. if, tor the time - DR

AT RY

being, the latter two effects are neglected, we have

\
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and thus for this particular example the sgecific straem thrust after
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combustion is uniquely determined once the operating condition of the
intake is known. Thus for a specific flight condition and adiabatic
inlet flow, Sa3 is dependent only on the amount of diffusion, Vz/vo,
performed by the intake and {s independent of the efficiency of the
intake {real gas and viscous effects being neglected). It must,
however, be noted tRat. for a fixed value of AE,A the nozzle irea ]
ratio is given by ‘K’ = xg -§~, thus for 2 given amount cf diffusion

the effect of raducing 1nlet eff1c1ency is to decrease ine available :
area rzt'c of the nozzle.

:
;
E
:
%
3
5
¢
]
E

At flight speeds below about Kach 7.5, it is i.ssible to utilize
charts of the type iilustrated s Figure 2 to determire the performsnce
c¥ scraﬁjet engines. In this case the chart i entered at the value of E
Sa3,5a,. where Saj corresponds to the specified intet condition, and a
value of Ay/A is obtained. The chart is then re-entered at an area ratio

LRI
Ay Ay A

. A g
[l e e hockin

an¢ the corresponding value of Sap obtained. By :~{s procedure it is

PR

gossible to utilize charts which are already available for subsonic com-
bustion engines for calculating the performance of scramjets. However,
such chzrts are not readily available for speeds in excess of about

Mach 7.5 and considerable labos is required to produce the necessary
charts to covar all probable conditions of engine operation. Further-
more, as higher flight sneeds are considered, it becones increasingly
s1¥ficult to calculate A, and P, since the sonic state points ave located
in the high-enuiisinv regions closely ;orresponding to the stagrnation

songition of the flow. Indeed a corgiticn is soon reached when the

- e A o o Lo e N
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sonic state poiats correspond to enthalpies which exceed tke range of ]
available Mollier diagrams. Additionally this procedure for determining %
performance ix physicaelly unattractive since the flow within the engine

siever approaciv < the sonic reference condition. In fact, the state !

points correzponding to the actual flow ihrough the engine are usually

et i e Ly i ARl ARt wrrmmmwm?"!‘ﬂ

located in the lower regions of the Moilier Ciagram. It is also relevant

Sl

"t niote that at very high speeds the area ratio of the exhaust nozzle

b

becomes very iarge and the siate condition of arn exit flow which results
from an eguii bvium expansion fs normally located in the non-dissociation ’

regiocn of the Mollier diagram. This latter consideration permits the »

TR TP =T ¢

use of a simple approximate approach tc the cstimatfon of SaE-

[ a4

The basis of this new method is o use a reference specific stream
thrust Sap which in concapt corresponds wove closely to Sep,, rather than

Sa,; one then works back upstream to determine Sap rather than downstream

R TR TP

front the value of Sa, as previously discussed. Of course, Sag,, iiself

cannot be uses as a reference condition since it corresponds to an
infinite 2 pansion area rotio.

In _this report the reference Specific stream thrust iy arbitrarily

Jefired as the value corresponding to an expansion to a static tempera-

zure of 390°R (21€.5°K); this tewperature corresnamis, of course, to the

Nt 1 g s B

standard tropesause value and is a rational "sink" tewuperature. Taie

e

reference specific stream thrust is easily calculated; thus for an
adiabatic equilibrium expansicn from post-combusticn cenditions H

,2 2
Vs VR

R L iy

s0 tnat

b i

A 8k b Bad
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and thus

S VIR LRS- E

RTp

v
S = {1+4q) {"98**"7"
R

TTRTR A
P TPRPPRAFTLEREVANE £

Tae value of 5ap,, may be calculated in a similar fashion. Computed

values of Sap, =spressed for accuracy as Sig - V,/g, forestoichiometric
R &4 R of 8

hydregen;air combustion, are given in Figure 4 for various combustion

eificiencies. Additionally, vaiues of Sapax and Say 2re compared in

Y LR L e

Figure S for stoichiometric products and n. = 1.00.

