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SUMNMARY

Previous performance estimates of ram Jets operating at the design
conditions and using obligue shock intakes, are revised and extended.

The range of maximum cyclc temperature covers the highest value possi~
ble when burning kerosens at any particular altitude and operating a}f a
flight Mach number between the limits of 1.0 an@ 3.0,

At one value of meximum cycle temperature a comparison is made of
the performance of ram Jets when designed with either obligue or normal

shock intakes,
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1.0 Intrecduction

A previous report by Singhsm and. Bartlett! predicts the performance
of ram Jets for values of maxamum cycle temperature up to 2000°K at sea
level and about 1500°K i1n the stratosphere. Since the issue of that report,
maximum cycle temperatures of the order of 2200°K have been recorded on the, .
test bed., The present work, therefore, was primarily aimed at extending
the performance calculations to maxamum cycle temperatures covering the .
highest values possible for a ram Jet, whether designed for sea level or
stratospheric operation and burning kerosene. It was found, however, that
1t was not sufficient merely to extend the previous work owing to certaan
simplifying assumptions having been made which, in the previous report, had
the effect of over-estimataing the thrust at the higher values of combustion
chamber inlet Mach number,

Thig report, thereforc, prezents a new set of design point performence
estimates, revising and extending those of the previous report1, which it
now supersedes,

2.0 Scbpe of Investigation and Msthod of Calculation

The investigation refers to a rem Jet having a parallel-sided combustion
chamber of unit cross-sectional area, and, in dealang with the estimation of
the air mass flow, thrust, fuel consumption and corresponding quantities for
the design cases only, does not consider the performance of a specific ram
Jet over varying flight conditions,

The methods of calculation follow along the usual thermodynamic lines
and are presented in the Appendix, while the main assumptions made are dealt
with in the following section,

3,0 Assumptions

All the calculationsg are for a ran Jet having a combustion chember of
unit cross-sectional area.

31 Iintake and Daffuser

The overall intake adiabatic efficiency, as defined in the Appendax,
includes the diffuber loss and 1s assumed to vary with design flight Mach
number in the manner indicated by the curve in Fag. 1. The efficiency vana-
tion used, 1s that which can be attained by a simple pitot intake up to a
design flight Mach number of about 1.3 and by an intake of the Oawataitsh
type employing a series of obligue shocks for the higher flight Mach numbers.

For comparison purposes, in Fig, 1, the efficiency curve for a plene
shock 18 also plotted, TFor design flaght Mach numbers above about 1.3, the
efficiency curve for a practical pitot antake would tend to fair into that
for a plane shock as indacated by the dotted line in Fig, 1.

It can be seen that at the highér supersomic speeds, the efficiency of
the simple antzke falls so mach, that, Trom the performance point of view
and apart from other considerations, a more complex form of intake such as
the obligue shock type wall probably be necessary. It should be pointed
out that values of efficiency obtained from Fig. 1 apply only to the desagn
case, and that the variaticn of the performance over varying flight condi-
trons of a specific intake 18 nobt considered in this report,

Values obtained from the curves in ¥Fig, 1, are used as overall intake
and diffuser efficiencies, inplying that the subsonic diffusion i1s carried
out without loss, This assumption is 'made, for a general investigation such
as this, since 1t has been demonstrated that with a suitable design of diffu-
ser, very high efficiencies can be obtained, and the performance egstimates
of thas report can then be regarded as attainable targets.



3.2 Combustion Chamber

The pressure loss caused by the combustion sitebilising system 1s taken
as four times the dynamic pressure at entry to the chamber. Combustion 18
assumed to take place in a parallel-sided duct: the efficiency based on
temperature raise, being in general, egual to 90%.

In accordance with the usual practice in ram jet combustion work, the
combustion efficiency, at any given fuel/air ratio, 1s defined as the ratio
of the actual temperature rise to the theoretical temperaturs risec, For any
particular fuel, the theoretical temperature rise can be plotted as a function
of the air inlet temperature to the combustion system and the fusl/air ratio,
and such curves for kerosene as given 1n reference 2 are used for the present
estimates.,  When the fuel/air ratio reaches the stochiopetric value, the
theoretical tempersature rise attains g meximum. It is clear, therefore, that
if a constant value of combugtion e¢fficiency of 90% 13 assumed, the highest
maximum oycle temperature to be used at a given flight Mach number, would be
restricted to give an actual combustion temperature rise equal to 90% of the
theoretical maximum, The results, however, ‘include performance estimates for
maximum cycle temperatures higher than those conforming to the above limita-
tion and thus for these temperatures the assumption of combustion efficiencies
higher than 90% 1s made,  Curves plotted 1n Fig. 2, for the standard sea
«evel and stratospheric valucs of armbient temperature and for an intermediate
value of 250°K, show the manner in which the combustion efficiency has to be
increased above the nominal value of 90% in order to achieve the highest maxi-
mun cycle temperatures.

