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An analysis of a solid propsllant ramjet which carries the
propellant in the combustion chamber was made, and a procedure
outlined for calculating the required burning rate of such a ramjet
which develops constent thrust. The two factors which influenced

this development were:

1) The solid propellant ramjet's combustion chember varies
in size with time due %0 burning of the fuel.

2) 'The solid propellant ramjet develops constani thrust.

These factors were coordinated with the analysis of the internal
flow system of the remjet, and an expression for the required

burning rate was derived.
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SYMBOLS

area, square feet

veloclity of sound, feet per second

dreg coefficient of combustion chamber
drag coefficient for incompressible flow
skin friction coefficient

specific heat at consgant pressure
(for air 0.24 BTU/1b/"F)

throat dlameter, inches

internal diameter between individual grains, or charges,

- meking up combustion surface, inches

drag force due to friction in duct
incompressible drag force due to friction in duct
systenm parsmeter, B= [ ¥pAc

fuel - air ratio

thrust, pounds

acceleration of gravity (32.2 f’s/secz)
heating value of fuel, BT per pound
heat added, BT per pound

specific impulse, seconds

length of combustion chamber, inches
mass flow rate of air, pounds per second
fuel mass flow rate, pounds per second

mach number (v/a)



K =
p =
q =
R =
S =
S =
t'b =
Uy =
Ty =
h'2 =
WF =

¥ =

(0 =
Subscripts

o to 4 =

F

il

t

vii
number of individual grains making up combustion
surface
static pressure, pounds per square inch absgolute
dynamic pressure, pounds per sguare inch absolute
gas constant, feet per °F (for air 53.3)

specific fuel consumption, weight of fuel consumed
per hour per pound of thrust

Ideal specific fuel consumption, weight of fuel
congumed per hour per pound of thrust

time of burning, seconds

- temperature, %p absolute

total temperaturs, OF absolute
velocity within duct, feet per second
weight of fuel consumed, pou.nds
ratio of specific heats (for air 1.40)

density, pounds per cubic foot

stations in internal flow system shown in Figure 1
fuel
throat



I. IRTRODUCTION

The use of solid fuel in a remjet introduces énew problen.

As the fuel burns, the effective combustion chamber area increases.
This would normally result in a change in thrust; however, if the
condition of constant thrust is imposed, then this change in
combustion chamber area would vary the amount of heat required.

The chenge in heat required may be expressed in terms of the burning
rate required for a solid propellant ramjet developing constant
thrust.

References 1 and 2, which are representative of the numerous
analyses in this field, were concerned with the internal flow through
a ramjet having a constant combustion chamber area, and no restriction
on the thrust. These analyses were developed for subsonic conditions,
and a limited heat addition.

In the present investigation, a theoretical analysis was made
for supersonic conditions of a solid fuel ramjet, which carries the
propellant in the combustion chamber, developing constant thrust.
This latter requirement fixes the exit conditions and permits
calculation of the internal ﬂow‘from the rear of the ramjet to the
combustion chamber inlet. In this manner, the pressure loss
across the combustion chamber and nozzle was computed. The pressure
rigse across the diffuser may be determined from the known inlet
conditions. By equating the pressure rise to the pressure loss,
unique determination of the heat required for constant thrust can be

made. The smount of heat developed is 2 function of the fuel and
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its distribution, and from this, the reguired burning rate may
be determined.'

Results of this analysis are presented in Part II of the
investigation in the form of working equations, some of which have
been seclved and presented on charis. These equations and charts
have been consolidated, and the required burning rate or specific
fuel consumption is presented in Figuie 10. Part III illustrates

the method of solving a numerical problenm,
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Figare 1 Schematic of a solid propellent ramjet which
carries its fuel in the combustion chamber.
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II. ANALYSIS OF INTERNAL FLOW SYSTEMS

Flow characteristics of the internal flow system must be
calculated so that the state of air entering the combustion chamber,
the flow change across the combustion chamber, the net drag of the
internal flow, and the required geometry of the ramnjet can be
determined. In determining the infemal flow from the rear end of
the ramjet, the following relationships must be established:

(A) nozzle throat condition to ambient condition; (B) flow changes
across the nozzle; and (C) flow changes across the combustion
chamber. '.i!heQe expressions must then be related to (D) flow changes
across the diffuser.

One dimensional flow, uwniform velocity distribution across the
duct, constent gas properties, and ideal expansion were assumed,

Initial quentities assumed to be known are as follows:

(1) The desired thrust at designed altitude.

(2) The heating value and density of the fuel.

(3) Designed Mach number (supersonic) and atmospheric
conditions p,, (Oo, ..

(4) skin friction coefficient.
(5) Area of the throat of the nozzle.
(6) Ratio of length of chamber to throat diameter.