=

h

For any given staghatior condition it is a simple matter of calcula-

e B PSR AR U LB N B (e ot

LT At

tion to obtain the variation of Sa with area for a simpie adiabatic

i
i

ejuilibrium expansion. Thus at any state point in the expension, P, T,

~

and R =%; are known, and the ccrresponding flow velocity can be calcu-

TP A AT e e

| SR Y S PRI

lated from the enthalpy change. Thus

Ty

= v !f[}
Se = {1+ g} {0*\!
and the flow area per unit flow can be calcuiated from

A _ RY
{1 4q)my

!i'is thus possible to produce curves of Sa/Sag versus A/Ag for any
inftial stajnation condition and these curves are simi . to those of )
S3/S4, versus A/AR illustrated ia Figure 2. TFor * given \-wivalence
ratio the Sa/Sag - A/Ag curves are only dependent . - 2 total enthalpy
of the inlat stream and the 3nitial pressure; however, as the expgnsicn

proceeds away from stagnation conditions the gependence of these curves
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on the absclute pressure level disappears. Graphs showing the actuyal

variation of Sa/Sag with A/Ap are shown in Figures & to 18; these graphs

TR I R MO IR
TR

¢ TR IR RRR Y

3 are for the stoichiometric combustion of hydrogen air mixtures at initisl
E conditions of 1 atm. pressure. Superimposed on these curves are values -

of the corresponding expansion pressure ratios.

EYaree R

The above curves can be utilized to calculate the specific streaw

thrust at tne exit of a scramjet engine nozzle. For example, censider an

engine with % simple constant area combustor operating at an equivalence

ratio of 1.0.

¥
From Figure 4, Sap miy be obtained from the value of Sap - 52 corre-

sponding to the fiight condition. The quantity Saj will be kaown for a

given intske operating point {i.e., V5/¥, givar; and correspondingly Ag/A3

ot o LI e ik S L
C e v \-
»
v
T Y, 1 o)

will be ?f 4n for a given ergine geormetry, thus AcfAy = Ac/Ay . Aj/hs.

The‘;ﬂit stream thrust may aow be found; thus entering the charts in
Figures E?nt:.. at a value of Sa/Sap = Sa3/Sag corresponding o the flight
cenditioc one cbtains Az/Ag; tnis latter velue may be used to zalculate
Ar/ag = 1¢/A3 - A3fhp. The chart is nowvre-entereﬁ et A/Ag = Ap/Bp and
Sag/Sap ion be read off, and Sac found.

Thé;above process is extremely simple when constant area combustors are
consider d and it is relatively easy to Study the effects of varying such
paramete”s as inlet efficienty, fuel injectien conditions, and combustior
frictior. losses on engine performance. Non-equilibrium anc¢ other apzzle

1oss2s ‘van also be introduced into the 2nalysis provided such losses are

expressed in terms of strezam thrust changes. The methcd is very ac.urate

O N b e D e T ALY e el Ml B s AL #5001 K AV Sl o 0280 S R ST S e

tor engines operating at high flight speeds (M > 12} with corresponaingly

e

high exnansion ~:tios in the nozzie. However, before discussipg the valid:ty
and 13 _ tations oy this method of approach, it is considered desirable %o

itlustoete the nethod further by discussing sanpie nerformince calculatisne.

13
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SECTION 1II

PERFORMANCE CALCULATIONS

" The ~ey item to be calculated in assessing performance {s the value
of SaE which in turn is dependent on Sa3 and the avaflable expansion
area ratio AE/A3. To determine these latter two quantities it is
necessary to calculate the intake area ratio and the variation of Sa
through the intake and coemtwustor.

