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INTRODUCTION

The propulsion problems related to Project lX-794,
(Project Wizard) initially drew attention to the ram-
Jet as a possible propulsion unit and performance esti-
mates for various flight conditions were desired. A
brief survey of the then existing methods of calculating
ram-Jjet performence revealed that there were almost as
many methods as there were groups investigating the ram-
jet. liost of the methods were purposely developed hold-
ing constént certain important veriaebles such as fuel-
air ratio, various efficiency curves, temperatures at
the end of the combustion chamber, or general configu-
ation, thus lacking the latitude of applications desired
of a general method of calculation, Furthermore, Fro-
ject Wizard is concerned with a wide range of liach numbers
(2-6) and the methods then in general use incorporated
certaln assumptions which are not valid at high Mach
numbers. As a result, a method was devised (see Ref, 6)
which is valid at high lMach numbers of flight, has the
generality desired and is believed to give accurate re-
sults. However, this method is quite lengthy and tedious,
eand does not make readily apparent the important vari-
ables affecting performance. Certein subsequent in-
vestigations by Project Wizard using this method and the
knowledge of some relationships previously developed by
another group (see Ref. 3, 4, 5) led to the development

of the simplified method presented in this report,
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SUMMARY

The method developed in this report pemits rapid
calculation of ram-jet performance and still incorporates
in a satisfactory manner the major effects of molecular
dissocietion in the combustion process and the variable
specific heats of air as well as of the products of com-
bustion. Varisbles such as the diffuser, combustion, and
nozzle efficiencies; and operating factors, such as the
velocity of the alr at the entrance to the combustion
chamber and the fuel-air ratio, can be assigned any value
considered practicél for the purpose at hand. The general
configuration of the ram-jet can be varied as desired and
the temperature at the combustion chamber exit can be se-
lected, or allowed to assume whatever magnitude it will,
depending on the particular conditions.

The maximum possible velocity at the combustion
chamber entrance determined by the fundamental equations
of flow (that entrance velocity which produces sonic ve-
locity or "choking" at the combustion chamber exit) is
easily found for any Mach number, altitude, and fuel-air
ratio. Also, at low Mach numbers of flight the existence
of two golutions for the equations governing flow in the
ran-jet combustion chamber is recognized and explained by
the graphs and equations presented herein,

Included in the last pages of this report is a con-

densed 0utline of the method, with three typical calcu-
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lations, each representing a common problem., Appendix I

presents a discussion of the method for calculating ram-

jet performance as given in Reference 6 regarding its

application to the condition where "choking" is present

at the combustion chamber exit; and Appendix II is a dis-

cussion pertaining to the magnitude of the velocity at

the combustion chamber entrance as determined by design

considerations and the "choking" condition,
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CONCLUSIONS

1. The upper limit on the air velocity at the com-
bustion chamber entrance, Vz, for high Mach numbers of
flight, imposed by the fundamentel equations governing
flow in a duct, is well above the velocities at which it
is possible to sustain combustion at the present time, re-
gardless of fuel-air ratio. Therefore, for flight at high
Mach numbers, high velocities at the combustion chamber
entrance are theoretically possible if "blow-out"™ and other
practical difficulties can be overconme.

However, since studies of the variation of the thrust
coefficlient, Ct' with changes in general ram-Jjet configu-
ration at high Mach numbers of flight indicate that maxi-
mum Ct is obtained when the cross-sectional area of the
diffuser inlet squals that of the combustion chamber; end,
because at lower kach numbers of flight, V2 is limited by
the "choking" condition at the combustion chamber exit,
it is not expected that combustion chamber enirance ve-
jocities over 500 £t per sec will be practical except in
very special instances.

9. The stagnation temperature after combustion and
the flow velocity at the combustion chember entrance appear
as important variables affecting ram-jet performance.

%, The variation of the specific heats and the de-
gree of molecular dissociation with temperature is appreci-

able under the conditions encountered in a ram-jet at lach




. DEPARTMENT OF ENGINEERING RESEARCH
Report No. UMM-7 UNIVERSITY OF MICHIGAN Page

numbers of flight greater than 2 with fuel-air ratios
which give maximum thrust and cen be accounted for in a
simple manner as shown in this report. The variation of
the gbove effects due to different pressures at given
temperatures can not be accounted for without use of the
Thermodynamic Charts (see Reference 2) and their accompa-
nying lengthy celculations, but the variation is negli-

gibly small compared with that due to temperature.
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LIST OF SYMBOLS
A = area - sq ft
a = acceleration - ft per sec per sec
C = velocity of sound - ft per sec
Ct = thrust coefficient
Cs = velocity of sound at stagnation temperature - ft per sec
F = stream thrust - 1b
%%— = gpecific stream thrust - sec
a
f = weight of fuel - 1b
g = gravitational acceleration - ft per sec per sec
¥ = ratio of specific heats (;E)
h = enthalpy - Btu per 1b Y
h2P = fictitious enthalpy used to relete pressures in a
non-isentropic adiabatic process
hzv = actual enthalpy, assuming no losses through wall
boundaries
J = conversion factor, 778 ft 1b = 1 Btu
M = kMach numbser
Lo = mass flow - slugs per sec
70 = combustion efficiency based on heating value of fuel
7D = diffuser efficiency based on energy considerations
Nn = nozzle efficiency based on energy considerations
qnp = nozzle efficiency based on total pressure considera-

tions

diffuser efficiency based on pressure recovery
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ﬂsa = combustion efficiency based on 100 7%S,
P = pressure - lbs per unit area
Pr = pressure ratio (adiabatic processes - see Reference 1)
R = gas constant - 53.345 ft 1b per 1lb per °R
Sa = function of total temperature - sec
T = static temperature - °R
Tg = gross thrust - 1b
Tt = total temperature - °r
V = flow velocity - ft per sec
Wé = weight flow of air - 1b per éec
p = density - 1b per cu It
Subscripts:

1, 2, 2', 3, 4, and 5 refer to stations (see Figure A)
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DISCUSSION

A method for calculating ram-jet performance at high
Mach numbers was presented in Reference 6. It success-
fully accounts for molecular dissociation and variable
specific heats, both of which have an appreciable effect
on performance at high velocities of flight with the fuel-
air ratios used (.0605, .0665 and .0782 by weight). A4l-
though the method presented in Reference 6 is quite lengthy
and tedlous, it is believed that the results obtained by
its use will be accurate within the efficiency assumptions,
calculation error, and chart (Reference 2) accuracy, in
accounting for variable specific heats and dissociation
in the burning and expansion process. Thus the accuracy
of any other simplified method may be evaluated with ref-
erence to the results obtained therefrom.