In order to present the results in non-daimensional form 1t is necessary
t0 assume a mean value of ambient temperature, since for a given conbustion
temperature rise, the fuel-air ratio 1s to some extent, affected by the entry
alr temperature to the combustion system, For the majority of the thrust
calculations, therefore, a mean value of arbicnt temperature of 250°K is used,
though at some of the highest maxirmum cycle temperatures, the stratospheric
value of ambient temperature of 216.5°K is used, in order to apply the assumed
combustion efficiency of 90% over the greatest possible range, as explained in
the preceding paragraph.

It must be pointed out that the assumption of a nean ambient temperature
rather than the true one for any particular altatude, causes a negligiblc
difference in the estimated thrust, though the fuel consumption perameters are
more affected. Puel consumptions are therefore calculated for three values
of ambient temperature i,e. 288°K, 250°K, and 216, 5°K.

Allowance 1s made for variataions in the value of the gas constant R, at
high fuel/air ratros, but the effect is found to be negligible, and 1n practi-
cal ram Jet calculations & coustant value of R can safely be assumed.

5.3 Expaunsion

After leaving the combustion chamber, the gases are assumed to expand
through a nozzle having an isentropic efficiency (4otal head to static) of 95%.
At low flight Mach numbers, the nozzle 13 convergent only and the expansion 1s
continued to ambient pressure; while at the higher flight Mach numbers consie
dered (1,e. 1.5 to 3,0}, a convergent -divergent nozzle 1s assumed, wzth the
qualification that the divergent portion i1s never allowed to extend so far as
to cause the exit cross-sectional area to be greater than that of the combus-



L0 Presentation of Rasalts

The air flow passing through a ram Jet having unit combustion chamber
cross-sectional area 13 plottcd in non-dimensional form i1n Faig., 3, against
flight Mach number,

All the results of Figs, 4 to 27 arc plotted with the Mach number at
entry to the combustion chamber as abscissae; while the dependent quantaties
such as thrust, fuel consumpbion and therr variants (given in the list of
figures), are plotted in non-dimensionel form for various naximum cycle tem-
peratures and flight Mach numbors,

The range of flight Mach number covered is from 1.0 to 3,0 and the
range of the non-dimensional fori of woxamuy cyele terperature 1s from 1250°K
to 3000°K,

5.0 Dascussion

5.1 Alr Mass Flow and Chokuing Conditions

Fig. 3 1llustrates the fact that the air flow of a ram ,jct operating at
a particular flaght Mach number, under faixed conditzions of ambient temperature
and pressure, 1s dependent only on the conmbustion chamber inlet Mach number,
Choking of the combustion chamber exit imposes an upper limt on the inlet
Mach number, which limit dupends on the ratio of the maxirun cycle temperature
to the combustion chamber entry temperature,

An inspection of the thrust and specific fuel consumption curves shows
that a lamiting line termcd the "cholting line with no nozzle" has been imposed,
Also, 1t can be seen that for given values of maxirun cycle temperature and
flaght Mach number, a unique curve 1s obtained for thrust -or specific fuel
consumption when plotted against codbustion chorber inlet Mach number up to
some higher value in the range, after which point two diverging curves are

shown, Thesc curves can be explaincd by considerang the operating conditions
of a parallel-sided combustion chamber followed by a convergent-divergent
noezle, As the entry Mach number to the corbustion charber is increased, and

at given entry and exit temperatures, the exat conditions approach choking
and the ratic of neczzle throat area to combustion charber cross-sectional area
tends to umty {this latter tendency i1s shown in Pags, 23 to 27). When chok-
ing actually occurs, the nozzle throat arca besconcs equal to the combustion
chamber area, 1,2, 1n theory. the nozzle becones o parallel pipe, but in
practice, no nozzle would be fitted., For given values of flight Mach number
and maximun cycle temperature, thercfore, the corbustion chanmber has one