1. Caiculation of Intake Area Ratfo and Exit Specific Stream Thrust

As noted in the Introduction, for a fixed value of AE/A0 the
area ratio of the nozzle is dependent on the area ratio cf the intake.
The area ratio of the intake is easily calculated once the degree of
diffusion and the associated efficiency of diffusion are known. For a
simple adibatic compression process from velocity Vo to velocity v2

2 2
o . b
Ro *‘Z‘EJ = hy ¢ —E’—\T

So that
2 , 2
S AL

)

For assumed values of =, hy is easily calculated for given flight
)

condition using the tables in Reference 3. The intake efficiency may
be defined in various ways (See Reference 4) but if the kinetic energy
definftion is chosen then from Figure 19, one has

. I Ro

Ke Ry - hy

+Note that conventionally Nike is often expressed as B

Ny
~)
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Definitisn of Intake Efficiency

Figure 19.
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SRt A i u.g«-,aamﬂ
e

Where
v
H, ho + “BeT
So that
2
KE 2¢J

The area ratio corresponding to the compression process is

e SR PR TR IR T S PR R ER T I RS

.

o
1
>

Q
+

-

Ro . P o V2

R, P T VY

P i

where Fg is the only unknown. Along the 1sentr?pe)corresponding to 3
0 P T i

52 (Figure 19) the ratio of the pressures pf——Tffy can be found from 3
the tables of Reference 3 using the relative pressure function. These ﬁ
ti

tables will normally cover all practical conditions of intake operation. i
]

The value of Sa, can be caiculated from i

1

3

4

vt afih bt S et PR 2T Yo at e ST AN T IS Y

Va\ Vo . Rola /Yo
o = ()R

2. Variation of Stream Thrust Througﬁ Combustor

For the present, attention is restricted to the constant area
combustor; thus any change in the stream thrust will arise due to fuel
injection or frictional effects. Considering first fuel injection,
possible geometries are sketched in Figure 20. 1f wall siot injectors
are used then the area ratio available for expansion in the nozzle is
reduced, but of course there is a contribution to the stream thrust at
exit from the combustor. For fuily axial injection of fuel at velocity
Vf and temperature Tf, the corresponding fuel stream thrust is

li!Vf
o= -—%—— + 8 A,

~ ~
SUT RN JORSr 8 SPRLE PR 1Y
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and the corresponding air specific stream thrust of the injected fuel is

. Vi PRy o e Rfo
[sey, = T+ 51 = T+

In Figure 21 the variation of V¢ and T¢ for various fuel total temperatures

SRR SCARIE St S R il it S R e S B PR IR R T ST e

is shown and in Figure 22 the variation in l?a!HZ with V¢ is given. The §
area required for fuel injection can be calculated from the expression y ?
AL BT R v ;

A2 RZ TZ Pf Vs ij

If 3
R = P 2%

A N Tf Y2 3

Az R, T, V¢ 2

The specifi. stream thrust at Plane 3 is thus given by 3
:

< 503 = Sdz [So} j
3

For the strut injection configuration shown in ngu.e 20 there is no §
increase in the combustor area from Plane 2 to P?ane 3. However, it is %
necessary to acceount for the drag force on the injector when calculating §
1

the exit stream thrust. i
b

- Although friction losses can be appreciable, no attempt will be made

here to give a generalized method of calculating such losses since the

BUESPE | DRCPHY S NPP AW M

computation of friction losses depends significantly on the configuraticn

ot

of the combustor-injector combination~and on the precise nature of the
bouncary layer flow. However, friction force 1osse§ can, of course, be
treated in a parametric study.

The extensicn of this analysis to include the constaut pressure

combustor is given in Appendix 1. ,
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3. Lalculation of the Perfornence of a Non-ldeal Nozzle

The vatue of Zap given in the chavts in Figures 6 to 18

corresponds to at iséptropic-eguilibrium expansion through 8 given area

.

ratio. The performance of a real noz2zle is reduced relative %o the i:desl

rozzle because of non-equilibrium effacts, 7riction losses, divergence

Tosses, and other sources of entrapy production. Usually siech losses are

accounted for by coefficients appiied to the ideal results. A large num-

ber of cnefficients have heen defined fr nczzle anaiysis but for the

purposes of this paper orly thise based on, or directly related to, the

thrust produced by the exi% 235 stream are considered. These coefficients

are very easily infroducze inte the analysis. For example, oae common

coafficient is defined as:

w

Thus

The ratio of the actual nozzle vacuum thrust to the
ideal vacuum thrust of an isentropic nozzle of the
same area ratio, the mass flow and appliied pressure

ratio being the same in both cases.