It is known that the conditions at the entrance to
the combustion chamber and the amount of fuel added can
uniquely determine the conditions after combustion. It
remains to express this relationship in a simple manner
which will still account for the effects of dissociation,
variable specific heats, etc. Such a simplification would
eliminate the use of the Thermodynamie Charts (Reference
2) and their attending complicated caleulations. There-
fore, 1f variable specific heats and dissociation in the
combustion process are to be accounted for, which appears
necessary at high Mach numbers, this relationship between

the properties of the gases at stations 2 and 3 (ses
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Figure A) must in sone mahner incorporate previous cal-
culations which have made use of either the Thermodynamiec
Charts or an equivalent method. Also the reletionship
should show the presence of two solutions at station 3
(one subsonic, one supersonic) at low liech numbers and the
reason for disappearance of the supersonic solution at
higher liach numbers, as discussed in appendix I,

An analysis of flow through a ram-jet has been made
by a group at JHU/4PL, Silver Spring, ld. (References 3,
4, 5) where it was shown to be possible to express the
conditions after burning as a function of conditions be=-
Pore burning and heat added. Their analysis as presented
in these reports is believed accurate for low flight liach
nunbers (< 2) but is not adaptable to higher flight liach
numbers without revision, for the following reasons: in-
vestigations at the University of llichigan have shown that
at llach numbers greater than approximately 2.75, performance
is impeired by the lack of & tail nozzle (the configu-
ration used by the APL investigators); and the calculation
of conditions through the diffuser by use of liach number
relationships based on constant specific heats is suf-
ficiently accurate at liach numbers less than 2, but at
higher l:ach numbers neither of the above are recormended
if maxinun performance and accurate results are desired.
For instance, if one were to use the lach number relations
in calculating total temperature or the temperature after
the diffuser at a flight i:ach number of 6 at sea level,

4260°R would be the result if a specific heat ratio (Y) of
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1.4 were used, and 2390°R if a ¥ of 1.2 were used. Thus the
variation of Y over this possible range {(1l.4-1.2) is quite
critical in such & calculation and the task of choosing the
correct mean value is essentially one of trial and error.
By using the 4ir Tables (Reference 1), as outlined in Ref-
erence 6, where the varying specific heats are accounted
for, the temperature for the above conditions is found to
be 3749°R.

It is also generally known that & tail nozzle is a
necessary item on the ram-Jjet at high lech numbers, es-
pecially since its addition makes a considerable contri-
bution to the thrust coefficient. The necessity of & tail
nozzle at high Mach numbers of flight arises from the fact
that the velocity at the entrance to the combustion chamber
would be excessive, accompanied by lowered pressure, if no
nozzle were employed (mass flow constant for a given set
of flight conditions), thus causing poor éombustion efficien-
¢y and, probably, "blow-out"., A4lso, for a ram-jet of given
configuration, the lowest Vz possible without ceusing a
spillover is desirable, because the thrust per unit mass
flow in the duct decreases with an increase in Vz. Thus the
renainder of this report is en extension of the relation-
ships elready known to higher lkach numbers, with a develop-
ment that permits a clear understending of the important
functions.

Combustion Chamber

In developing the relationship between stations 2 and

3 the following assumptions are made:
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1. 4 cylindrical combustion chamber is employed; i.e.,
constant area burning.

2. No heat losses occur through the duct walls.,

3. Heating value of fuel is constant, 19,500 Btu

per 1b fuel (CH2.25X)

4, TUse of the arithmetical mean of specific heats
in calculations between any two temperature limits
sufficiently approximates the results obtained by
the exact method for an adiabatic compression or
expansion.

5., No frictional losses in the combustion chamber.
See page 6 for list of symbols,

The force-momentum equation makes it possible to ex-
press conditions at station 3 as a function of those at

station 2 and the heat added, viz.-

P2 2 Ps
(1) A (By + 25 V%) = Agl(Eg +—-v5)
P Wo
where 5 VA = el = I, = mass flow in slugs per sec

The difference in the magnitude of expression (1) between
two points in a duct can be shown to represent the net force
on the duct when integrated over the interior surfece as

shown below,

av——
/ —
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Consider a small element or region of the duct, dv. The
force-momentum relation states that the net force exerted
on the region is equal to the net out~flow of momentum per

sec
Force = e Au

where M, is the mass flow undergoing the momentum change.
Equating the forces acting on the region, dv, to the change

of momentum of the mess flow,

FA - (P + ap) (A+dA)+(P+%—13) A

I

-mf u +
mf(u 4+ du)

=+mfdu

Neglecting the products %2 da' and dr¥da and noting that

PdA' is the reaction force on the wsll, the integrel of which

is the thrust on the body,

PA - PA - PdA - AGP + PdA' = I, du

PAA' = m, du + P44 + AQP

t

The total force on the duct from station 1 to 2 then

becomes:

2 2
— t — : — -
Force (1bs) —[1 PAA' = mou + m]l =%, - F

Letting u = V, F represents the expression me + PA at any

point and has been termed "streem thrust".