entry Mach number corrcsponding to exit choliang, and at this condition there
18 no nozzle, At all conditions up to combustion charber outlet choking,
however, the thrust 1s calculated allowang for a nozzle pressure loss. The
true thrust at the choking condition 1s therefore higher than that computed
with this pressure loss taken into account. A rore realistic result would
be obtaincd by increasing the nozzle efficiency as the combustion chamber
choking condition 1s approached so thot a voluc of 100% results when no nozzle
1s required, In order to present thais nore realistic picture, thrust and
specific fuel consumption curves have bzen snoothed to their respective "no
nozzle" values by broken lines, )

5.2 Thrust and Fuel Consurmtion

—_ - - - - . ~ .- . . .. - - - - . - -
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up to the value corresponding to cosbustion chamber outlet choking., It wall
be realised therefore, that when operating ot the design condation of a

high flight Mach nupber and a low value of maximum cycle temperature, a ran
Jet designed wath an oblaque shock intake should also be provided with a
propelling nozzle, in order to obtain the maximun possible range., Thais com-
bination of a high flight speed and a low maximum cycle temperature may quite
possibly be required at the cruising condition, since after the cruising Mach
nurber has been attained, one way of reducing the thrust coefficient from

the climb value to that required for stcady level flight, is for the fuel
metering device to cause a reduction in the maxamum cycle tenperature, Whether
or not a propelling nozzle i1s, in fact, desirable however, will depend on
whether the high thrust coefficient nscessary for the climb can be realised
for a particulor ram Jet; and this in turn will depend, smongst other things,
on the performance of the oblique shock intake at a flight condition different
from that for which the intake 1s designed,

The curves of speccific fuel consurption of Figs, 18 to 22 are calculated
for the same values of ambient temperature ag the thrust curves. In order to
avold confusion, the additional curves necessary to cover a range of ambient
temperature from 216,5% to 288°K, such as are plotted in the fuel consumption
figs., are omtted 1n those relating to specafic fuel consumption, Values of
apecific fuel consu~ption, for ambient terperatures other than those for which
the curves are plotted, can esasily be calculated by use of the fuel consumption
curves; since, for given values of flight Mach number, combustion chamber
entry Mach nurber and maximun cycle tewperature, the thrust is sensaibly con-
stant for all values of ambient tempsrature and the specific fuel consumption,
therefore, variecs directly as the fuel consurption 1tself., The curves in
Fags, 18 to 22 show that at a particular flight Mach number and maximum cycle
temperature, the specific fuel consurption increases rapidly as the entry
Mach number to the combustion chamber approaches the limit imposed by combus-
tion chamber ocutlet choking,

5.3 Comparison with Ram Jet Desgigned with a Normal Shock Intake

Figs, 23 and 29 erc includcd in order to compare the perfornance of a
ram Jet when designed with an intake of either the oblique shock or the normal
shock type. The comparison 15 nade for an equivalent maximum cycle tempera-
ture of 2000°K, thrust coefficient and specific fuel consumption, being plotted
og a function of flight iMach number for values of combustion chamber inlet Mach
nurber of 0,10 and 0,15, It can be seen that as the design flight Mach
nurber 1s increased above the value at which the efficiency is approxinmately
the sane for both types of intake, the thrust for-the normal shock design,
falls steadily as compared with the rising curve obtainable with the oblique
shock intake, At .a design flight Mach number of 3,0 and a corbustion chamber
entry Mach nurber of 0.15, the thrust of the ram Jet using the normal shock
inteke has fallen in value to LOE of that attainsble using the oblique shock
intake, while the specific fuel consunption hag increased by about 28%.

It appears thercfore, that for ram Jet flight at very high Mach numbers,
and provided that the problems, associated with operation et conditions other
than those of the design, can be overcone, a complex intake of the oblique
shock type has a great advantage over the 51mp¥e pitot intake,
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AFFENDIX
An outline of the methods used to estimate Ram Jet performance is glven
below, The planes of reference are shown in Fig., 14,
Notation

The symbols used are similar to those of N.G.T.E, Report No, R.13, butl
are set out below for sake of completeness.