P Sa
iE)ccmol_ - __(__E)acfuol

O~ N £)idaat (34¢) 1ae0i

Another coefficient frequently encountered is similar to o but it is

based ¢n the nozzle gauge thrust. Thus:

~

The ratio of the gauge thrust of the actual nozzle to
the gauge thrust of an ideal noszle of the same area
ratio, tne mascs flow and applied pressure ratio being

the same in both cases.
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MeVE ) _Ref
{ g *AelPe- Ry } octual {SGE g, }ocm!
n, = =
t eV Agh
3 Agfy
{""3" +ag (g - Ry } idea {sag - ,;o““} ideal

From ithe ideal value of Sag one can calculate

{S°E - %} ideat {“E B %55%9'} ideal

PP

A TG Ry T T T T S YR I T8 A PPN S5 TR AT AT AT, P MR PRGN '@;‘W‘

- T and given ne the value of Sa?actua] can be found. é
: 4. Sample Calculations - - 3
: A

Some sample calculations were made to compare the accuracy of this

{ approximate method with the more detailed computer program calculations
é given in Reference 2, which were basically one-dimensional, equilibrium flow

calculations.

.
s o oS Prada %

The results are shown in Figure 23. Four sets of calculations

were made for speeds of 12,000, 14,500, 16,000, and 18,000 ft/sec for a
sto%chiometric, hydrogen-fueled engine. An intake performance of Kp = €.95
was assumed and an iseniropic nozzle expansion with ng = 1.0. The altitude
corresponded to a dynamic pressure of 500 1b/sq ft.

The agreement between the zapproximate and the more detailed

calculations is seen to be very satisfactory and the agreement appears to

improve with increasing flight speed.

v

(v

A lower speed check case was also calculated for a Mach 9 engine

With e = 0.975, ¢ = 0.95, and Ag/Ag = 1.5. The results are thown in

it e T b T Wb £ A A e i 5 13 LS M R e A

Figure 24 and once again the agreement betwesn the approximate and the

detailied method is good.
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A specific example of a’simp1e s}iﬁe rule calculation which is
fntended to 11lustrate the use of the performance curves is given in

Appendix II.
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i SECTION 1V
% INCORPORATION AND ANALYSIS OF EXPERIMENTAL RESULTS ;
E Arother use of the analysis preserted earlier is the iéterpfetation i
E * of the results of component tests in terms of overall engine performance.

E for exampie, if an experimental combustor is cqnusidered, then it may be %
E desirable to "fit" a hypothetical intake and nozzle to the combustior to %
E deternmine the effect of combustor performance variation on engine perform- é
% arce at a given flight condition. %
E In assessing the performance of components it is evident ;hat the %
3 inportant qualities to establish are the actual thrust/drag forces on the %
% cemponents. Although the basic thermodynamic efficiencies of components %
i were initially of interest in development and in Cycle analysis, the trend %
; of assessment has been toward direct measurement of the forces acting on 2
E components. Thus the exnerience gained in pre;iaus years, both in the . %
E testing of ramjet combustors and of freejet rigs, has been applied g
i to the measurement of §cramjet inlet performance (see References 5 ar- é

R TP

6;. Similarly, one may expect such techniques to be applied to boh com-

bustor and combustor-nozzle development. Agart from the desirability of

L
FIROPRIRTVIAL I Y

3 direct force measurements, this trend has been forced by the inadequacy

aladmzan

of, and anomalies associated with, ° .. :s¢ 3f point located instruments

:
10 assess average fiow propertiec,

It will th:, be ipparent that the determination of forces acting on i
components, vy reans of force-balance tect-rigs alliec with mass fiow

measurements, permits direct calculetion of the changes in air specific

19
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stream thrust associated with a componenit. The main point to be made
nere is that whether the stream thrust change is estimated theoretically
or reasured experimentally, it is a relatively easy matter to introduce

soecific component performance inte this analysis or alternatively to

. . op
e gnth ot s e el Tt st ik 0 bt

use the analysis as a means to express the impact of component

performance on flight perfcrmance.
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SECTION V
CONCLUSION