Force = FZ - Fl

= eV + Pydy - (meqVy + PlAl)
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.._AZ(P +-—-V2) 4 (B +£2‘-V2) 1bs

Note that the expression
F=4 [P +£— v?*}

must be & constant from station 2 to 3 in the rem-jet,

that is, any cylindrical section, since di' = 0 and thus

| B— 3 —
CPdA =0 1i.e., Fz"'FS

actually there is some loss of stream thrust, F,at

the flame holders, which cen be expressed as
F, - loss at 2' = F; = F,,.

Continuity of mass flow can be wrivten as follows, using

%.—.— RT and C° = YRTg;
W= PVA.
_ pVgYRTA
= 2
c
(2) w = B

Then, solving for PA and using the subseript o for ambient

conditions:
W..C
_ 00
) ok SH T

Also from the conservation of energy and the state equations,
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(4) where C_, is the velocity

Q
1l
15
o+

[l + Yél M :I of sound at the stagnation
temperature.

From (3) and (4)

_ 0 80 1
(5) Poko = L T7e
-1, 2]2 ©°
1+ ——M
2 OJ

also noting that

I’o

2, _ 2, _
(6) A(P + —= o)-AoPo(l-l-YMo)_Fo

The following can be written from (5) and (6)
wW..C

- 0 SO 1l +
(7) Fo = L et

2 (o}
[1 + =1 Y‘l M ]

2

Writing F in 1lbs per 1lb of air per sec for station 3, re-

arraenging, and multiplying by 2(7+1) for a reason ex-
Va(¥+1)

plained later, also noting that at station 3 the flow 1is
(1L + £) 1b of gas per 1b of air, - the following is obtained

2
Py _ Coz V2(T+1)  (1+£) 1+ VM,

g
M\ 2(Y+1) [1 + I—;;—l- Mzz]

(8)

»

Thus the following relationships are defined -

Con Valr+l) (1+f)
g

(9) S,

in

and the Mach number function
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(94) B(1) = 1+ e

1
r-1 .2| 2
V2D |1+ Bl

(multiplying by N2 (1) serves to normalize the Mach
V2(T+1)

number function so that @(M) = 1 when ¥ = 1). Then
T3 :
(10) wzr: S, ¢(M3) 1b per 1b air per sec

Figures 4 and 4A show @(ll) vs liach munber for three
values of Y, two of which correspond to the extreme limits
of temperature to be expected at station 3, The dis-
placement of these curves due to the maximum variation in
Y is appreciable but the actual effect on the performance
calculation can not yet be evaluated as these curves are
used only indirectly in calculating the thrust coefficient,
Ci» Figures 4 and 44 are included in the report however
so that MS can be readily determined if desired,

Figure 4B shows that for low values of @(N), (g(i) =1
to @(li) = 1.7), there are two solutions for the Mach number
at station 3, one subsonic, one supersonic. Only the sub-
sonic solution is of practical interest, the supersonic
solution being physically impossible., The supersonic so-
lution disappears at values of @{li) greater than approxi-

mately 1,7, as indicated above. It can be easily shown
—_
V-1

numbers, This limit is equal approximately to 1.67 and

that @(li) approaches the limit for high lach

1,91 for ¥ = 1.25 and 1.175 respectively. Then for @(1i)

greater than approximately'l.Q only one solution for the
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combustion chamber exit veloclty is possible, the supersonic
solution having disappeared.*
In setting up the curves for fuel-air ratios .0605,

.0665 and .,0782, li; (and thus f(l;) from Figure 44) was

*This is, after all, exactly what one would expect as the equation
relating Mach numbers before and after a normal shock,

121 (g,201)
M2 - o

27 2
—cee (Mo C
1+ 35 (8y2- 1)

where Ml = the Mach number before shock, is derived from the same basic
considerations, and it shows that for an increasing supersonic Mach
number before shock there is a lower limit on the resulting subsonic
Mach number after shocke So s conversely, one would reason that for
certain subsonic Mach numbers there co-exist supersonic Mach numbers
which would also satisfy the energy, force-momentum, and continuity
equations even though they are of no practical significance for these
flow conditionse The supersonic Mach number increases without bound

as the subsonic Mach number decreases to the lower value,\]_rzsrr, (let M1
becoms infinite in above equation and evaluate) below which the sub-
sonic Mach number has no co-existent supersonic Mach numbers. This
lower subsonic vaelue for which the supersonic Mach number disappears

is approximately M = 37 for ¥ = l.4; and can be obtained by either

the P(M) equation (Mach number corresponding to @(M) = —}-2-;1‘:___-{ or the
Mach number relation across a normal shocke Thus the existence of the
two types of solutions given in Figures 1 and la and discussed in

Appendix I is verified and explained.
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calculated using the method given in Reference 6, which
makes use of Thermodynamic charts.

The curves shown for fuel-air ratios .0499, .0333
and .01990 were obtained from calculations performed with
the aid of Reference 7. The chart in Reference 7 does not
account for molecular dissociation as the effect is un-
importent at the lower temperatures encountered with the

reduced fuel-sir ratios. Because F =F

" 2!
¥
— a'
found from Sa = ¢TMQTW;‘ « Thus the important effects of

9 Sa can be

dissociation and variaole specific heats in the combustion
process are retained and accounted for in the magnitude of
Sa when found in this menner. From Zguation 9, it can be
seen that Sa is dependent only on total temperature at
station 3., Thus, at a given corbustion chamber inlet con-

dition, T Sa is a function of the amount of heat added

t2?
and has been termed the "heat release™ or the "specifiec
air impulse" by some investigators.

