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1 INTRODUCTION AND SUMMARY

Heat energy can be converted into mechanical energy only by the expansion
of a high temperature high pressure gas to a lower pressure thus changing the
random energy, temperature,'into a directed energy asscciated with a velocity.
One of the simplest methods of achieving the necessary pressure for this ex-
pansion is by utilizing the high velocity of the airstream relative to a
rapidly moving aircraft. The momentum of~this airstream is converted into
pressure by deceleration in a diffuser. The air is then heated and ejected
as a high speed jet, producing thrust, hence the name given to this system is
ramjet., Other names have also been proposed such as athodyd, which is a con-
traction of aéero-thermodynamic duct,

The purpose of this study is to derive a simple ramjet theory and to use
this theory in setting up dimensionless parameters and methods of esnalysing
experimental data. No attempt is made to devise experimental techniques but
only to give a methed by which the experimental data may be correlated.

It ie found that the performance of a ramjet at any altitude can be re-
duced to an equivalent sea level condition by the application of suitable
correction factors. These factors are derived on the basis of constant flight
Mach number, constant ramjet geometrical arrsngement, and constant throttle
setting. This latter parameter is most accurately described by the ratio of
the combustion chamber temperature to the free air temperature. It is recom-
mended that ramjet test data by corrected to this standard sea level condition

for ease of correlation and analysis,
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II. SIMPLE RAMJET THEORY

A typical ramjet cross section with the station numbers indicated

is shown in Figure 1.

r========*"’ ———————
——/
Diffuser Combustion Chamber Nozzle

e
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Ramjet Cross Section
Pigure 1

The ramjet is considered to be at rest, and the air approaches the entrance
with a velocity, in the undisturbed stream, Vo. The air may,or may not,
be compressed in its passing from station O to station 1 depending upon
the ramjet geometry. The deceleration continues to station 2 vwhere fuel
is mixed with the compressed air and combustion occurs, raising the tempera-
ture and accelerating the gases. The exhaust is then expanded to a higher
veloecity through the noszzle.

If the diffuser efficiency is defined as the fraction of the kinetic
energy change useful for purposes of compression, then the pressure rise

is given by equation (1)*

- dp=7,$4(¥) @

*3ee table of notation for definitions of symbols.
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Which leads to the well known expression

¥
R, (RY U (2)
5 (%)

where, from the energy equation,

L. w5 M (3)
T e¥img

The equation of continuity may be written as
AQV = CONSTANT (4)

the equation of state is

P, (5)
¢ RT

and the speed of sound is given by the expression

YRT (6)

Using this set of equations, the pressure, temperature, density, and veloc-
ity of the air at station 2 can be determined from the initial condition,
the ranjet geometry, and the diffuser efficilency.

During the fuel injection process the gas constants, gas velocity,
pressure, and temperature are altered due to the addition of a mass capable
of absorbing heat during evaporation and to a change in the gas composition.
These effects are usually considered a part of the combustion process and
ignored.

After combustion the exhaust gases occupy a considerably larger volune
than before, and hence must be accelerated to a higher velocity since the

combustion chsmber is usually of constant cross sectional area. The only
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force present to accomplish this acceleration is the difference in the
presgures at the ends of combustion chamber. Hence this acceleration of
the gases, as they pass through the combustion chamber, is accompanied

by a drop in the stetic pressure even if the friction and eddy losses are
neglected. The impact, or stagnation, pressure is also reduced as the
static pressure drop in the tube more than offsets the rise in the dynamic
pressure associated with the velocity.

If the friction and eddy losses are expressed as

Ap = (2 h) (7)

losses

then the pressure ratio becomes

—D’

3 \/S
R - ami(pd e Q

By using the equation of continuity, written as
v, M

and the equation of state as

£ . RRT
P’B P;R .T-z

the pressure ratio, Pg/P.‘_ , and the velocity ratio may be shown to be

funtions of the temperature ratio, 13/ VT, , and the initial Mach number
The energy released by the combustion process goes not only into rais-

ing the gas temperature but also into increasing the gas kinetic energy.

This can be seen by writing the energy equation, neglecting the temperature
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and velocity of the fuel injected,
"= +CeTir H=u( L ToT,) (9)

where H is the heat released per unit mass of air and EP is a mean specific
heat.