A simple method of calculating the performance of sﬁpersonic
combustion engines operating at high flight speeds has been devised.
The method has been shown to yield acceétable results for speeds in
excess of 9,000 fps but no attempt has been made to assess the validity
at lower flight speeds. Charts are only given for steichiometric
hydrogen/air combustion since hydrogen fuel is the prime candidate for‘
high speed engines and operation at lower equivaience ratios is not
desirable at high flight speeds.

The concept of a "reference” station corresponding to adiabatic
expansion from post combustion stagnatisn conditions to & reference

temperature condition may find further application in other engine cycle

studies.
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APPENDIX 1
STREAM THRUST ANALYSIS OF CONSTANT PRESSURE COMBUSTOR

The calculation of the stream thrust at exit from a constant pressure
combustor is relatively straightforward if fuel ‘injection momentum and
skin friction effects are neg]eéted. Using these assumptions, the method

of approach is as follows. One can write for the constant pressure

TR T T SR T 4 S TR I T T RN ST TSR T R R T e m’ﬂ
* AN NS > i ~ . D N

combus tor
4 P P, + P,A (A |)
3 2 22 \&,
or I-1

&,A, /A

3 303 - soz*-'g.—i—';-'
% { 1 Mo Az

2 . 3

Fer given inlet conditions, the only unknown in the above equation is the

combustor area ratio Ag/A;. This ratio can be expressed from the con-

tinuity, momentum, and energy equations. Continuity yields v
(140) paAN, = pyAgVs

or

The momentum equation yields

thus '

Va . -
-9-;--(t+q) 1-2

Frein the energy equation one has

2
I |
hs = My = 343

43
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: where

74 H1o
:
"'3 {!+q}ﬂ?+l+a~c

Thus for given assumptions, “t3 is easily computed as a function of fuel
conditions and flight speed and h3 can be computed for giver combustcr

entry conditions by using Eﬁuationl-Z.{ A relztionsnip between h, and

TR AR o TR G T

T3A7% is shown in Figure 25. (This relationship is exact for a pressure

of 1 atmosphere; minor error is involved for use at other pressures.)

oS an CR e

This graph can now be used to calculate A3/Ay. Finally, Saz can bé

obtained from Equation I-1.

The above approach can be extended to cases where the axiai fuel
momentum term is significant. To speed up such calsulations, the follow-

ing analysis is used to derive some useful charts. Again let us utilize

the energy eguation

- B
hy = “'3 - 'Zoif
" whence )
Comah My maHp +hg + Vg /290
My = T2 T+q ~ I +q

For an assumed fuel temperature of 20.39°K and stoichiometric combustion,

one has, where all enthalpies are now based on Refgrence 7,

Mg = 50,309 BTU/1b.
q =.0.02928 1b-fuel/Ib-air
To = 390°R, hy = Z03.6
then, assuming n. =- 1.00 ‘
véE
My, = 19'§.4 t v

LVSrs A ¥

. " sov g Bl
e tair e Aot cve 23t PN # e AT R L e Ml 253,
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and

hy = 1913.4 4 Vo v
L T T 20 1+ q) 299

i
1
£
%

t
:

i
5
b
¢

:

From the momentum equation

v,
V, +49 (vi) V, = {1l +4q) V3

so that

Ve '
Vz""ﬂ("‘,‘;)Vz 1

v s
3 I+q
one then obtains
z hil
4y ‘9‘&4*2,.[“«}“) .+q :
l k) 1
+q
hy = 913.4 ¢4 —‘7;)
3 ’ ZJU*Q) i+q
Writing
2
v V.
v (1vagt
K = {3--2 z
i+q
t+q
one has
vz
hs s 198344"('-2—63'

Figure 26 shows the variation of hj with Vp/V, for various free stream

velocities and constant pressure combustion with nc fuel injection. Figure

27 is & plot of K‘versus V@/Mo for various values of fuel injection velocity

ratio. Figure 25 has already shown the variation of T, 477, versus h3.
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.