The temperature at station 3 can be calculated from
the following equatior whieh is obtained by solving for T5
in equation (9).,

2

ngsa

T—-

3 2R(1+f)2\Y+1)(1 + Iléi 1@52)

From this 1t can be seen that a constant S, would keep Ty
aprroximately constant, suggesting a convenient method of
calculating performance at a constant combustion chamber
exit temperature. TFor more accurate calculations, vari-

ation in MS should be considered.
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The effect which a large variation of pressure (60-
S000 psi) at station 3 has on Sa was investigated and seems
to be quite small, almost insignificent as far as the re-
sults are concerned, but is large enough to werraent an ex-
planation, As pressure is varied, keeping the temperature
at station 2 and heat added constant, the position on the
Thermodynamic chart of Reference 2 representing the state
ol the gas after combustion moves horizontally. As can be
seen on the charts, the constant temperature lines are
not independent of the pressure., The slope changes slightly
as pressure varies, the main cause being the varying de-
grees of molecular dissociation at the same enthalpies and
different pressures. The method as outlined does not ac-
count for this variation due to pressure, hence there is
no chan«e in Ct for different pressures with temperature
constant at station 2. Therefore, for changes in altitude
at altitudes where the temperature gradient is zero (above
35,332 - NACA Standard Air) there is no change in C; at a
constant ivach number, whereas, by cthe method presented in
Reference 6, tiiere 1s a slight increase in Ct above 40,000
£t due to the change in pressure. A4s previously stated,
the variation of @(};), end thus S, due to the effects
mentioned sbove, was investigated over a range of pressures
up to 5000 psi and found to be approximately 3 %. However,
the error that does arise in the practicel example is neg-
ligible.

As stated before, Sa is a function of the total temper-
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ature at station 3 and therefore it can also be said that
it is a function of total temperature at station 2 with a
given heat addition. S, was plotted against the total
temperature at station 2 for different fuel-air ratios
(see Figures 34, 38, 3C, 3D, and 3E). These curves are
convenient, as the total temperature at station 2 is a
function only of iwach number of flight and altitude, and
thus easily determined (see Figure 24). Sg has been plotted
for six fuel-air ratios, however, the curve of Sa for any
fuel-air ratio, kach number and altitude can be obtained by
cross-plotting from Figures 3D and 3E.

The magnitudes of Sa were calculated and compared for
the combustion efficiencies, 7, = 1007 and 85 %, based on
the hesting value of the fuel; and it was found that the
S, for n, = 85%was 95 % of the S, fory, = 1007%, This
fact could serve to re-define the combustion efficiency;
that is, in terus of Sa the new combustion efficiency,77sa
would be 95 % for the instance where 85 % of the heating
value of the fuel was actuully utilized in combustion (see
Figure 34).

1t should be stated here that applying an efficiency
factor to the heating value and then entering the chart is
not entirely valiid, as each Thermodynamic chart of Ref-

erence 2 was made up for the full heating value of the

particuler (1+f) nixture. However, after considerable
investigation and verious calculations it was concluded
that the“error thus introduced is negligibly small.

Q

As was explained in the derivation, the magnitude of
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F=A(P + g-va) is constant from station 2 to station 3 ex-
cept for flame holder losses. Some interesting relation-
ships cen be derived from this equation. When divided by

the weight flow the following results:

9
(11) —B'—=AP+gv2A=E_+I=B.T.+Y.
5)VA 9VA PV g Vv g

For station 2

F RT \'
A 2 2 2
(lla) e o =S

Wa Vé g

Thus F2 is dependent only on Tz and V2 and involves no
F

assumption regarding Y. The slope of the line Wg vs T, can

2

R a
be readily seen as 7
2

This relation presents a very convenient method for ob-

F
taining Wz for dlfferent flight Llach numbers and altitudes,
a

but the magnitude of W§ or i £ which is less than §2 by the
loss due to the flame holders, is, in general, requirgd.
Previously, as given in Reference 6, the loss of pressure

due to the flame holders was defined in terms of velocity
head, ng, which can be represented as a force AP-A, The
effect of the change in Ps and V2 across the flame-holders

can be neglected, as calculations prove the error to be

very small. Therefore

(12) Fy - Ar-A=Fgq

or

-nPVZ.:

(13) F,,=F
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Where n = the number of velocity heads loss. Dividing by

the weight flow at station 2, where Wa = weight of air

(14) T My Ta M T
1 = -
ﬂa Vz g 28 tl&
Note that when n = 2
) FB _ RTa
\12) oV,
a 2
F
7 Was calculated frow Equation lla and has been
a
plotted versus static temperature for a range of VZ's De-
lieved practical at the present (see Figure 3). In order
F nVv
to obtain ﬁé an apnropriate value of Egashould be sub-
F
tracted from the Wé read off the graph, commensurate with

a
what one's knowledge of, or experience with, flame holder

losses dictates. The difference between the total and

val ue of V2

be used for

static temperatures at present day practical
is negligible, so that the same abscissa can

F

2 error,

as for S without introducing appreciable

Another interesting
curves (Figure 3) is the

exists at the combustion

FS
¥ = Sq ¢(MS)
a

it can be seen that when
"3
- ’
Wa a

}¢(M3) and thus M, equels

aprlication of this family of
instance where sonic welocity

chamber exit. From the equation

one. Because ¢(Mﬁ) can never be
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F
less than one, Wé-must always bhe equal to or greater than Sa'
a

Therefore, if it is required to find the maximum possible Vz;
that is, one which produces sonic velocity at station 3 for
a given 3, and Tz (thus fuel-air ratio, Mach number of flight,
and altitude) it is necessary only to enter Figure 3 with
F2 = F5 = Sa’ neglecting flame-holder losses, and read Vé.
Flame-holder losses can be taken into aé¢count by adding to
F2 the amount of the loss, thus reading a slightly lower
maximum Vz. A more complete discussion related to the maxi-
mum velocities possible at the entrance to the combustion
chamber is given in Appendir II.