The flow through the nozzle is computed in the same manner as that
through the diffuser except that the no.gzle efficiency,"lz“ , ig defined as

the fraction of the pressure change useful in accelerating the gases.

Hence 3' |
B T \ v e
-2 = (10)
Pq. ( T'\-

The pressure R_ is generally close to that of the surrounding atmosphere,
h, and hence is usually assumed equal to Py.

The thrust of the ramjet is obtained by computing the change in the
momentum of the working fluid in passing from station O to station 4.
If the pregsure P‘_ is not equal to Po and the flow 1is subsonic, it is
then necessary to g0 to a station further downstream where the pressure

in the exhaust is equal to PD. Tne thrust is given as

'\'\’\ rust = (Maiv * m#uc\\ Vq. m~r V

or, by defining the thrust coefficient, CF , as

Ce = ____-—'}h\’%" (11)
-3 v A

it becomes

_oAsf , Vu _ (12)
CF‘ZAZ VO‘)
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The rate of fuel flow is

fuel vate = (/,.—\\ Ao Vo (13)

If the specific fuel consumption, s.f.c., is defined as the pounds of fuel

per second per pound of thrust, then it becomes

S{C z ﬁw 1
2 A Cov, (14)

or

5:‘:_(_ = _/(f_'_‘li’-
AV = Vo

The expressions for the performance of the individual components of
the ramjet are not necessarily different for supersonic and subsonic flight
speeds. It is rather obvious that in the supersonic case the entrance
problem is quite different even though the conditions can be expressed
in the same manner as for the subsonic case. Unless a shock precedes the
entrance, the ramjet will not affect the flow ahead of the entrance and
no compression of the air occurs ahead of the duct. The velocity of the
gas is reduced to a subsonic velocity in the diffuser before it enters the
combustion chsmber.

At supersonic flight speeds, and with a diffuser of reasonable effi-
ciency, the pressure at the end of the combustion chamber is sufficient
to permit the acceleration of the exhaust to supersonic speeds. Unless
the nozzle is operéting at its design point, it ig possible to have a pres-
sure that is higher or lower than ambient. In this case it is necessary
to add a pressure correction term to the ramjet thrust. ‘The thrust is given

as

thrust = maie (/“V*‘VQ + Av(R-R)
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or

o R
Ce=2 AA,_/" Ve ) * 2R, xM‘(}’i—‘\ (15)

Ageain the specific fuel consumption is

5.'&'-. = zﬂs_(*_“‘.:.ﬂ_f(.
A CeVo

I11.  BASIC DIMENSICNLESS PARAVETERS

It is desirable to express the important performance items such as
thrust and fuel rate in coefficient form, or as dimensionless parameters,
such that their values depend only upon such independent psrameters as
flight Mach number, ramjet geometry, and throttle setting. This latter
parameter is most easily expressed in the form of a temperature ratio,
either the ratio of combustion chamber exit temperature to entrance tempera-
ture or combustion chamber exit temperature to free stream tempersture.

The air mass flow is

Maiw = A,_ ?"\/,_

Moie = ALl M*J RXT-L

Both the pressure ri and T; are functions of the cutside air conditions,

or

r: and'T;, the flight Mach number, M, and the combustion chamber Mach
number, M, . Rewriting the expression for the air mess flow results in

the expression
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VT R ¥ [T
V“ah-'}é: = ’\1‘—'““1 ?E‘Jigé

F.

By using the equations (2) and (%) the parameter becomes

- M _L
JRT. =\fx— m, (LM N (16)

R = RN

ol
2 1o

The diffuser efficiency My 1is a function of M, as a variation in this
velocity will affect the external streamlines and the amount of precompres—
gion as well as the internal flow characteristics. This non-dimensional
air flow parameter is completely defined at one flight Mach number by the
Mach number at the end of the diffuser, and, or course, the diffuser geometry.
The primary significance of the fuel quantity is the amount of heat or
energy that it releases in the combustion chamber., Its mass is small,
usually less than seven per cent of the air mass, but the energy it releases
is very great, being seversl times that associated with the entering air.
Hence it appears logical that the important fuel flow parameter would be
one giving the ratio of the heat released by the fuel to the energy of the
entering alr,
The heat added in the combustion chamber may be obtained from the

energy eguation
Va o 4T Va
H=/A.%-\-/&C?T3 -.T':... CeT,

The total energy per unit mass of air entering the combustion chamber may

also be written as

Vo 4+ T, =
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where Tg, is the stagnation temperature at station 2. The flow is consid-
ered to be insulated, or adisbatic, to station 2 and hence the energy at

