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TECHNICAL NOTE 2357

METHOD FOR CALCULATION OF
RAM-JET PERFORMANCE

By John R. Henry and J. Buel Bennett
SUMMARY

A method utilizing precalculated solutions graphically presented
for calculating subsonic or supersonic ram-jet performance parameters
is presented with the associated equations and graphs. By assuming
constant values of specific-heat ratio and gas constant equal to those
of standard air, the thrust-coefficient calculation has been reduced
to a few simple operations. Correction methods are presented to account
for variations in specific-heat ratio and gas constant. The correction
to the thrust coefficient for a typical set of operating conditions may
be of the order of 5 to 10 percent.

INTRODUCTION

A convenient index to ram-jet engine performance is the thrust
coefficient, which is defined as the thrust force per unit flight
dynamic pressure per unit reference cross-sectional area. For a given
set of operating conditions, the thrust coefficient can be compared with
the drag coefficient to determine whether the propelled body will
accelerate, decelerate, or maintain a constant flight speed. The thrust
coefficient also provides the engine designer or research worker with a
useful performance indicator which, to a certain extent, can be con-
sidered without regard to the propelled-body configuration. For given
engine performance, flight conditions, and fuel properties, the maximum
theoretical thrust coefficient can be calculated and compared with the
actual value. From this comparison, the shortcomings of the engine can
be determined and the direction of further developmental work fixed.

The flight-thrust-ceefficient calculation from performance data,
from estimates for the individual components of the engine, or from
performance data taken in directly connected duct tests can be most
laborious and time consuming, the amount of labor depending on the
amount of accuracy. attempted and the methods used. Extremely high
accuracy is difficult to obtain conveniently because of the problems
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involved in treating three-dimensional flows, the trial and error

processes and assumptions used in determining the change in gas properties

with temperature and chemical reactions, and the general lack of precise
data on the performances of the ram-jet engine components; however,
thrust-coefficient calculations based on one-dimensional theory and
frequently on standard values of specific heats and gas constant are
sufficiently accurate for most purposes. The error introduced by
assuming one-dimensional flow will vary according to the ram-jet design;
for example, most ram-jet burners produce transverse temperature varia-
tions in the combustion zone that produce deviations from one-dimensional
flow.

Through use of the momentum equation, the general energy equation,
the continuity equation, the simple gas law, and the one-dimensional
theory, it is possible to estimate the conditions at each station in the
ram jet for a given flight condition, intake diffuser efficiencyy
combustion-chamber performance, and exhaust-nozzle efficiency. The
obvious calculating procedure is to start at the diffuser inlet and make
a station-to-station analysis leading up to the determination of the

exhaust-nozzle exit velocity and the gas mass flow. When these quantities

are known, the thrust coefficient can be determined directly. An example
of this type of calculation which has been appreciably simplified by the
use of graphical solutions is presented in reference 1.

The previously outlined procedure can be appreciably shortened by
eliminating all intermediate steps and proceeding directly from values
of basic variables to the thrust coefficient. Expressing the thrust
coefficient in terms of basic variables leads to an unwieldy equation;
however, grouping variables and making use of precalculated solutions
graphically presented reduces the calculation to a few simple operations.
The purpose of this paper is to present such a calculation method, as
well as graphical solutions, algebraic derivations, and associated
equations for the determination of other significant quantities.

The calculations are presented as charts covering variable ranges
of flight Mach numbers from O to 4.0, combustion-chamber inlet Mach
number from O to 0.5, combustion-chamber temperature rise extending
somewhat beyond that obtainable with gasoline and air mixtures, and all
possible values of diffuser total-pressure-recovery ratio and combustion-
chamber and exhaust-nozzle total-pressure ratio. Combustion-chamber
inlet Mach number was limited to 0.5 because higher values do not appear
practical with a ram-jet combustion chamber where the flow is confined,
since at this value an appreciable total—temperature rise will cause
thermal choking.
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SYMBOLS

a speed of sound

A area, square feet

Crr thrust coefficient

CFII internal-force coefficient

Eﬁ arithmetic average of specific heats at constant pressure
corresponding to static and total temperatures

il external drag, pounds

i fuel-air ratio

F force, pounds

g standard acceleration due to gravity, feet per sécond per
second

1L specific impulse, seconds

J mechanical equivalent of heat

i K friction coefficient
M Mach number
- P absolute static pressure, pounds per square foot

Pt absolute total pressure, pounds per square foot

q dynamic pressure; one-half momentum flux per unit area, pounds
per square foot

R universal gas constant, foot-pounds per pound per %

1b absolute static temperature, °R

Tt absolute total temperature, °R

AT¢0-3 total temperature increase across combustion chamber, °F

. v velocity
\
‘
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air weight flow
mass-flow parameter
heat-addition parameter

ratio of specific heat at constant pressure to specific heat
at constant volume

arithmetic average of specific-heat ratios corresponding to
static and total temperatures

angle of inclination of external surface of body to thrust
axis

ratio of downstream to upstream absolute total pressure for a
particular engine component

pressure-loss parameter for method I
pressure-loss parameter for method II

specific mass density

Subscripts:

O g0 5
a

b

conditions at corresponding stations indicated in figure 1
adjusted value

body

intake diffuser

external

internal

nozzle

total

segment of cross-sectional area

heat-addition parameter

pressure-loss parameter for method I

calculation methods
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ANATYSIS

Theory

The conventional expression for net thrust on a ducted body in
flight is discussed in this section of the paper for the purpose of
identifying the pertinent forces, in particular the forces which are
to be classified as drag and subtracted from the gross thrust to obtain
the net thrust. Figure 1 is a sketch of a body suitable for this dis-
cussion.. In relation to the terms force, thrust, and drag in this dis-
cussion, an algebraic sense has been adopted that a force acting from
right to left in figure 1 is positive and that a force acting from left
to right is negative. The following expression for the net force on
the body is the sum of the momentum changes of the internal and external
flows between initial and final stations located in regions of free-
stream static pressure; thus,

e A
2 |
Fb = /;) V51X(OV)51X dA - (g)iVO =+
2 A5 ¥ S
e V5ex(oV)5ex dA - (§>6VO k)
V° !