Thus, from Figure 3, ¥, can be found when V, and T

3 2 2

are known., Sa can be found from Figures 34-3E for the Té

end fuel-air ratio used. Then $(M;) can be obtained from

Ty

Exit Nozzle

=3, ¢(M5) Wa, end M, can be found from Filgure 44.

Next, the relation between MS and M5 must be established.

This is easily done, as the Mach number at various points
in a nozzle can be written as a function of the cross-

sectional area, essuming isentropic (no shock) flow.
Y+1
. y-1 , 2]?07-1)
(16) o -E -2 0
¥ ¥-1 2
2

o|l +

where subscript o denotes nozzle inlet conditions. Since
the equation is "symmetrical™ mathematically, subscript o
may also denote nozzle outlet conditions. Thus, M, being
equal to 1, the ratio of the area at the inlet or outlet

to the area at the throat may be written




Report No. UMI-7 DEPARTMENT OF ENGINEERING RESEARCH

UNIVERSITY OF MICHIGAN Page 23
i R
2 V=1
A 1+ Iél Mo2
(17) 2= | 7T
t o) 2

Figure 5 shows a plot of P(M) (obtained from Figures
4, and 4A for each Mach number) vs Ao/}fs~b representing sub-
sonic flow from stetion 3 to 4 and supersonic flow from
station 4 to 5, Three curves were plotted, of which two
represent the extreme limits of Y corresponding to the
temperatures possible at station 3 and 5, end it can be
seen that the effect of ¥ on the magnitude of §(l) is not
noticeable until a @(M) greater than 3 is attained, where
the curves separate, In this region it is believed that
if the mean value of Y were used the values obtained would
be very nearly correct, inasmuch as the maximum possible
error in ﬁ(Ms).due to Y is only 3 %. Using this curve, one
need only know ¢(M5). ¢(m5) can then be obtained by going
first to the subsonic curve, then vertically down to the
ebscissa, reading off the area ratio i,/A,. Then move a-
long the abscissa to the prover A5/At and up to the super-
sonic curve, then horizontally to the ordinate reading off
¢(M5). If 4y = 4y, @s would probably be true in the prac-
tical design, one can move vertically down from the sub-
sonic to the supersonic curve and thence to the ordinate
(M ). It cen be seen that the slope of the lower curve
is very small at large area ratios, therefore, as will be
seen from the equation for C,, there is little loss in Ct

due to making Ay = A, at magnitudes of ¢(M3) greater than
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2.5 or 3.0.

This method of finding M5 assumes a 100 % nozzle ef-

ficiency.

In order to allow for friction and other losses

during expansion the following development is given for

nozzle efficiency based on total pressure.

(18)

(19)

(20)

Y P hsA
P 3A3 5 = a constant

C F

— 83 _ T3
3 Y1 3
- Y-l ,. 2
[l-l" 5 :] [1-»-5—1»15]

Substituting (19) in (18) end reducing, the

Also C and P

L L
2 2

following is obtained

VaPpalizie _ YgPpslishs
Y+ 1 = Yo + 1
c :L+3f=;-12'z 37 c 1+I:.LM22“5"1)
s3 3 Mg s5 5= Mg

Noting that, for an adiabatic process, CSS = 085;

(21)

(22)

~ - Y3+1
L. Tzl 2|2 T5-1)
Ay Epg “*5 Y -
—_— e _ o Y+l
1+ ——0UNM
2 5
L. i
Let EEQ = and neglect the temm Y5 in view
PTS - /np g Y.

of the small effect it has on the magnitude of

plizg)
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. - Yz+l
1 —3 YU
M5 Y5+l
A 2
3 __ L a
(23) L~ )
Ts-1 g |37vooT)
L |1t 2B
M5 Yg+l
B 2 ]
=)
A
(24) Thus -3 =n -t
Ag np (AS)
A
Ty

where subscript 1 denotes the area ratio corresponding to
isentropic compression or expansion.

This is a convenient expression, as the curves for any
efficiency can now be plotted directly from the M, = 100 Yo
curve, Curves for )?np = 90 % and 80 % are shown on Figure
5 and the choice of the proper efficiency can be left to
the user's Jjudgment.

The nozzle efficiency defined in temms of energy losses,
as shown in Reference 6, assumes a value of 95 %. The ef-
ficiency based on totel pressure was calculated for a wide
range of 1;15 and P, and was found to vary from 80 % to 95 %
corresponding to a constant efficiency of 95 % based on
energy, This data was plotted against Mg (see Figure 54)
and seems to show some lack of consistency, however, the
indication of the general trend is somewhat significant,

Here 1t might be stated that more information on nozzle
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losses and efficiencies under the conditions of flow en-
countered in a ram-jet would be welcomed,

Thrust Coefficient

The equation used in calculating Ct 1s developed as

follows:
P5 2 , P1 _ 2
(25) ‘I‘hrust—A5 (P5+§—v5 )-Al (1°l+g—-vl )

which is similar to the equation given in Reference 6.
From Equation 25,
= : X )
%= Sq5 plag) Wy - APy (1 + Y15°) - Py (4 4)

Then, since

C, = - TS
£l ﬁvgi L pulys
|
as S - = 8, the subscripts can be dropped from the S_ term.
ad ad a
T ] 2
=2 Sa¢(§5) Wa ) Alflg’xl ) P}AS
= — - -
1] Pllu1 Y A2 PlMl “(lAZ PMl Ylaz
P.M,gY Al
= _ C1a8Nhh
Ya =Pk =
From which
/
{8 _P(l).g A
(26) CT:Z%kaVﬂS -_1_1;_22“
2 1 2 M5

As described before, the combustion chamber efficiency
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can be applied to Sa and the product 7Sa x S, actually
used in the Cg equation.
Diffuser