(7) The number of grains (N ) of fuel.
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A complete investigation should include consideration ofs
1) isentropic diffusion, and 2) normal shock wave; and whether
the nozzle is sonic or not at the throat, This analysis outlines

in detail the case of isentropic diffusion with a sonic nozzle.

A, Flow Relation Between Wozzle Exit and Ambient Conditliong

An exact relation between nozzle exit condition and that of
the ambient surroundings mey be obtained from the expression for
thrust. The thrust of a ramjet is given by the increase in

momentum of the internal flow, or

F=m (V4"'v°)o

The mass rate of flow at the nozzle throat is
Pt Yy M= Py 3y A, since My = 1
The thrust may then be expressed as

F=p; ag & (V=)

Y e L M)

or

‘Kﬁ,pft P

1l
@
,,‘[;\
——
2
»
|
=
L]
& :i\
~—
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A1l of the factors on the left hand side of the equation are

known initially, therefore a new parameter, E s 18 introduced

F
E = KPeﬂt
Then by the perfect gas law
T
oo R _ (_i)
2} T B Te
and st |
2 [T (IL) 2060
~n 1Tt Tt
Using the isentropic relation
Y4
Te = .
Te |+ S-My
then 4
= 2(%-1)
ztl E
E _ l! ' 2] EM“'— Mo T‘-‘-]
[ + 5 My (1)
Solving for
N
o=
To M,,,—E[l-r—;_‘ﬂMﬂ
Ty Mo
(14)

T4 is not a known parameter, but it can be related to the temperature
rise. The heat liberated is equal to the total temperature rise, or
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e —Tee _ _4H
Tee Cp Tax (2)

The compression from free stream to station 2 at the combustion
chamber inlet is an isentropic one, and the state 2 is assumed to

be a stagnation state, where
—';t = Et

Similarly the expansion from state 3 to state 4 is an isentropic one

and
Toe = Tue
Equation (2) becomes
Tar  _ aAH
-Eit - ‘ + CPTOt (5)

Using ‘the isentropic relation
Toe = T2 (1 F x=1 My )
equation (3) becomes
Te i (l + ¥ My )
T <4 +§;’1'-—;j I+ 5 M (4)

. AH
Equating (1A) and (4), and solving for C ve , results in the

following expression,

AH M.
CoTor el TE
24



This equation can
be solved in the form
of a graph and would be

gimilar to that shown

in Figure 2.
&u Ma

Figure 2

The ideal velue of heat required (&:Jé chQL:IE’cn:' a ramjet with no
losses can be obtained by entering Figure 2 with M, = Mo‘ As losses
develop, the exit mach number M, decreases, and a larger value of

CoTox is required to maintain constant thrust.

B, Flow Changes Across The Nozzle
In development of the analysis from the rear of the ramjet, the

flow across the nozzle must be expreseed in terms of the combustion

chamber outlet. The pressure ratio across the nozzle is

PBo_m B |

or, in terms of mach numbers,

¥

, s o
| S l+“‘Mq
R |+LLM3
hence
kR
E |+ 5 My (7)

k=
|+§;L'M3

=



By the continuity equation

Mz = Me
N‘T'Dt "dz‘
qu3M3 ] —ﬂqutT
or
My = &S (Y
Also,
1
T <G T FO a4\
Ms = (Ts) (T@) (WDJ
E
Solving for ‘-,——3; ’

2 (¥-1)

T2 |+ =My N[ /4 Y o
Te B4 M, ND°> (8)

Substitution of this relation into equation (6) yields

¥
X

zva’- ! | d i
R | + % My N B . ,
" < K vy ) [m;(m) (9

d
A relation between {75 and My may be obtained by equating (7)

d_ ‘ —sz—l“ ::('t‘ﬂ)
= \ M\ s
W De \ + > M3

and (8) »

(10)
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In eguation (9), the tem —(F—‘Lb-c— is a known quantity and
has physical significance, whereas Mz is an unknown value and is
not generally used as a parameter. This analysi’s will therefore
be developed in terms of —,rN——fij;; ; however, because of ease of
conversion, as seen in equation (10), solutions to all equations
were derived in terms of Mz. The final result is expressed in the
known parameter, m“%l .