where the subscripts 1 and e refer to internal and ekXternal flow,
respectively. The subscript x refers to the particular segment of
cross-sectional area dA at station 5 (fig. 1). The first bracketed
term of equation (1) may be a positive or negative quantity depending
on whether the body contains a thrusting engine or a drag-producing
object such as an air-cooled heat exchanger. The second bracketed term
will never be a positive quantity since the external flow is always
subjected to an over-all momentum loss due to energy losses associated
with flow over the body. Integral expressions have been used to make
the equation more general; however, the internal flow at station 5 is
frequently expressed one-dimensionally so that equation (1) is reduced
to the following:

F, = (g)i(\@i - Vo) + j; A5 Vex(PV) 50y dA - (g)evo (2)

—_—
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For isentropic external flow, no change occurs in external-flow
momentum between stations O and 5 so that equation (2) reduces to

By /= (g)i(\@i - Vo) (3)

Equation (3), in addition to being the expression for the net force on
the body for isentropic external flow, or zero external drag, is also
the commonly used definition of the gross thrust force due to the engine
contained within the body under conditions of nonisentropic external
flow. Equation (3) is the gross-thrust expression utilized in the
calculation method identified herein as method I.

ASe W
The term V5ex(pV)5ex dA - <§> Vo of equation (1) or (2)
0 e

is defined as external drag. As defined, external drag arises from any
process to which the external flow is subjected which leads to total-
pressure losses or deficiencies. Such items as skin friction, separation
of the flow or turbulence, and shock waves fall in this classification.

At this point a discussion of the analytical and experimental
determination of various terms of equations (1) and (2) is desirable.
The terms associated with the internal flow can, in most cases, be
calculated from the given conditions for the problem. One notable
exception occurs for certain supersonic flight cases and is discussed
subsequently. ‘The group of external-flow terms or the external drag is
not calculable in many instances. For subsonic flight speeds, such is
generally the case and drag must be determined experimentally for a
given body under the desired operating conditions or estimated from test
results of a similar body. The several methods for determining drag
experimentally generally involve use of one or more of the following
items: wake-survey measurements, wind-tunnel balance measurements, and
external-force determination through the use of surface~static-pressure
measurements and friction-force estimates.

Inspection of equations (1) or (2) and figure 1 indicates that the
obvious method for determining drag experimentally is to measure the
momentum of the external flow at stations 0 and 4, provided that the
static pressure at station 4 is equal to that of the free stream. If
the static pressure at station 4 is not equal to that of the free stream,
for subsonic flow it is still possible to estimate drag from momentum
measurements. The momentum of the internal flow at station 5 can be
estimated from measurements at station 4 on the assumption of no losses
between stations 4 and 5. From measurements of the momentum of the
combined flows at station 5, the external-flow momentum can be determined
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and the external drag evaluated. For supersonic flow this procedure is
not convenient because of the presence of shock and expansion waves
between stations 4 and 5 when ply 1s not equal to Po-

Since equation (1) is the expression for the net force on the body,
this equation represents the thrust or drag force that would be measured
by a wind-tunnel balance. From internal-flow-momentum measurements,
mentioned previously, and the balance readings, the external drag can be
determined.

Through use of surface-static-pressure measurements taken on the
part of the body surface wetted by the external flow and estimates of
the skin-friction coefficient, the force parallel to the thrust axis
on the outside surface of the body can be computed as follows:

Aeb Aeb
Bep = -L/: (cos 8)Kge dAgp - jC (sin 8)pe dAep (L)

where the subscript eb refers to external body surface. The first
term of equation (4) expresses the friction-drag force as being propor-
tional to the product of the cosine of the angle of inclination of the
external surface to the thrust axis, a friction coefficient K, the
local dynamic pressure, and the external-surface area. The integral is
taken over the entire external-surface area. The second term is the
external-pressure-drag force in terms of the components of the external-
surface-pressure forces parallel to the thrust axis. The internal force
on the body can be determined through use of internal-flow measurements
at stations 1 and 4 and the following equation:

W
Yep = (g)i(Vhi - V13) + Dhihl; - P1ihiy (5)

Since
b T 740 T Tep (6)

equation (2) is equivalent to equation (6), and the two are solvable for
the drag term as follows:

A5e
W
e JF Vsex(pV)5ex dA - <°> Vo
0 gle

Fyp *+ Py, = (g)i(v5i - VO) (7

=]
1l
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An inspection of equations (4) to (7) shows that the numerical value of
drag is independent of the pressure reference; therefore, to determine
the drag the pressures may be referenced to free-stream or to absolute
zero pressure as shown. Unlike thrust and drag expressions, the absolute
force expressions of equations (4) and (5) do not become zero for the
no-flow condition.

At supersonic flight speeds for certain cases, equations (1) and (2)
have practical application with regard to analytical calculations. For
internal air flow, if, through use of a suitably designed exhaust nozzle,
free-stream static pressure is obtained at the nozzle exit (station L),
V) 1is equal to V5 and is calculable. However, when an under- or
over-expanded exhaust nozzle is present, the determination of the
velocity at station 5 is likely to be impractical because of the series
of expansion and compression waves present between stations 4 and 5.

The calculation of the external drag for supersonic flow requires,
according to equations (7) and (4), that the external-flow dynamic and
static pressures be calculable at all points on the external surface,
which is generally possible for supersonic inlets operating at design
conditions; however, if the diffuser back pressure is large enough, a
normal shock wave will be present upstream from the inlet lip. The
presence of the normal shock introduces a region of subsonic flow in
front of the inlet in both the internal and external flows, which
precludes ordinary calculation methods. Some special methods are
available for calculating these flow conditions such as that presented
in reference 2. Generally, supplementary experimental data are required.