Note that Equation 26, is directly affected by 4if-
fuser efficiency through the term Al/Az which can be readily
determined by a method similar to that given in Reference 6.
The diffuser efficiency is still based on energy consider-

ations

(27)  Tp=§ —E

which is the ratio of the isentropic change in enthalpy

from Po to Pz through the diffuser to the actual change in
enthalpy.
2 2
v v
S | :
(28) by =ggr+ b, - 3y

where subseript 1 denotes conditions
at the diffuser entrance
and subscript o denotes
ambient conditions.
Sub%tituting (28)

in (27) and solving for

h,, the following is ob-

ar
tained
. S
D .

where /] is obtained from Figure 2B. Also from the con-

tinuity and state equations, the following results:
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(a) pyVy41= poVod,

P
(b) = = RT
P
P__P
(c) P2= ;;20
Io

and thus

(30)

where Pr is the Pressure Ratio corresponding to an enthalpy
or temperature (see Reference 1) and Pr, is the final Pressure
Ratio after a non-isentropic change in pressure throughi the

diffuser corresponding to the h,, from Zquation 29. The

2P
diffuser efficiency is also left undetermined so that it can
be chosen to suit the particular problem. (Figure 2B is in-
cluded in this report as a basis for assumptions).

At this point, it should be clearly understood that the
above method also can be applied to a problem involving a
fixed design ram-jet. In the fixed design calculations, the
area ratio, Al/Az’ would be known and thus V2 would be deter-
mined by the following:

ro 2 lAl
=% .T 4 2To““2

V

Inasmuch as some investigators prefer to define diffuser
efficiency on the basis of pressure recovery, the following

equation mey be used for obtaining V2 directly;

P
)( . ?ro oii:l
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where bry is the total pressure ratio (isentropic) and
corresponds to th‘ Neglecting V3 in Equation 28,
v,
hzv —_— -z—g—J- + ho
Figure 2 shows h vs Fr from the Air Tables {(Reference

l) and also has tabulated.Pro, T, h

o* "o’
for various altitudes within the atmosphere, permitting
rapid calculation of ream-jet performance without reference
to material other than what is contained in this report.
Some performance figures previously calculated by
the method presented in Reference 6 were compared with
those obtained for the same conditions by the method pre-
sented herein, and the maximum error was found to be 5 %.
The Sa term 1s largely responsible for this discrepancy as
it is quite critical. A small error in detemining the e-
xact magnitude of Sa for a particular fuel-air ratio and ‘I'2
can cause a greater error in Ct’ This also serves to

demohstrate the ceritical nature of the efficiency of com~

bustion, as it directly affects Sa'

and Co (sonic velocity)
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BRIEF OUTLINE OF METHOD
(The following is intended as an aid and guide in cal-
culating Ct for any Mach number, fuel-air ratio end altitude).,
For given Mach number of/rlight, fuel-alr ratio, and

altitude, read the following data from Figure 2; ho’ C T,

o’ "o
Pro, and calculate Vi from Mach number and Co' Select a

diffuser efficiency (Figure 2B) and an usable V, and cal-

culate h_ from

2
_p

Dop = 327

2 2
(vl 'v2)+ho

From h2 find Pra, using Figure 2 or the Air Tables (Ref-
erence 1), then calculate 4,/A4, from

fl _ PrOTOV2
Az PrOTOVl

The Al/Az may be known, as in a fixed design, and the
Vz thus determined by the diffuser efficiency; this is a
method of trial end error, as a V2 must be assumed to cal-
culate hZP’ from which Pr2 is found end thus Vz. However,
v

2
more than one re-calculation is necessary (see Sample Cal-

is not very critical in computing haP so that usually not

culation I).
F

From the Tz (Figure 24) and Vz, read W& from Figure 3
nv a 7

and subtract Ega for flame holder loss to obtain §> , 4lso
a

from one of the following; Figures 34, 3B, 3C, 3D, or 3E,

read the Sa for the fuel-air ratio and Ta. (If considerable
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caleulation is anticipated for a particular altitude and
Mach number or fuel-air ratio, the curve can be obtained

by cross-plotting from Figures 3D and 3E,) Calculate ¢(M$)

fron
F
]
Bu,) = P
s) = WS,
s
If S, is greater than F=,either reduce Sy (the fuel-air
a F
ratio), or V,, (See Sample Calculation III). > must

always be equal to or greater than S, as ¢(M5) cZn not

be less than 1. Knowing §(M;), g(lg) is obtained from
Figure 5 for the nozzle efficlency expected, as indicated
on the figure. If the fuel-air ratio 1s low, at low

flight speeds, or at a high altitude, any combination
which would produce relatively low temperatures at the
combustion chamber exit, one should use the ¢(M3) and ﬁ(M5)
curves corresponding to the larger Y and conversely for
expected high temperatures., However, the error in ¢(m5)
due to using the mean Y would never be over 1.5 %. Then

C. can be calculated from

2A1.(Wsa3a¢0Ms) g )
= -1

2 1l

t
2

m?

C

-]
4

t
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Sample Calculation I

PROBLEM: To find Ct for the following conditions:
4L =hy =4y

Altitude = 40,000 ft

Flight mach No, = 3.0

Fuel-Air Ratio = .0333 1b fuel per 1b air

(50 7% stoichiometric)

i

770 = .85 WS .95)
a

SOLUTION:
- 1.68 Btu per 1b air

BN
o
o
i

{Pro = ,94
l. From {

; Co = 974; V:L = 300 = 2922 ft per sec
Figure 2:} o

i T = 393"R

\ 0

2., From T, = 1085°R

Figure 2A:

3. From 7D =179 7%

Figure 2B:

4, Select & V2 for initial calculation = 400 £t per sec

n
_p 2 2 .79 2
Bhop = 35y (V17 = V") + by = 5553 [‘2922)