T = Static Temperaturc °K

g
{1

Static Pressure 1b/sq.in,

Ty = Total Head Temperature °K
P, = Total Head Pressure. 1b/sq. 10,
V = Gas Velocity., ft/scc,
. Iscuntropic Temperature Rise

= tal > ' =
n Intake Isentropirc Efflzciency Aotual Temperature Rise
M = lMach Number = Gas Velooity

Local Velocity of Sound
Kp = Specific Heat at Constant Pressure
Y = Ratio of Specific Heats
A = Cross-Sectional Area sqg.f+t.
Q = Air or Gas Mass Flow, lb/sec.
Qp = TFuel lMass Flow. 1b/sec,
Ny = Combustion Efficicncy = Actual Temp. Rise
Theoretical Tewp, Rise

R = The Gas Counstant. ft.1b/1b.
J = The Mechanical *Bquivalent of Heat. ft.1b/C.H.U.
g = Acceleration duc to gravity. ft/sec/sec
g = Fucl/aar ratio, '

= Net Thrust 1b,
F ¢ us Net Thrust per umit Combustion Chamber
0p = Thrust Coofficient = (Xosa-Scct. Area.

Incenprossible Volocity Head of the Free Stream.
Poy - Pog!

¢ = ———— = Stabilising Baffle Pressurc Loss Factor

Poy = Po



The significance of the asterisk which follows some of the equations
is that an equation so marked can be evaluated using the curves given in
N.G.,T.,E, Report No, R.13.

Intake

T,¢/Ta

1+LY—;'1-)- Ma2 = Tz.b/Ta .'.ll‘lll.l.'l..ll..l.‘l(‘1)x

.
Y7
P14/By (Hniﬁ*—;’lmaz) = Ppr/By eeeeneinninn (2

where Y is teken as being equal to 1.4, and the intake efficiency m, is
given, for an assumed value of flight Mach No. My, by the relationship shown
in Fig. 1. If a value is assumed for the Mach No, at entry to the combus-
tion chamber, (Mp), then T, /T, 18 known from

th/Tz = 1+£—1;_11M22 .--n--..n-oc.c----c-ncnuoon-uo(})x
T
Hence T,/T = _?_.tZ_T_E
2" T, /T
2% "2
y
Also P /P, = (1+Yz1y2)’ ]
So 2t 2 - * 2 Mz) ----- |l.-oolc--olcnnclloon.(!!{-)ﬁ

P21.'/P a
Poy/Py

and, PZ/P&

Air flow

The arr flow parameter is given by

@2/ Tg 47 . QQVszE?-;x /E’-_xﬂ"‘z (5)
AZPa \f288 A2P2 Pa \T2 \/28—8 L R R A A N

where P, and P, are in 1b/sq.in,, and AT, =M, [X& x 144
APy R



Combustion Chamber

(a) Flow passed the Baffle

Using Richards curves) and taking the loss factor ¢ = k4, the total head
pressure loss and the increase in llach No, an passing the baffle can be found,

1

ie. N, and P'2t1/P2t are dotermined

. ] - 1

(b) Heat Addition

Assuming a value of Tjt %?ﬁ) , and 1n general that T = 250K, the
a
actual combustion temperature rise T}t - T2t is given, and from Ref, 2 is

found the theoretical fuel/air ratio Gy The theoretical temperature rise
18 given by %5 (T5t - th) and the curves of Ref, 2 give the corresponding

¢

fuel/air ratio g, -

Then QB/QQ = 1+q,

Also, from Topps! curvesz, 1s determined the.value of the gas constant
R, which increases with increase of fuel/sir ratio, In actual fact, R only
deviates apprecisbly from the value for sair at the highest values of fuel/air
ratios, The curves give also Y3 using T}t and Ay where Uy is an average

b a .
value between QA an qTH

The fuel consumption parameter is

QF 14,7 /58_8- . 4 (Q\/‘E “"*1 . _2-§§ (6)
Az PB. Ta A '\\ A-2 Pa /288 250 o )

{(c) The Combustion Chamber Exit Conditions

The method used depends upon whether or not R deviates appreociably from
the value for air, If it is assumed constant at 96 f£t.1b/1b,, Richards?
work) gives

/Ty

Y

15 constant

i'e. YJ = Ql E“Lt I1 * 5 & o0 % b E v Rk ‘.-...‘.....'-..'(7)
W STy 2

and af'ter evaluating YB’ M3 1s obtained from the curves of R.13, knowing Y3+
If Mz 18 greater than about 0.6, however, T3 is determined, and hence the

corresponding values of v, and M., which are slightly dafferent from the values
obtained using the total head tehperature T}t'