The operating condition described in the preceding paragraph, that -
is, operation with a standing normal shock in front of the inlet,
requires that the internal-flow stream tube diverge in the region of
mixed subsonic and supersonic flow between the normal shock and inlet
lip. A divergence of the internal-flow stream tube is also obtained
in the purely supersonic case for an inlet with spike-type center body
operating with the oblique shock ahead of the inlet lip. Since a
diverging stream tube in these cases indicates that external compression
is taking place, a pressure-drag force on the external surface of the
stream tube and an equal and opposite force in the thrust direction on
the internal surface are introduced. If the net force on the body is
determined by adding algebraically the conventional gross thrust
expression of equation (3) and the external drag and if the external drag
is determined from a summation of external-surface pressure forces and
friction estimates, the pressure-drag force on the stream tube must be
added to the external forces on the body to determine total external
drag, because the conventional gross-thrust expression includes the
thrust force on the stream tube. For this reason the pressure-drag
force on the stream tube is frequently referred to as additive drag.
Additive drag occurs only for supersonic inlet diffusers which compress
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externally because the streamlines to the diffuser lip are parallel
in the absence of external compression.

As previously mentioned, the analytical evaluation of V5 is not

practical for supersonic flow if the exhaust-nozzle-exit static pressure
is not equal to free-stream static pressure. For application to this
case, a second calculation method, method II, is presented, which leads
to the evaluation of an "internal-force coefficient." If the internal
flow from stations O to 4 (fig. 1) is considered to be contained within
a stream tube, the internal-force coefficient evaluates the summation
of the absolute forces exerted by the internal flow on the walls of the
stream tube. For the design in which free-stream conditions exist
immediately upstream of the intake-diffuser lip, the walls of the
internal-flow stream tube between stations O and 1 become parallel so
that any forces on this segment of the tube parallel to the thrust axis
are eliminated; therefore, the internal-force coefficient, in this case,
evaluates the absolute force on the inside surface of the ram-jet body.
The expression for the internal force of calculation method II is as
follows:

Fo-u4i = (g)i (Vui - Vo) + phiAyy - PoAoi (8)

where static pressures are absolute quantities.

In order to obtain the net force on the ram-jet body, the absolute
force on the external surface of the ram jet plus the absolute force
exerted by the external flow on the stream tube between stations O and 1
must be added algebraically to the expression of equation (8). The
external-force quantity to be added algebraically to equation (8) is
as follows:

Boelic =~ l}jliAli 3 (;—’)ivn] 7 E’OAOi T <§)1V<ﬂ + Fep (9)

where the static pressures are also absolute quantities. The fact should
be noted that, when the walls of the stream tube are parallel between
stations O and 1, the external-force quantity Fp_Le becomes equal to
the absolute force on the external surface of the ram-jet body Fep.

All the conditions pertaining to the feasibility of drag calculations
also apply to the external-force calculation of method II.
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Application of Theory to Calculation Methods

Method I is based on the expression for the conventional thrust
coefficient, which includes the thrust quantity of equation (3):

_Wo Vs(1 + ) - v,
g A9

The fuel is assumed to be introduced between stations 0 and 50 henice),
the term (1 + f) is used to correct the mass flow at station 5 to the
sum of the fuel and air. Adiabatic processes are assumed between
stations O and 2. The reference cross-sectional area is taken to be
that of station 2. By use of the perfect gas law, Bernoulli's
compressible-flow equation, and the aforementioned assumptions,
equation (10) reduces to

. ,,72Ro , ’ iFide;
= fao e=Bh1 20 pa(1 + £) -
7&2[_ Ro70 Ho

CFI (10)

Crq (11)
where
P2
ng = — (12)
Pto
7o+l
7b okl g Y 2(7b'1)
211 + T
2 Mo 70
& = - (13)
72+l 3
2(75-1)
2 S i

| =2 YTo-1 27 ATy 1L
= 7—5_1\/1+TM0 76+T (14)
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70(75-1) 75-1
= ok~ siey
- s Nd n Pt3
1 + 5 MO 70 o
and
b
t5
= —= 16
: ol (16)

The appendix contains a complete derivation of the preceding
equations, as well as expressions for pts/po, Ttﬁ/TOJ Ti/TO’ A5/A2,

I, and Ms.

Equation (11) is of the same general form as equation (10), but the
term Vp has been replaced with My and the rest of the terms replaced
with the parameters a, B, and 6, the gas properties, and the diffuser
total-pressure-recovery ratio. The mass flow is directly proportional
to a, a function of combustion-chamber-inlet Mach number, flight Mach
number, and gas properties. The exhaust velocity V5 is directly
proportional to the product of B and 6. Flight Mach number, the
ratio of combustion total-temperature rise to free-stream static tempera-
ture, and gas properties determine B; whereas 6 1is a function of
flight Mach number, total-pressure ratio through the ram jet from free-
stream to free-stream conditions, and gas properties. The parameters a,
B, and 6 can be designated, roughly, as the mass flow, heat-addition,
and pressure-loss parameters, respectively. The parameters a, B,
and 6 are interrelated to a certain extent because they are functions
of Mp, AT4p.3, and Pt3/Pt2: respectively, all of which are associated
with the combustion-chamber performance. For a given combustion-chamber
geometry, the values of all the following variables are determined by
fixing two: Mach number before and after combustion, total-temperature
ratio through the combustion chamber, and total-pressure ratio through
the combustion chamber.

The second calculation method is based on the following equation
for internal-force coefficient which includes the force expression of

~equation (8):

W MR i) N BLl Y Eads

Cr = =
Ine
g A quo

(17)

299 29

where the static pressure at station 4 may be greater or less than
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atmospheric static pressure as previously discussed. If procedures
similar to those of method I are used, the force-coefficient expression
of equation (17) can be reduced to:

72Ro |\ [Ru7) ST
Crar = e\, |\ g #2410 - % - 7 a
where
1
1+
7,M,°
s i (19)
27y

1+
(i - )7,

The appendix contains a complete derivation of the preceding equations
as well as expressions for Tth/TO) pu/po, TM/TO’ My, and Pth/Ph‘

Equation (18) differs from equation (11) in that, in order to account
for the pressure-area terms, © has been replaced by A and another
flight Mach number term introduced. Although M 1is a function of gas
properties and the Mach number at station 4, it can still be considered
a pressure-loss parameter similar to 6 since the Mach number at
station 4 is dependent on the bressure losses up to that station.