- (200)3] - 1.68 = 130.4

5. From Reference 1:
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Prz = 20.2
6 v, _ TTolaVaM) .94 x 1085 x 2922 _ 4p, o
* Pr T A2 20.83 x 393 x 1 *
o
. 79 2 2
7. Re-c ting h = > [ - (37 - 1,68 =
e-calculating hyp 50103 (2922) (370) } 1

i

'—-l
¥y
o
o)

From Reference 1, ¥r, = 20,39

2

.94 x 1085 x 2922

Vo = =50.29 x 398

2

= 371.9 ft per sec

8. From Figure 3 or calculate

a2,z _ 1l

Wa V2 g 2¢g
Letting n =1,

¥

S _ 371.9 _

Wa =170 =~ YWk 164.2

9. 7From Figure 3D: Sa = 137

10, 75 Sy = +95 x 137 = 130.15
a

164064
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12, From Figure 5 $(M.) = 1.05 for n._ =88 %
Inp

2 S @M ) ,
_ 5 |W80.15)(1.05)82.2 || _ __2
B 2922 1.4(3)2

C, = .85 for A‘l = Az and 1:30 fuel-alr ratio
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Sample Calculation 1I

PROBLEM: To find Ct for the following conditions:
Altitude = 20,000 ft
flight Liach No., = 4.0
V'

2
Fuel-iir Ratio = ,0665 1lbs fuel per 1lb air

= 200 ft per sec

(100 % stoichiometric)
Ne =857%()g = 957)

a
SOLUTION:
ho = 11.24 Bbu per 1b air
1. From |FTo = 1.474
Figure 2 C, = 1037.5; V; = 4C = 4150.0 ft per sec
T, = 446.8°R

2. From T = 1790°R

Figure 24

3., From Jip = 70 /o
Figure 2B

D 2 2
4, hyp = 5gl (v -, ) + h 5‘0"’1‘55 (4150 - 200%°)

+ 11.24 = 251.3 Btu per 1b
5. From Reference 1, (or Figure 2)

Prg = 92.23 (corresponds to hZP = 251.3)

0 2 _ 92,83 200 446.8

6. L, =P, T, 7, ~ 1.472 £150 1790 - -753
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7. From Figure 3
F
4
-— = 484
Mo
a2v
Flame holder loss, (n = 2) = z-2 = §% = 6,21 thus

s
7= 48t - 6.2l = 477.79

8. From Figure 34
Sa = 177,5

477,78
9, Fy =S, #li,) W, Plily) = Swis = 2.692

10. From Figure 5, taking 4; = &g

fiMg) = 1.81 for Inp = 80 % (low according to

Figure 5A4)
24 Sa¢(M5)g 245
llo Ct = A2 T - 1 - 5 -
1 Az'f'M1
177.5 x 1,81 x 32.% 2
= 2(.753) = - 1| - —t
[ 4150 } 1.4(4)?

‘ Ct = .914
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Sanmple Calculation LII

PROBLEK: To calculate Ct for the following conditioms:
Altitude = Sea Level
Flight Mach No., = 2,0

Vz = 350 ft per sec

Fuel-iir Ratio = ,0605 (Lean) (91 % stoichiometric)
1b fuel per 1b air

Oc = .85 (7Sa = ,995)

SOLUTION:
/ h, = 28,56 Btu per 1b air

\vr = 2.9
1. From &on ;

Figure 2 | ©

[%

2, From T, = 920°R

1

1117 .50; Vl = ZCO = 2235 ft{ per sec

i

519.0°R

Figure 24

3. From /= .85 7
Figure 2B

_lp

2P — 2g7 (22552 - 5502) +

2 2 _ .85
(vl - vg ) + ho

4. h = 50,103

+ 28,96 = 111,22 Btu per 1b air

5. From Reference 1:

A] Yr, T v 14,82 519 350
* - S 2.49 920 2235
4g Pr, T, A

7. From Figure 3 or calculate
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Y3 o M _ 53.36 x 920 _ 1,0,
WA - Vz - 350 - ¢

{for two velocity heads, loss at flame holders
NV,

)
2g

n=2a |

8. From Figure 3B Sa = 160, which is larger than F,, thus

3’
ﬂ(ms)<l; as this is impossible
either reduce Sa or decrease VZ

and re-calculate.

9. Reduce Sa to 140; i.e., make mixture more lean -

F
10, fy) = S =1 guL) =1
a 8
24y | S 0(M;5)g Rag
1l. Ct = S -1 - 5 =
4 4 A,1)
_ 140.2 x 32.5 _ !
= 2(.525) 5535 1] Z(1.4)
C, = 714
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Appendix I

Validity of method presented in UMM-1 (see Reference 6) for

special cases.,

This portion of the report is the result of an in-
vestigation which had as its objective the presentation of
evidence that the method presented in Reference 6 accounts
for the particular condition of flow where a Liach number of
one exlsts at the combustion chamber exit and that no solution
could be obtained if a higher kiach number would be required
at this station. During the cours of this investigation it
was found that the method of solution given in Reference 6
gave two solutions at low flight velocities for the velocity
at the end of the combustion chamber, one being supersonic
and of no practical significance, while only one solution
could be obtained at higher flight velocities. This was
somewhat unexpected and warranted further investigation even
though the supersonic solution was only of academic interest.
The work that followed led to the development of the method
of calculation given in the main body of this report and the
explanation given there regarding the presence of two so-
lutions for the flow conditions at the end of the combustion
chamber is believed adequate. The following consists of a
detailed description of the method of solution as given in
Reference 6 and some representative graphical evidence which
shows that the method is wvalid for the instances where sonic

velocity exists at the combustion chamber exit and that the
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method would give no solution if velocities greater than
sonic were required.