2 must equal the energy in the free stream or

The total heat content,per unit mass of entering air, at the end of the com-

bustion chamber can also be written

Y uToT, = T T
/“‘2"“'/“ e ‘/“ e 'Ss
Hence
| —
H=uCeTs, - CpTs,
The rate of fuel flow may be written in terms of the air mases flow as

MLuel = M aiv w

where N is the heating value of the fuel per unit mass of fuel. Then

_m_'gﬁ\-h = (‘ + ML el »EP,T?»% —EPT3°

M aie WMaiv

or

CPT$3 - \
MLuel = EPTSO
WMoatw n E"' Ts;
CPTSO _C’PTso

If the ratio Z'Q;T,;/\-, is considered small, this may be rewritten as
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MLuel W - & (E TS; - \+-§é_-_‘-sl P ) (17)
Maiw EPTO To —? T*o n

where
Ts,

e = \x i

The heat energy represented by the tenm\C4133 is of the order of 20 x
106 ft 1bs/slug for a temperature Vs, of 36000F and the heating value

of gasoline 480 x 108 ft 1be/slug (19,000 Btw/1b). Thus it may be seen
that the correction factor E;T;, /W is of the order of six per cent.
Since the mean specific heatsiz; andfzg are functions of temperatures
To and T3 respectively, they will vary with the initial temperature and
the temperature ratio. However, the variations of the specific heat and
of the term \+-§%SEP with the initial temperature, for constant tempera-
ture ratio, are very small and the left hand side of equation (17) may

be congidered as a suitable fuel flow parameter. The numerator is the
heat contained in the fuel and the denominator is the energy of the enter-
ing air.

An examinafion of the equations for the performance of the components
of the ramjet, equations (1) through (10), reveals the fact that the Mach
number ai any station is a function of the initial Mach number, WMy, , the
combustion chember temperature ratio, 3T, , and the ramjet geometry.

For each flight Mach number, the combustion chamber Mach number is uniquely
determined by the ramjet geometry and the combustion chamber temperature
ratio. The ratio of the pressure at any station to the free stream static
pressure and the corresponding tempersture ratio are also determined by the

flight Mach number, combustion chamber temperature ratio, and ramjet geometry.
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The combustion chamber temperature ratio is a fundamental parameter,
but it can be replaced by the ratio of the final combustion chamber tempera-
ture to the free stream temperature. Thie latter ratio is a more useful
parameter in that it makes it unnecessary to determine the temperature
rise during the compression of the air on its evaluation.

Equation (15) gives the thrust of the ramjet as a thrust coefficient

irn the form

Cer 2 (M) r2 Rt (R

The area ratio Ao/A, is determined by the free stream Mach number, M, ,

and the combustion chamber Mach number, M, . Since the Mach number W,

and hence 7, , the velocity ratio, Vu|/Ve , and the pressure ratio are de-
termined by the free stream Mach number, M,, the temperature ratio, /1, ,
and the ramjet geometry, it is seen that the thrust coefficient is unaltered,
except for secondary effects, by changes in free stream temperature or
pressure. Thus it can be seen that the thrust coefficient is a suitable

nondimensional parameter. Since
Pyt X 2
= Vo= TRMS
then

theast = =B ML A Ce
Thus another possible thrust parameter might be given by

theast {.M‘;c‘, (18)
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The fuel weight flow may be expressed as

Wiue) = %C"T“ {;‘.: \\\* “‘X AfVo (19)

where

= A0 Vo

Q\v
Combininz equations (18) and (19), the specific fuel consumption beccmes

CoT, CeT.
C? So © 'Sy \+ g Sy
¥ A [t’ .. “ "

Y
2 VoA, Cc

sfe. =

or

- Gh, H,CPTsa
shc: X® T,A T &,
q‘RT h A]_ T°

X C(: Tay “‘Xi_\ x e"\;:l
S‘; C. {‘R = 2 AB e C?T‘e n (20)

where the right hand side,except for secondary effects, is a function only

of the free flight Mach number, ramjet geometry, and throttle setting.
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IV. CORRACTION OF FLIGHT TEST AND WIND TUNNEL RESULTS
TO STANDARD SEA LEVZL CONDITIONS

In order to compare properly results obtained from free flight or
wind tunnel tests conducted under widely varying conditions they should
be put on a comparable basis. The nondimensional parameters presented in
Section IIf could be given names, such as air flow coefficient, and used to
compare results. It is perhaps better to correct all of the data to some
standard atmospherié condition and leave the quantities with their same
names, such as air mass flow, and with numbers that mean something to the
person using these data.