The methods of calculation can be adapted to any engine in which
continuous-flow air processed in the thermodynamic cycle is employed
for propulsion. The required modifications to the ram-jet application
are that, for the combustion parameter B, the term ATt2-.3 must be

the algebraic sum of all total-temperature changes from the free stream

to the nozzle exit and, for the pressure-loss parameter 6, the group

of total-pressure-ratio terms must be an expression of the total-pressure
ratio from the free stream to the nozzle exit. Additional terms intro-
duced by these two modifications can be expressed in terms of efficiencies
and other fundamental parameters associated with the added engine components.
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GRAPHICAL PRESENTATION OF SOLUTIONS

Calculation Based on Standard-Air Properties

An examination of equations (11) and (18) indicates that the main
problem in the determination of the thrust coefficient is the evaluation
of the mass-flow parameter a, the heat-addition parameter B, and one
of the two pressure-loss parameters 6 or A. A close approximation
to these quantities can be obtained directly by assuming standard-air
values for the ratio of specific heats ¥ at all stations. Plots of
equations (13), (14), (15), and (19) are presented on this basis in
figures 2 to 5. (Each figure has been broken down into several page-
size plots for the purposes of accuracy and convenience; however, the
first figure in each group covers the entire range of variables and can
be used to determine the appropriate plot for particular values of the
variables.)

The thrust-coefficient expressions which are appropriate to use
with values taken from these figures are as follows:

Cpp' = nda‘[ﬁ‘e'(l +2) = Mé] (20)

B T ST el
Crrr' = ng® {B At(1 % £) - My 1.uMOJ (21)

Values based on standard-air specific-heat ratio and gas constant have
been designated as primed values. As is indicated in the discussion of
the numerical example, thrust coefficients calculated on this basis for
conditions representative of typical ram-jet operation are on the order
of 5 to 10 percent low. This discrepancy, however, varies according to
the given conditions and is mainly a function of the total-temperature
levels in the engine and the fuel properties.

An inspection of the preceding equations indicates that, with one
exception, the thrust coefficient and associated parameters involve only
basic variables such as flight Mach number, diffuser total-pressure-
recovery ratio, combustion-chamber characteristics, exhaust-nozzle total-
pressure-recovery ratio, which would be either given or measured. The
one exception is the pressure-loss parameter A, which is a function of
the Mach number at the exhaust-nozzle exit (station M), which in turn is
a function of the Mach number at the end of the combustion chamber
(station 3), the nozzle-area contraction, and any total-pressure and
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temperature changes between stations 3 and 4. The Mach number at

station 3 is obtainable directly from the basic combustion-chamber
variables, provided that the calculated or measured performance is
available in a form similar to that of figure 6, which is a plot of the
characteristics of a combustion chamber with low friction and turbulence-
pressure losses. Additional information on this subject is available

in reference 3, in which theoretical relations concerning combustion-
chamber performance are presented. The Mach number at station 4 can be
evaluated by use of the expression

W
[‘“ —(1 + f)
- 7+1 i \VgRTt 3 §ic

Y Apyg
et 2(7-1)
S £ g

derived from the presentation in reference 4 and plotted in figure 7.
The exhaust-nozzle Mach number is evaluated from figure 7 by obtaining
the ordinate corresponding to M3, multiplying it by the factor

f&%\’ﬂf{a&z,
A3 pg3 (73 Ry Ty

and reading M, corresponding to the new ordinate. The term YT
negligible up to a Mach number of approximately 3.0 and has been neglected
in this range. Figure 7(e) presents a correction factor for use when

7/7u deviates from a value of 1.0 in the range of Mach number from 3.0

5o 4,0,

The value of fuel-air ratio of equations (20) and (21) depends on
the type of fuel used, the desired combustion-chamber total-temperature
rise, the total temperature before combustion, and the burner efficiency.
As an aid to evaluating this quantity, the theoretical variation of fuel-
air ratio with total-temperature rise and the initial total temperature
has been calculated for the combustion of n-octane asnd air through use
of references 5 to 11 and plotted in figure 8. All effects due to
dissociation were accounted for in the calculations by using the assumption
that equilibrium conditions are attained. The fuel-air ratio plotted is
an effective value or one based on 100-percent burner efficiency. The
value substituted in equations (20) and (21) should be the effective
value modified to compensate for the burner inefficiency.
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For simplicity of presentation, sample problems have been calculated
by both methods for the same conditions at a supersonic flight Mach
number of 2.0. The combustion of n-octane and air at 100-percent burner
efficiency has been assumed. In order to illustrate the calculation
procedures in more detail, an outline of a numerical example is presented
i tahilie Sl

Calculation Accounting for Variation of Specific-Heat Ratio
and Gas Constant

For more precise answers, additional charts and information have
been supplied to correct o', B', 6', and A' to correspond to
equilibrium values of the specific-heat ratios. The mass-flow-parameter

correction factor i% is plotted in figure 9. The assumption was made
(o

that the average of the specific-heat ratios corresponding to total

and static temperatures 70 is equal to the average of the standard

air value, 1.400, and the value 740 corresponding to free-stream total

temperature. This assumption holds as long as the free-stream static
temperature of the air is not appreciably in excess of 500° R. The
assumption was also made that terms involving the combustion-chamber-
inlet Mach number M, are insignificant. This assumption holds within
the limits of Mp = O to 0.5 fixed in this paper. The expression

7to+3.)+
0.7 7o - %6 5 2(74£0-0.6)
1L s Tk Mg
el . i (23)
&t 3.0

M2
<l +‘_§—>

which is plotted in figure 9, was derived from equation (13).