The next quantity required is the area ratir of the combustor. lsing

St aibth ki W'WWW»@WW

the continuity equation we have

*

V¥,
%:-8 (‘-’-q).—.&.—?—-

RYs

and making use of the equation of state

2 ovo() 00

Expressing V3 in-terms of V¢, Vo, and q, one has

Ay 2 Ty Ty i .
—— R '*)
™ (1+aq r,m,'“_z!_

s

which is the required expression.

One must now determine the specific stream thrust at station 3.
This can be accomplished by once again making use of the momentum
equation and the definition of air specific stream thrust.

The momentum equation applied to the combustor yields
Ya . Vi
P,A’ + PA, - PyAy = '*3"61'"'0“3"”‘"&"

Now from the definition of air specific stream thrust, aqd the fact thet

P, =Py =Py,

R - f
Soy = Sop + [sly, + & {as- ta v a0} - §

3

and utilizing the continuity equation

S0 = S0, ¥ [sa,, *%{%' (; +:J2_)}

49




AFAPL-TR-73-38

finally
Sa. = Sa, + [SQ] + (sa' - .v..‘ﬁ’..) . {....... ..:(| 4....»... ]
3 2 w,* \5%2 "5 A, " j ,

Thus with a knowledge of A3/A2, it 1s pessible teo calculaze Sa3 and
then to proceed to the calculation of SaE. Firally, the overal?! engine
performance can be determined.
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APPENDIX Il
EXAMPLE OF THE USE OF PERFORMANCE CURVES

[

Consider a hydrogen fueled engine operating with stoicniometric
fuel/air ratio, e * 1.0, at a flight speed of 16,000 fps and ambient
temperature 500°R.  Assume ke 0.98, iy * 1.00, and fuel injection
normai»to main airstream. A constant area combustor is assumed (A, = A3)
and also we assume Ao = AE. We shall calculate the engine performance
fer an intake velocity ratfo vz/vo = 0.95. .

= [nitial Conditions

Given
Vo .= 16,000fps T, = SO0°R
2
Vo . Yo :
— = 4973 < = Sl2,
9 294 ’
Vo . RTp
% = T"’*’v‘;- = 499
From Figure S,
Soa-—vg- = 76.6 , Sag = 5739
From Figure 6,
Ve
SOmox = g = 802,  Sumg = 5725
_Intake Analysis
2
' %

ho = “2’("":(:)'{53‘

From Reference 3

e
by = 119.5 4 002 s
z 221.7%
51 -




T T A T T T

RFAPL-TR-73-38

and relative pressure function

o = 9.473
o R
To.determfne Saa, ve require 72‘
Now, for adiabatic compression
2 v.2
Hy, = u°+§%3 = Ny 43k

2 2

v, /

. o A
" h°+ﬁ"_{' (Vo)}

n

1i19.5+ 4985 = 618

which yields from Reference 3

Tp =- 2402°R ond. p = 369.8
2

o\ Yo . RT, ‘6)
o -(8)+ % (3
= 472.4 4+ 8.00 = 480.4

The corresponding inlet area-ratio is

Ao Yor T

A2 Yo B, T

(1}

]
~
]
o

Lombystor Analysic

Note that so far we have Sfmply used the Air Tables in Reference 3;
now we proceed Lo use the per"nrmance method outlined in the report with

na fu2l injection momentum, and ignoring combustor skin friction.

503 = Sog :z 4804
now

4
)

5739
so that '

8
g
>

0.837
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From Figure 14,

Assuming

A Ag

'-A-—-B- = -a;— z 7986
ther

Ag

|

From Figure 13,

whence Seg ¢ 5234

Performance

For the engine geometry assumed, where A4 = Ao’ we have from
Equation (2)

Iep = -4 (Sog - 8a,)

24.4
* 002528

= 834.5 tecs.
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