The air mass flow is the first quantity considered and is given in
equation (16). It is a function of the ramjet geometry, flight Mach number,
Mo, and temperature ratio, T3 /T, . The dataare to be corrected to sea
level standard conditions, vhich are T, = 519° and P = 2116 p.s.f.

The data are corrected for constant values of the independent parameters

and mean that

3

M i = CONSTANT
P“L \bo
Hence
Torest 2W\o
W, = WM Loy ———
[ 134 S\:A . Q\V"Ee$* -ﬁ- Po

Lest

In a similar manner the other quantities may be obtained.

Thug the fuel-air ratio is

(w\&ue\) = (w\&ue\) _§_\3__
Woie /std. Mo fyest To resk
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and the fuel mass flow is

2.\ \ 519

QV-C\ "\M\ e \.
‘*& ) %;%g$* JT;*“*

The fuel-air ratio and fuel mass flow are both corrected to give

the same ratio of heat released to energy of entering air for both the
test and the standard conditions. This then corresponds to the same tem-
perature retio T3 /T, , or throttle setting.

The thrust is

'U\rus*\' ’ck\-u-;\'_h & e

vo '\‘-CS’\'
and the specific fuel consumption is
s\q
sfc.= o5.¢ V
‘testr
W, T°'ks‘\

By correcting data obtained at various altitudes and plotting on a
single sheet it is possible to see directly the effect of altitude on such
things as combustion efficiency. It is also useful in comparing wind tun-

nel and flight results obtained under different test conditions.

V. PERFORMANCE FROM CLOSED DUCT TESTS

It is freguently necessary to test ramjet units as a part of a closed
duct system and to determine the corresponding flight condition. A sketch

of such a set up is shown on Figure 2.



Page 17
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Alr supply Nozzle Ramjet 4_::::::]
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Closed Duct Testing
Figure 2

It is usually agssumed that this arrangement simulates the correspond-
ing flight conditions aft of the station at which the air is introduced
into the ramjet., This is not strictly true since it would be very diffi-
cult to reproduce the same velocity profile and boundary layer. However,
it is a feir approximation and is quite necessary., The corresponding flight
conditions are determined from the ambient or outside pressure and the
pressure and temperature of the air entering the ramjet. Usually a reason-
able diffuser efficiency is agssumed and the simulated flight conditions
determined.

Since the ramjet thrust depends upon the momentum change of the air
passing through it, a knowledge of the exhaust velocity is of consider-
able importance. Very simple measurements of the static and total pressure
in the diffuser and at the nozzle exit, and total temperature and mass

rate of flow of the entering air can yield rather useful data.
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Assuning that the flow is one-dimensional in the ramjet, i.e., the
conditions are assumed uniform over the entire cross-gection, and using the
equations of continuity and state, the temperature of the exhaust may be

computed from the expression .

To = PehsVe
wm R

where

wm = Maiv-*w\’:-u.e\
Since

as= \HRT
then

\l'-—r; = \" PiAeMg

wiy R

or

The temperature at any section is thus given if the Mach number and pressure
are given since the other quantities can be easily determined from charts
and the ¥nown mass flow of air and fuel. The Mach number, My , can be

obtained from the expression

1
| =i
A
where Mg <10

Thus the temperature of the gas can be determined if the mass flow, impact

pressure, and static pressure are given. The fact that K‘ depends on the
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temperature does not give difficulty since the value of " is not very
sensitive to changes in temperature, Thus, if the temperature is computed
using an assured value of K' and then recomputed using a corrected value
bagsed on the first calculated temperasture, it will be quite accurats.