The heat-addition-parameter correction of B' to B 1is obtained
in a different manner. First, an intermediate value of B', designated B",
is determined. An adjusted value of Mg, Moap, corresponding to corrected

values of the specific-heat ratios at station O, is obtained and is
substituted in the B' charts (fig. 3) to obtain PB". The relation
between Mygp and M,

3.5(7¢0 - 0-6)
+ 1.4 it

MOaB = Mg y
t0
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was obtained by setting the term involving Mgy in equation (1L4) equal
to a similar term in which Mpgp and standard-air values of the specific-

heat ratio were used. Equation (24) is plotted in i gure 10, Second,
in order to correct the heat-addition parameter B" to B, equation (1L4)

indicates that
Gy e (25)
e

The correction of the pressure-loss parameter 6' to 6 1is achieved in
the same manner as the correction of B' to PB". Two steps are necessary,
since both Mgy and the total-pressure-ratio terms of equation (15) are
complicated by the specific-heat ratio. Using the term involving Mg

in equation (15) gives the expression for Mogg:

( Ytotl. h>(75-l)
-0.6)

0.7 7to c 0.6) =<7
geadls 0l P 75(7o
Yot Lol

sl (26)

This equation is plotted in figure 11. This adjusted value of Mp can

be used in the &' charts to obtain 6". By the same'procedure,
Sie 5(75-1)
o N bRk 1 75 (27)

Mg My pt3/pt2 o 1d Ty pt3/pt2

which is plotted in figure 12. Using values obtained in figures 11 and
12 to substitute in the charts for 6' (fig. 4) results in the corrected
vialue: 565

The procedure for correcting the pressure-loss parameter A' is
similar to that used for o' except that two steps are again necessary.
First, A' 1is corrected to A" which is a value based on the assumption
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that 7h is equal to Yy The following expression, which is plotted

in figure 13(a), is obtained from equation (19):

At (28)

Second, A" is corrected to A through use of the following expression:

7
A Th 7Y 7y -1
i = (29)
T e -
pan T = il pan

which is plotted in figure 13(b). The effect of changes in 7h is
negligible in the preceding expression and is neglected in the plot.

In order to determine the specific-heat ratios 7, 7t, and 7 . to
use in the preceding corrections, it is necessary to know the effective
fuel-air ratio, the temperatures appropriate to the particular specific-
heat ratio, and the relation between 7, temperature, and fuel-air ratio
for the particular gas. The aforementioned gas properties have been
calculated, for the combustion of n-octane and air, by use of references 5
to 11. All effects due to dissociation were accounted for in the calcu-
lations by using the assumption that equilibrium conditions are attained.
Plots of combustion total-temperature rise as a function of fuel-air
ratio and initial temperature and the instantaneous value of the ratio of
specific heats and the gas constant as functions of temperature and fuel-
air ratio are presented in figures 8, 14, and 15, respectively. Use of
the effective fuel-air ratio is equivalent to assuming that the unburned
fuel has a negligible effect on these values, as is true for reasonable
combustion efficiencies. Figures 8, 14, and 15 were calculated on the
assumption of 1 atmosphere pressure. Reference 5 indicates the effect
of pressure to be very small; for instance, an increase in pressure
of 5 atmospheres produced a maximum of 0.25 percent change in temperature
plisey

The variation of the ratio of specific heats (fig. 14) is quite
marked with temperature increases up to 2500° R. From 2500° R to 5000° R
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the variation with temperature is much less significant than the compo-
sition or fuel-air-ratio effect, which is approximately constant over the
temperature range up to the point where dissociation takes place. The
effects of dissociation are to break down the water, the carbon dioxide,
and the nitrogen into elements and compounds in such a way that the ratio
of specific heats of the mixture becomes more similar to that of air.
These effects tend to reduce the spread between the curves of constant

fuel-air ratio in figure 14 as the temperature is increased above 35000
to 4000° R.

In the determination of the various parameters involved in the
calculation of thrust coefficient, small changes in the ratio of specific
heats y will produce large changes in the values of the parameters
because the difference between 7 and 1 appears in exponents and multi-
plying factors in equations (13), (14), (25), and (19). On the other
hand, small changes in gas constant have little effect on the value of
thrust coefficient since the gas constant appears only as a square root
multiplying factor in equations (11) and (18). The gas constant (fig. 15)
varies only with the composition of the gas. This variation is less than

1 percent up to temperatures at which dissociation takes place. At 5000° R

the spread in values of gas constant between air and a stoichiometric
fu~l-air ratio is approximately 5 percent.

In order to evaluate the correction factor o/a’, it 18 necessary to
determine the free-stream total temperature Typ for use in figure 1k,

The temperature can be determined through a trial and error solution of
the following equation:

i 0. - 0.6
0L 0T )

2
Mo (30)
1L

0 X ¥ 1.k

derived from the value of TtO/TO given in the appendix. The tables of

reference 12 will be found useful in performing the first step of this
calculation. Generally, only two steps are necessary since the effect
of changes in y is small in this case.

The corrections to B' and 6' must be calculated concurrently
since the static temperature at station 5, T5, is a function of both B
and 6. Correcting B' and 6' to B" and” 6", respectively, which
accounts for deviation of the free-stream specific-heat ratios from
standard values, is a straightforward process using 7o in combination

with figures 3, 4, 10, and 11. Corrections from B" to B and from 6"
to 6 are more complicated as they require a trial-and-error process.
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The expression for Tt5/TO as derived in the appendix is

Tgs _ 75 - 1 82
To >

This equation combined with equation (25) gives

T
Ty5 = ?95“2 (31)

The adjusted pressure-ratio term, and thus 6, can be approximated by
using 745 corresponding to Tt5 and figure 12. Then from equation (25)

and the expression for T5/TO as given in the appendix:

Ts = T—50 p"2(1 - %) (32)

which is plotted in figure 16. From the approximate T5, 75 can be
evaluated by using figure 14. At this point a revised value of 7£5

should be determined provided that Ts is within the region where
dissociation takes place, as indicated in figure 14, This value is
obtained by starting at a point corresponding to 75 and T5 and

moving up to Tt5 along a line parallel to the curves corresponding to

specific-heat ratios for no dissociation. This procedure produces a
specific-heat ratio corresponding to Tt5 for a gas of the same compo-

sition of exhaust products as at T5. If 75 were taken at the correct

temperature and fuel-air ratio for dissociated mixtures, there would be
a discrepancy between 75 and 745 in that the gas would have changed

composition between the two temperatures. Since the total temperature
in this case does not exist physically in the gas but is a mathematical
concept, the composition at the static temperature is taken as being
correct. After re-evaluating the average specific-heat ratio 75 the
process for calculation of the static temperature T can be repeated
until the values converge. Usually the main part of the correction is
accomplished by 'using specific-heat-ratio values based on the total
temperature so that the trial-and-error processes produce only second-
order corrections. The final value of the combustion parameter f can
be evaluated by using equation (25).
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In order to calculate the thrust coefficient from equation (11), in
addition to the parameters previously discussed, Rs, Ro, 75, Rp,

and 75 have to be determined. The evaluation of R5 can be made
directly by using T5, the effective fuel-air ratio, and figure 15. The
terms R2 and Yo can be assumed to correspond to zero fuel-air ratio
and Tgo; therefore, 7, equals 7to. ©Standard values can be used for
Bg and 7p.