Figures 1 and IA show the results of a series of cal-
culations to determine the exit conditions from a cylindri-
cal combustion chamber for various inlet air velocities \Vé).
See Figure A for the location of various sections referred
to as station 2, 3, ete. The method is by trial and error;
i.e., a value is assumed for Vs, and by satisfying the energy,
force-momentum and state equations, trial values of PS’.PB’
and T5 are determined. Then, satisfying the continuity of
mass flow equation determines if the proper V5 was initially
chosen. TFigure L is a plot of the trial solutions for var-
jous combustion chamber inlet velocities at a flight lach
number of 1.75 at 40,000 feet with & fuel-air ratio of .0665.
This diagram plots the initially assumed velocity at station
% against the final velocity determined by the cont inuity
equation, after having satisfied the energy, force-momentum,
and state equations. L1t follows that the assumed Ve which
gives a calculated V3 of the same magnitude is the correct
golution for the flow at the conditions of fhe problem.

Thus the curves of Figure 1 and IA show the calculated Vs
plotted against the assumed V3 for various values of com-
bustion chember inlet velocity \Vz). The straight line in
both figures having a slope of 1 is necessarily the locus
of all solutions for Vs; i,e., the assumed velocity equals

the calculated velocity. Therefore, the intersections of

each curve with the straight line are V5 solutions for the
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particular conditions represented by the curve.

4 point worth noting is the small difference in the value
of Vz necessary to give two widely spaced solutions, or no
solution. Tor instance, in Figure L the V3 solutions for a
V2 or 205 ft per sec are 2305 ft per sec and 3105 ft per sec
while for a Vz > 207 no solution 1s obtained. Thus the method
under discussion can be employed with a high degree of a accu-
racy to obtain the Vz that produces choking, but only arfter
considerable calculation and work involving the Thermodynamic
Charts. (Reference 2).

in the instence where no solution appeared sz = 208 ft
per sec in Figure L) the heat addition (fuel-air ratio) was
decreased and & solution proved to be possible. Thus it is
established that the method under discussion would offer no
solution if conditions in the combustion chamber entrance
were such that for a given heat addition, velocities greater
than the local sonic velocity would be required at the end of
the combustion cheamber., Consecuently, it is concluded that
the data presented in Reference 6 does represent possible
solutions to the problem as there outlined despite some dif-

ferences with the conciusions derived by other investigstors.
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Appendix 1I

Propable Magnitude of the Air Velocity at the Entrance to
the Combustion Chamber.

it is of interest to note from Figure 3 theat at those
values of Tz corresponding to high mach numbers (5,6) the
upper limits of the combustion chamber entrance veloclty,
VB’ established by the fundamental equations governing flow
in a duct are of the order 700-1000 ft per sec for a maxi-
mum Sa (apprroximately stoichiometriec fuel-air ratic). A4as
the fuel-air mixture is mede more lean, reducing Sa’ the
maximum Vé inereeses even more. However, the applications
of a particular ram-jet design that would use these ex-
cessively high velocities are believed very limited, Tor the
following reasons:

At low iiach numbers, say those less than 2.8to 3.0,
the maximum Ct is obtained by using maximum Sa with the
corresponding maximum Vz such that sonic velocity exists
at the combustion chamber exit; i.e., no nozzle required -
open tail exhaust. At higher wach numbers the ran-jet
configuration corresponding to maximum Ct \Al = Az} serves
to limit Vg. digure 6 shows how this maximum V2 varies
with Liach number &t various fuel-sir ratios, and also how
it varies for 4 = Age

4t low lsach numbers the ratio of the difiuser inlet

area to the combustion chamber ares, Al/a , Would neces-

sarily be less than unity, and as the hiach number increases
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at a constant altitude, for example, the diffuser inlet, A,,
would be made larger, thus increasing VZ’ keeping FB equal
to Sa’ and therefore, V5 equat to local sonic velocity, until
Al equals Az. un rigure 6 this would mean moving along the
S, L. - 0665 fuel-air ratio curve to its intersection with
the S, L. curve of "Vz for Al = AE"' At this point the best
Ct possible for that particular altitude of flight and fuel-
alr ratio will be attained (see Iigure 7). As the ram-jet
accelerates further to higher i.ach numbers, Al should be
kept equal to Az and a teil nozzle should be used, whose
area ratio varies as required by “3' if Al is made greater
than Az, the Ct {referred to the maximum frontel area) will

decrease, because this willi cause an increase in V_ and, as

2
was establisned in deference 6, the thrust per 1o oI air de-
creases with an increase in Vz. it also follows that if Sa
is reduced at constant flight conditions (by reducing fuel-
air ratioj the diffuser inlet area Al should be opened up
increasing VZ' Thus, NB is Zept equel to the local sonic
veLocity until Al equals Az, at which point further reduction
in Sa would necessitate a nozzie. Figure 6 shows that for
the U605 fuei-air ratio, which would be used to obtain the
greatest Ct’ the maxinmun Vz is approximately 45C It per sec
(intersection of S. L, .U665 curve with 3. L. & = a5 curve).
1t also can be seen that the-diffuser efficiency afiects

tnis peak, causing an increase in the maxinun V2 for a less
efficient diffuser,

Roughn calculiations seelm to indicate that the mexinum

specific impulse, lg, occurs at a fuel-air ratio of ap roxi-
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mately .U4; for this reason, the curve corresponding to

a fuel-air ratio of .u4 was also sketched on rigure 6, and

tne maximun Vz for this curve appears to be 4oV ft per sec.
Thus, the maxlml.mttv2 that would ever te considered in

designs-where eitiner mexliuis Ct Oor maxlmum speclfic 1mpulse,

1g, (reduced Sa) were the primary objectives would be sone-

thing less thian 500 ft per sec, unless these¢ assumed dif-

fuser efficiencies prove to be too optimistic.
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FIG, A RAM=-JET STATION DESIGNATION
(REFERRED TO AS TN, 2, 3 ETC.)
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