The assumption that the flow is one-dimensional is not correct and
methods of obtaining mean values must be considered. The mass flow may be

expressed as

wm = S e\*\‘\*dh

Ay
or
.6|
WM =z —— PquA
‘]Rn &
Ia order to obtain a value of from the known values of and and

the measured impact and static pressures, mean values must be used and the

expression for the mean temperature becomes

T - X P We As
R’ wm*

It is & ususl practice to measure the impact pressure of the exhaust
gases at the end of the exhaust nozzle and assume that the static pregsure
is that of the surrounding atmosphere. If this condition is not correct
and there is a further contraction of the flow after it has passed through
the nozzles, the calculated temperature must be corrected. Since this flow

must be nearly isentropic, the total pressure measured at the nozzle exit
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is unchanged as one follows the streamline, Hence, since the pregsure
is now atmosgpheric, the celculated mean Mach number is correct and the area

is the only quantity that must be corrected. Thus,

where My ig the previously calculated mean Mach number based on the total
head reading EL and the atmospheric pressure. It can readily be seen
that a five per cent contraction in the jet area would correspond to a

ten per cent lower total temperzture. Since
Q* L 4X‘R‘Tq_:
then

V|+‘=—h;\:‘ K‘ 'E::—* A\ﬁ.'

The simulated flight conditions are determined from the pregsure at the
end of the diffuser and an assumed diffuser efficiency, preferably from

other test results. The thrust coefficient becomes

The specific fuel consumption is

sfe = M—
V,gp%Fn-f)
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These results are then to be corrected to the sea level standard values by
the methods of section 1V,

If the exhsust velocity is supersonic, the static pressure in the
jet is of greater importance and is necessary if the pressﬁre method is
to be used in determining the thrust. Corrections must be applied to the
pressures to account for the entropy changes in the shock waves preceding
such measuring devices. Another relisble meth&ﬁ of obtaining the ramjet
performance is by the use of flexible ducting and thrust meaguring devices.
This is quite reliable if the momentum of the air pessing through the flex-
ible joint ig considered.

The actual heat relessed in the combustion chamber can be computed
by subtracting the heat content of the entering air from the heat content
of the exhaust gases. Dissociation productes may carry a considerable pro-
portion of the potential heating value of the fuel, but the exsct amount
jg difficult to determine., The heat released in the combustion chamber

is given, as before,
vt -t VI —
o p (S0 eim)- ()

All of the other quantities such as air mass flow, fuel mass flow,
and station pressures can be corrected to stendard conditions %o aid in

the interpretation of the data.

V. CONCLUSIONS

It is seen that the mést important parsmeters defining the operation
of a ramjet are the flight Mach number, My , the ramjet geometry, end the

throttle setting. The flight Mach number and ramjet geometry are easily
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defined and specified, but the throttle setting must be defined as an energy
ratio. This ratio is most easily defined and specified as the energy con-
tained in the fuel introduced into the combustion chamber divided by the
energy of the air entering.the ramjet. The ratio of the combustion chamber
temperature to the free stream temperature is essentially the same parameter.
Secondary effects of variations in altitude may affect the performence
results in that there may be corresponding changes in the combustion effi-

ciency or in the combustion chsember gas constants.
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NOMENCLATURE

Cross-sectional area, sq ft, (subscript indicates station)
Thrust coefficient (thrustﬁ‘At)

Mean specific heat at constant pressure for air shead of the com-
bustion chamber, ft lbsfeq slug

Mean specific heat at constant pressure for the combustion products,
ft lbs/°R slug

Heat released in combustion chamber per unit mass of entering air,
ft lvs/slug

Local Mach number

Impact pressure, psf

Gas constant for air ahead of the combustion chember, ft lbs/eR slug
Gas constant for the combustion products, ft 1bs/’R slug
Absolute temperature,

Velocity, ft/sec

Local speed of sound, ft/sec

Specific fuel consumption, lbs of fuel per sec per 1lb of thrust
Heating value of the fuel, ft lbs/slug

Combustion chamber friction and eddy loss coefficient

Air mass flow, slugs/sec

Fuel mass flow, slugs/sec

Static pressure, psf

Fuel weight flow, lbs/sec

Ratio of specific heat at constant pressure to specific heat at
constant volume for air shead of combustion chamber

Ratio of specific heat at constant pressure to specific heat at
constant volume for combustion products
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Diffuser efficiency
Fozzle efficiency

Hetio mass flow of combustion products to mass of entering air
(u = 1+ Dtest )

Maiw
Gas density, slugs/cu ft