The determination of the appropriate temperatures and specific-heat

ratios for the correction of the pressure-loss parameter A' is similar
to that of 6'. As derived in the appendix,

Ttu=7u-1

2
p
T -

From this expression and equation (25),

Tyy e
= (33)

A first approximation of Ty 1is obtained by using the following
equation:

s (34)
To m2+5

This approximate value, based on the standard-air value of the specific~
heat ratio, is related to the corrected static temperature by the
following expression derived from the equation for TL/TO (see appendix)
and equation (25):

0.k i/ o
T), 7, -1 ',;):(MLJ- b 5)
T = (35)
2 2
M= + " - 1 7L

Equation (35) has been plotted in figure 17. By first substituting in
equation (35) the specific-heat ratio corresponding to Ty', Ti can be

evaluated by trial and error. Once T) 1is obtained 74 can be evaluated
and the pressure-loss parameter )\ can be determined directly from figure 13.
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An outline of the calculations necessary to correct the numerical
examples in the preceding section for deviation of the specific-heat
ratios and gas constants from standard-air values is presented in
table II.

In order to illustrate the general method, the numerical examples
presented include all the detailed corrections for deviation of 7y
and R from standard-air values. However, thrust coefficients for the
conditions of the example presented have been calculated by assuming no
deviation from standard-air values except at stations 4 and 5, where 7,
¥, and R were assumed to correspond to total-temperature values, so
that all trial-and-error processes are eliminated. The answers arrived
at by use of these assumptions agreed with those presented in steps 36
and 46 of table II within less than 1 percent. If for a particular prob-
lem an appreciable number of calculations are to be made by using cor-
rected values of specific-heat ratio and gas constant, the number of steps
generally can be considerably reduced in a manner similar to that
described.

CONCLUDING REMARKS

A method utilizing graphical presentations of precalculated solutions
for calculating ram-jet thrust coefficient and other important quantities
has been presented with the associated equations and graphs. By use of
the assumption of constant values of specific-heat ratio and gas constant
equal to those of standard air, the calculation procedure permits in a
few simple operalions the direct determination of thrust coefficient from
values of basic variables. Additional procedures are presented for i
correcting for deviations of specific-heat ratio 7 and gas constant R
from standard values. An examination of the differences between the
corrected and uncorrected values of the calculated thrust coefficients
in the numerical examples indicates that the values based on standard
specific-heat ratio and gas constant are 6 or 7 percent low. These
differences are believed to represent fairly typical accuracy for ram-jet
performance calculations in current use. Inasmuch as the assumption of
one-dimensional flow may introduce errors of similar magnitude, the
aforementioned discrepancies are probably permissible for most calculations.

TIn cases where it is desired to correct for specific-heat-ratio
and gas-constant variation, a number of the less significant corrections
described in the general calculation procedure can usually be omitted
without appreciable loss of accuracy. Short cuts of this nature,
applicable to the conditions set up in the numerical example, have been
previously discussed.
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The variation of specific-heat ratio 7y throughout the thermodynamic
cycle is more important than the gas constant because the quantity 7 - 1
appears as an exponent and also as a multiplying factor in a number of
equations; whereas the gas constant appears only as a square-root multi-
plying factor. Variations in the value of 7 result from changes in
temperature and fuel-air ratio and from dissociation effects. The
variation with temperature reduces with rise in temperature and becomes
less important than variation with fuel-air ratio above 2500° R. The
effect of increasing amounts of dissociation is to reduce the effect of
changes in fuel-air ratio. The variation in values of gas constant with
fuel-air ratio is less than 1 percent up to temperatures where dissociation
oceurs. At 5000° R the spread in values of gas constant over the fuel-
air-ratio range up to stoichiometric fuel-air ratios is 5 percent.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., December 8, 1950
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APPENDIX

DERIVATION OF THRUST- AND INTERNAL-FORCE-COEFFICIENT
EXPRESSIONS AND ASSOCIATED RELATIONS

Thrust Coefficient and Related Parameters Obtained by Method I

The conventional thrust-coefficient expression for ram jets (see
figs L) 1s:

s[vs(1 + 2 - v

CFI =

The following expression gives Bernoulli's application to compressible
flow:

Tys = T5 = 532225 (A1)
For isentropic flow,
ZE:E
T5 = Tt5<§i‘55‘> 5 (a2)

Substituting equation (A2) in equation (Al) gives

P\ 5 V52
nest - <_2> G NG (13)
Pt5 . <_75_
gRs5 (= T
V5=
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Expanding p5/pt5 into the product of several pressure ratios
and substituting P, for P5 yields

-’;5-1 75-1 A
T BaN s B Bio Dol ol Ve
_*321_(_0>75(_§2_‘°£ﬁ>75 b ik, (Ak)
2gR

P£0 Pro Pi3 Pes LT
5075_1

Substituting the expression for Mach number and the speed of sound
in equation (Al) as applied to station O gives

P Yo - 1 ¥
0 ')'O

Converting equation (A5) to a pressure ratio by using an isentropic
relationship

75l 70(75-1)
<i> e ; i (46)

70 - 1 ¥
pyifo s 7o
2 ')’0

PgO

The expression Tt5/TO may be written as follows by use of equation (A5)

A i Yo b M2 Tor A%gp a
Tq T, > %o Ty




Substituting equations (A7) and (A6) in equation (A4), ng for PtE/PtO: g for Pt5/Pt3: and

solving for V5 gives

70 75-1)
= - Fio1
LR W e Ve R el L 8 75(70-1) 11
e Wy D L B e g g
D= 0 3 0 MO2 0 d "n
2 7
Let
70 - 1 ya" Nilen
and
7o(75-1) 75+l
: i : 75(70-1) x5 ¢ 75
= s o ;0 = M02 Yo Na Mn Pt37pt2
2 -7-0