Equation (9) may be written as

T
Ps Jr SN
R [ + ¥ My (11)

Ce Flow Chonces Across The Combustion Chamber

The flow through the combustion chamber is considered next. The
channel or duct has a constant cross section in which friction losses
oceur, As the fuel burns uniformly, the cross section of the duct
ﬁmreases, and a2 change in heat added is regquired to maintain constant
thrust. In keeping with the procedure outlined, 2all relations will
Pe stated in terms of combustion chamber outlet conditions,

The pressure drop between stations 2 and 3 (at combustion
chamber ‘inlet and outlet) is obtained by applying the momentum relation
between these stations:

D
Pr ¥ AVe = PtV + R - (12)
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where Dy is the drag force due to friction within the combustion
chanber,and Ap = Az,

From equation (12) it is evident that the pressure drop is
comjosed of a component asgociated with thé frictional drag force,
and a component due to the momentum increase in the duct. As
pointed out in Reference (1), the former component is frequently
neglected but becomes very important when the velocity in the
duct is large. The d,rag term is presented in the form of a drag

coefficient, CDf— s, Where

I 5
CM R A 13)

If the incompressible flow is taken as a basis for the unheated low

speed condition, the drag coefficlent becomes

Corea - ( quAL)k (14)

and is determined by the geometry of the ramjet and the Reynolds ﬁumber.
Theré is an inecrease in the dynamic pressure when heat is applied,
resulting in an increase in the incompressible drag coefficient.

If the dynamic pressure varies linearly with fhe length of the
combnstién chamber, an average value may be assumed, and equation (14)

beconmes
' Dii
st Lo S,
C.Df}« = ,_L(;v:+gzv,‘] A,
2. 2

If the incompressible drag is now expressed in terms of the skin



friction coefficient (a kmown value), CDf+ becomes

CF ‘L.[ &V), ‘:—F‘AV! J LN"__ DQ‘

3

Coqa = n [[’;vﬁ*— p,v;‘]Nth
2 4
or
Coea = 4 '3)% Ct
hence

Ry
Gz L’T’“ ]’43

L
Dea = 472 (15)

Since the heating effect has been accounted for in 'the basic drag

relation, the two drag equations (13) and (15) may be equated
2 L wr
— C¢ [3¥3
Co¢ (2% % Ay = # D &f [)”4“ ((%g+l>/43'
or

Cre = 2 %Q Ce ('* ) (16)

With this definition of the drag coefficient, equation (12) becomes
L %>, 1V:.1
Pat OV = Pyt Vi 2 De Ce Q1+ C/p) A

or

'F: - YM;licf‘(!*r@/p&)\v((—[’s/ﬁﬁ
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or, in terms of the diameter ratio, since D, varies,

g ™'
‘:3 = |+ "‘BXOLL Ve De s Ce vt (_(:,/&)} (7)

In order to evaluate the pressure ratio, the density ratio
must first be obtained. This ratio may be determined by simultaneous

solution of the energy eguation,

T
— v _—
_\ZL_L + Cp ‘1 + AH = —i'z"' + CP ‘3

the continuity equation,
()1- Va = (’3 V3
the perfect gas relation,
= fRT
and the momentum relation, equation (12). The final result is

'M;I‘%‘ - :’SQCfJ(F/ﬁ) [IHMa(me“*('/) % =0

CpTot

. d
or in terms of ﬁi"—_b; .

N

ML [}%’ o % ]Q)/ [HKM.’ \ < mq“ﬂ \é-) I+ CPI°E18): -

3

Solution of equation (17) provides l;; , for,

o



(19)

Thus the pressure drop across the combustion chamber and nozzle has

been calculated, and must equal the pressure rise across the

diffuser.

Solution of equation (17) also permits determination of M. ,

for by the continuity eguation,

F,_Cl,_M:. = (’3“!"43

) =

or

2 QR
fa
2
s '3

__Tl., T;t ’+"ML & )+kz'M1
T - The l+“’M C-PT") | + &
Combining- the last two equations, and simplifying,

l
M'&Q QpTr ({)/()z.> -

Mz:

T )

(20)

The pressure rise across the diffuser as computed from the rear

of the remjet was plotted ve the combustion chamber inlet mach

number as calculated in equation (20), (see Figure 3).
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M, Vs. ,:’t for constant B, M,, ”’ZLL

Ml / m De

g

Figure 3

A plot of combustion chamber inlet mach number and heat
required for constant thrust as developed in equations (18)

and (20) is shown in Figure 4.

M. vs. C‘:g& for constant E, M, and CI:—LQ

a
Cplot

Meure 4
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D, Flow Changes Across The Diffuser

In an analysis of a ramjet having a designed supersonic mach
number, there are two types of diffusion to be considered - namely,
isentropic and normal shock wave diffusion. In this investigation,
diffusion was considered to be isentropic, and the diffuser 100%

efficient. The pressure rise across the diffuser is

¥

)?f—': < 5 Mo )ﬁ (21)

|+t my

I

A
R,:(

©

Now, the pressure rise across the diffuser as computed from the

front end of the ramjet was plotted in Figure 5.

N L

M. vs. = for constant By, Mg, g —

M..

»

Figure 5

B
Y

thrust was obtained by superimposing Figure 5 on Figure 3 and

Unique determination of M.  and for constant
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noting the ypointis of intersection as shown in Figure 6.