When R 1s found to have increased considerably above the value for air,
the method is as follows: -

Considerations of continuity and momentum give
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2
T, (14 (1)) )
T 1 -
M,

I\.:a

2
Y
(1+Y3M3 )92 _5-\/:.’2_ ....(8)
a My Q VR, VY3

3

a

2
With the a1d of curves giving 1+ ™ a3 a funotion of M for a range of
M

values of ¥, M3 1s found by a trial and error proocess, since, for a given
value of T3t/T&’ T3/Ta 15 also a function of M3' It will be observed that

the term in R consists of the aquare root of the ratio of the values of R at

exit and entry to the chamber, and it is found in fact, that no appreciable

difference is made 1n the calculations by allowaing for the variations in R,
Now R,13 gives

2.3 as a funection of I\!I3 and Yj

4 4
, 22 as a function of Mz and Ty

Therefore, having determined M.,

3
p. e = z/21
ot 7+ 3¢ 342
1
Py /Py

1
Poy /Pay

and. P}t/Pa

Prapellang Nozzle

Using a nozzle adiabatic efficiency of 95%

Y -1
AT (P y Y- T
5 _ Eav/Ps K 0.95 X =25 e (9)
T, Y -1 T,
(Py4/Pe)
where AT35 = T}t - '.1‘5 !

(Y = 1)/Y 1n the latter equation 1s a mean value over the expansion and is
obtained from curves plotted for mean Y. = 1 as a function of pressure ratio

Pjt/Pa and Ty Y

R AV ﬁ; = /2g7Kp _223";
a8




Q2 /T ./
therefore so loang as BNT2 s greater thean 92 22 s thrust 1s calculated
AB Pa QZ t2 a
as,
Fx 1}4-0 = %j. x Qz\‘ a '“L.? Y_é - Q2 vTa 1’4-.7 YEL_ (11)
A, P, Ao Ay By 32.2/7 a,p, 32.2 ST
Qz /T Qn ST
Ir 23¥ -2 15 lesa than gﬁ x 22¥’a » 1t is necessary to assume that
A5 0 Q2 Ay P,
the daivergent portion of the nozzle s shortened which involves findirg a
value of M5 such that Pjt/P sav.siies an area rahio “;,A2 of unity, Uaing

this value of PBt/?B' thrust is calculated as

Q Q T vV v
P17 % f2vTa 7 Vs %o g Ve +m.7( -1)144
AP, QA P, 322 /—a 4 B, 32.2 /T P (12)

The parameter for specific fuel consumption is derived by divadarg tnat
for fuel consumpticn by thrust i,e,

I 288 _ k7O f208 22 T )
F Ta A2 Pa_ Ta FJ{'U.;.,? s P U s sba R ve s

Thrust Coefficrent Cp is defined as the net thrust per unit combustion
chamber cross-sectional area davided by the incompressible dynamc hz2ad of
the free stream,

i,e, Cp = F
1 2
PV, A
where p 1s the ambient density in slugs/cu.ft. and V, 1s the flight velocity
in f4./sec. *
Le. Op = (E_aﬂgﬁi x 2 U, (14)
Ay By Wk x 14,7 x ¥ x M,°

Ratio of Nozzle Throat Area to Combustion Chamber Area

(1) When M, = 1.0 (P3t/Pa less than cratical)

UVvT, 83

A x
-zt = A2 Pa Q1
A LR RN B A Y . LR IR ) -(15)
2 — . L I I )

ST,

e

5 P
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X3 and Xh. can be found from Report R.13 since 1v13 and ML,, are known, (Ml.. = 1.0)

snd Dyt _ By Put
P3y Fat By
v
Y -4 .2
= [ - 2 M}.I- Y ) 1 i—‘t_
- P
m (1 + :{-*é—1 M’_’_z) 4

18 the mean value over the expansion, m is the nozzle efficiency

(¥ - 1)
and _P_Ll._t_ can be read off the curves in R.13.
El

N RN
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FIG.13.

FUEL CONSUMPTION
FLIGHT MACH NO =1i:0

PER
SQ FT OF MAX CROSS - SECTIONAL AREA.
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FIG.2
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