Then, substitute equations (A9) and (A10) in equation (A8) to obtain

Vs = B6\[eR7,T,

(48)

(A9)

(A10)

(A11)

LGEe NI VOVN

G
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The perfect gas law and the expressions for Mach number and the
speed of sound can be used to write an equation for mass flow as follows:

=

R R e T 1/ (A12)
g—pzAze—gRQTz apMohsy = AoMy

Equations similar to equations (A5) and (A6) substituted in equation (A12)
produce

W_\ [ PioAM, (A13)
g gRo Yo+l
2(72T)
it Y
\Tem 2 2 72
7o
7O+l
(7 . <1
0 i o 70 (70 )
o < (ALk)
g gRo . Fosl
5 =) e )
' Yo = 1 b 75 ( 2 )
72
Let
7o+l
e 2(70-1)
(1 + 10 — Mo 1—°> Mp
o = 70 — (A15)
3 72+l
’
MO2 Lt M2 22
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Equation (Al4k) then can be simplified to

2
7 M
W_y |2 NgBglo Yo (A16)

g &2 \[T, 2

From the definition of Mach number,

Vo = agly = Mov;ogRoTo (A17)

Flight dynamic pressure may be expressed by the perfect gas law and the
expression for the speed of sound as

70 2
7 Po'lo (18)

2

2
PePg g =

nol —

e =

Equations (A16), (A11), (A17), and (A18) may be used in the expression
for thrust coefficient to produce

7~R Re
Cpy = nga (2 ORID'2 001 4 £) - M, (A19)

7oR2 [V Bo70

Other parameters at station 5 can be derived in terms of iy, 4B andie Eh

From equations (A1), (All), (A7), and (A9), it follows that

T 2

Ts 52(? L 1)
-% -——5——<1 = 92) (A20)

Substituting the relations of the perfect gas law, and equations (A20),
(A11), and (A16) in the expression

Wil.+ £)

Az =
7 grsVs
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produces

9 (73RS 92
= =5\ [—=(5 - s =
AQ 75R2

HaMaT iy 4. #) (A21)

From the expression for Mach number and the speed of sound, equations
(A11), and (A20), it follows that

M5 = i - (a22)

(75 % 1)75 1-6°

From equations (A7) and (A9)

Tis A 75 -1 5

B (A23)
TO 2
From equations (A2), (A20), and (A23)
0
Regof 5.9 )\ Teal Caoiy
a8 LR

The expression for specific impulse (pounds thrust per pound fuel per
second) is

VB O T W
I L2 2 (a25)
gf

Substituting from equations (All) and (Al17) in (A25) produces

Ip = 39 \/:ZR Bo(1 + £) = Mg (126)
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Internal-Force Coefficient and Related Parameters

Obtained by Method IT

The internal-force-coefficient expression (see fig. 1) is

W
E[Vh(l ) Vo:l + LAY - Poho
Azap

@ =
F11

The derivation used in obtaining equation (A3) may be applied to station L
to give the expression

Vi
B T et (427)
th e

Pl =

Substituting from equations similar to (A2) and (A5) as applied to
station 4 in equation (A27) produces

v.2
Ty, L A (428)
27), 2gRy7),
efip s o) =
(74 - D) 7y -1
Solving for V) yields
2gR) 71T T
V) = SR)_ﬂl;, 0 =th it - (A29)

(7 - 1)M,%7,




30 NACA TN 2357

An equation similar to equation (A7) may be used for (Tth/TO) in
equation (A29) to obtain

el 7iufhl TOQ el % * AT;?) : 5
& (7 - 1)M,2,
(A30)
Let
1 + 1
i 7,4, -

1 .
(74 - 1) 72

Substituting from equation (A9) and (A31) reduces equation (A30) to

Vi = \/8Ry7,To ———EL—E—— (A32)

1+

7uMu2

Equations (A32), (A16), (A17), and (A18) substituted in the internal-
force-coefficient expression gives

2o O 72Ro | [Ru74 ga(1 + 2) , PRy Poho
F1r = a5 R |\R, it P e
s L o N N o2 %2

7,M,2

(A33)

Equation (A9) may be used in an equation similar to equation (A7) for
station 4 to give
L) S

Ty 2

B (A3L)
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Equations (A32) and (A34) may be substituted in equation (Al) as
applied to station 4 to obtain

i T =i 2
FUNCY -l Teas RN A (435)

T, 2 12
e
7uMh2

Substituting the perfect-gas relationship and equations (A35),
(A32), and (A16) in the expression

| b, -HL+£) (A36)
| geyVy
|
} produces
[
|

Ry, 7 M2 i 1142
| ¥ -1 Y
| %=\lf ot e R P o RS T T L LI ¢

P, VRy 2 Ay 2 i 1
| M,
A A
o e P e (A38)

ahs Py Qg Ao

Combining equations (A18), (A37), and (A38) yields

puAu 72Ro 3 /Rlﬂh 71+ . l/ ”‘M” " A (1 + f) (A39)
70 RO7O 1 + - 5}
7 My
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Solution of equations (A39), (A31), and (A33) gives

72Ro Ry Pofo
- A - -— A
Cprp % e G (1 + £) - My (AkO)

02 o’o s

Il

Substituting equation (A18) and the continuity equation between
stations O and 2 in Egég produces
Ioh2

Bty . p.. Bl

Qohs  YMot PoVo

(A1)

Equation (ALl) may be expressed in terms of the perfect gas law

and the relationships for Mach number and the speed of sound as follows:

e 2 SRR B2 Yoy 17oRgT0

aohs ~ My 2 pg My \[70RaTo L

Substituting expressions similar to equations (A5) and (A6) for
stations O and 2 produces

'7o+l
70 = s s 7O>2(7o-l)
€ 4 Mo~ —
Poho o M [72Rg peo 2 70
L fe
Q2 7o Mo\f7oRe P40 Totl
T 'l 1\2(7271)

2
AR e

(A43)

Substituting equation (A15) in equation (A43)

P RpY
OAO = 02 1 g (ALLLL)
aoho Ro70 7oMo
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From equations (AlkL) and (AkO),

[ R R)Y
C & /270 S NP O R SR . Al
FI1 \d7032 Ro7o S L 7 Mo i1

Expressions for the total-temperature ratio and static-pressure

. ratio for station 4 are given by equations (A34) and (A37), respectively.

Substituting equation (A31) in equation (A35) produces

i_h . B2 (AL6)
P
0 _LL_ M o) L 2

i Al ok

Equation (A31) can be solved for Mach number as follows:

\/b+ +ﬂﬂVﬂ+ R et (A4T)

- 1)(7y - 1)

Through use of an equation similar to equation (A2) but written
for station 4 and equations (A34), (A35), and (A37), it follows that

7)++l

1 \7
a0 ) (l+——M—§) (l+f)
Peh _ 72?& A T ap nn (AL8)
\ B,

P, e, N 1

T
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TABLE I.- ILLUSTRATIVE EXAMPLE FOR

STANDARD~ATR CONDITIONS

Step Variable Value Source
Method I.- Thrust coefficient

L Mo 2500 Given

2 N4 .80 Do.

3 To, OR 520 Do.

L My .20 Do.

5 ATin_3, °F 3000 Do.

6 Pt3/Pt2 876 Do.

1 'M3 <DOL Do.

8 n 1.000 Do.

9 Teo' = s’ 936 Steps 1 and 3 and equation (A5)
10 ATyp_3/Tg 5.769 Steps 3 and 5

B nd(Pt3/Pt2)nn S0 Steps 2, 6, and 8

12 f . 0538 Steps 5 and 9 and figure 8(d)
13 a' .5690 Steps 1 and 4 and figure 2(J)
14 B! 6.154 Steps 1 and 10 and figure 3(4d)
15 R .6196 Steps 1 and 11 and figure 4(f)
16 CFI' .9186 Steps 1, 2, 12, 13, 14, and 15 and equation (20)

Method II.- Internal-force coefficient
1T A 0.6998 Figure 5(a)
(M, assumed = 1.0)
18 CFII' .9928 Steps 1, 2, 12, 13, 1k, and 17 and equation (21)

2

LGE2 NI VOVN

49
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TABLE II.- ILLUSTRATIVE EXAMPLE FOR CONDITIONS CORRECTED TO ACCOUNT

FOR VARTABLE SPECIFIC-HEAT RATIO AND GAS CONSTANT

E}ther steps are given in table I]

Step Variable Value Source
Method I.- Thrust coefficient

®19 | 740 = 7o 1.3843|Step 20 and figure 14(a)

20 [Ty = Typ 930|Steps 1, 3, and 19 and equation (30)
Al el .0538|Steps 5 and 20 and figure 8(d)

22 |a/a’ 1.008(Steps 1 and 19 and figure 9

230 o .575|Steps 13 and 22

2k |Ty5 3930|Steps 5 and 20

25 |Moyap 1.988 (Steps 1 and 19 and figure 10

26 [B" 6.152 |Steps 10 and 25 and figure 3(d)

27 745 1.2569 [Steps 21 and 24 and figure 14(d)
b8 1 2797 [Steps 3, 26, and 34 and figure 16(a)
29 75 1.2724 [Steps 21 and 28 and figure 1k4(c)

30 |75 1.2646 [Steps 27 and 29

31 [Mpge 1.635 (Steps 1, 19, and 30 and figure 11(c)
32 [Kpta/ptg)ndnn]a .T72|Steps 11 and 30 and figure 12

33 |B 7.560 [Steps 26 and 30 and equation (25)

34 |6 .546 |Steps 31 and 32 and figure 4(d)

35 R5 53.72 [Steps 21 and 28 and figure 15

36 (Cp .9836 |Steps 1, 2, 19, 21, 23, 30, 33, 34 and 35

I and equation (11)
‘ Method II.- Internal-force coefficient

37 | Ty 3285 |Steps 3 and 26 and equation (3k4)

38 Th/Th' 1.062 |Step 41 and figure 17

39 Th 3489 [Steps 37 and 38

4o 7 1.2615 |Steps 21 and 39 and figure 14(a)

41 7L 1.2592 [Steps 27 and 40

ko A"/ .869 |Step 41 and figure 13(a)

IRRE /At 1.000 |Steps 40 and 41 and figure 13(b)

Ly .608 |Steps 17, 42, and 43

45 | 7.64k [Steps 26 and 41 and equation (25)

L6 |cp 1.05k [Steps 1, 2, 19, 21, 23, 35, 41, Ll and 45

I and equation (18)

&alue of Sf =k

and -error process.

PNote that s

.4 is assumed as a first approximation in trial-

depends

on 6 (step 34), which can be first

approximated by using 75 (step 27) in place of 75 (step 30) to
obtain step 31 and 32.

CNote that T/T)! (step 38) depends on %), (step 41), which

can be first approximated by using 7tk (step 27).

“'I[I!liﬂll"’
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Figure 1.- Sketch of configuration used in analysis.
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Figure 2.- Continued.




My = O to 0.36; My = 0 to 0.25; a' = 3.80 to 5.70.
Figure 2.- Continued.
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(e) My = 0.56 to 1.56; My = 0.24 to 0.50; o' = 0 to 1.90.

Figure 2.- Continued.
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(1) My = 0.22 to 0.26; My = 0.12 to 0.36; a' = 7.60 to 9.k0.
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(k) My = 1.60 to 4.00; My = 0.25 to 0.50; a' = 0.60 to 2.40.

Figure 2.- Continued.
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(b) My = O to 1.30; M;2‘3 = 1.00 to 7.30; B' = 2.80 to 6.60.
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Figure 13.- Concluded.
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Figure 14.- Relation of the specific-heat ratio ¥ to temperature for
products of combustion of n-octane and air for range of fuel-air
ratio from O to 0.0658 (stoichiometric).
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Figure 16.- Relation of nozzle static temperature to heat-addition

and pressure-loss parameter 6.
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Figure 17.- Correction factors for determining nozzle-exit static

temperature for method II.
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