M, vs. -‘} for constant B, M,, ywL

.
FronT €MD
M.
Rear €nd
LY
R
Figure 6

E, _Determination of Burning Rate
The condition of constant thrust has been satisfied by the

simultaneous solution of equations (19), (20), and (21). With the
value of M2 obtained at the intersection of the two curves as
a parameter, the value of heat required (Cip%t) wes determined
. from Figure 4 for a given value of F—,;CL& « After obtaining values

AH !
of Cpet for various YN D. , & chart was next constmcted of
d AH

WD ¥ oo ! (see Figure 7).
AH . N L
Sotot NS. % D for constant B, M,, (1
AH Il
Cplor o
4
IN D

Figure 7



This chart was used later to obtain the heat required for an
.elemental volume. In considering an elemental volume, the

weight of fuel consumed and the time of consumption must be

calculated.

To accomplish this, the mass rate of flow is written as

m = ﬁa;"’llﬁi =2 2 M, M’f“ {;—E;

where -

Then,
T+l

(1)
(/“D) /H— TMO
m /aoMz \ I+ & MI

The fuel-air ratio may be determined from
AR

f = "n

me

1'3=m

or

The A H was obtained from Figure 6, and h is a given value,

therefore

me = mf

(22)

The finel relation between the weight of fuel burned, the time

of burning, and the changes in diameter may be obtained by
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considering a smell elemental volume of fuel, The volume ( V, )

at time X is

V, = LN™Dc (4dc) | . (23)

where A D, is the change in fuel diameter. At time t + 4t ,

Vi .
D (t+at) = D (t)+ 4D = D (%) + LNT D|c_ (t) (24)
Or, in terms of f/VCLD¢ ’
A De (ttat) (N D (t) N Vi
d = ey t LT D)
YN Dec(t) Vi
= T | + Thwor )
Hence, solving for V, ,
IV De (tray)
2 ol —
M=LNWm“J % Do () ]
<
N Do
2 (t+at)
N Dc.(fﬂ) o
V, = 4L4t(-———~d ~Yweem | (25)
cl

The weight of the fuel consumed, w; , may be obtained from

Wg = (’F V.
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The time of bumning of this elemental volume is

\Ad o

Aty = me

A plot of the weight of fuel consumed vs. diameter ratio and

vs. time of burning was made in Figures 8 and 9.

\M;:v\s.ﬁdl—)‘t for Sive.n @% we vs. ty  far g’ivcn %
s .
N 5
Figure 8 Figure 9

To show the curve in detail, the specific fuel consumption
minus the ideal specific fuel consumption was plotted. The specific

fuel congumption is

3cve F 3600 Mg
- - = F
S - (26)
For the ideal case in which there are no losses,
: )
2{¥-1
¥R At : |+ 5 M:—
m = Qo V, + 4H xti (27>
Cp-ﬁt 2



~20=

akH
The value of T 7o is obtained from Figure 2 entering with

My = Mo . as 2 paremeter. Then
S ' - 300 A K MY
o T hF

where m is as expressed in equation (27).
A plot was then constructed of (S= So) vs. time of burning

(see Figure 10).

S~Sa vs. ty Ffor given ﬁu;L

Figure 10



-1
I1I1. A NUMERICAL PROBLEM

In & numerical problem to determine the burning rate of a
solid fuel ramjet (which carries its fuel in the combustion

chamber) developing constant thrust, the following data is given:

M, = 2 h = 14,220.65 BTU/b. N = 25

E = 2 | ¢ = 140.5 5/8s° 8, = 0.003

¥ = 1.4 Ay = 188 "L = 50

p, = 4.362 psia. 7, = 411.7°R F o= 1758 Ib.

Equation (5) has been solved for these values, and is shown in
Figure 11. From this chart, the ideal velue of heat required for a
ramjet with no losses is 1.019., As the losses develop, the exit
mach number is decreased and a larger value of —cf—‘g; is
required.

The relation between 7= 5~ and M3 as expressed in
equation (10) is shown i!; Figure 12.

Solutions of equations (19) and (20) for various values of L’Z—L/:
are shown in Figures 13A, 13B, snd 13C. It is to be recalled thet
these sclutions were calculated from the rear of the ramjet.
Bouation (21), celculated from the front end, is plotted on these

same figures, and the intersection of these two curves uniguely

determine Ps and M, for a constant thrust, solid

o

propellant ramjet.
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The heat required to maintain this constant thrust was
plotted vs. the combustion chamber inlet mach number, and is
 ghown in Figures 14A, 14B, and 14C. Using the uniquely determined
value of M, as the entering parameter, the heat required was
obtained as a function of the diameter ratio (‘y;—,st‘ﬁz_) , end is
shown in Figure 15.

Using the process of an elemental volume as described in
Section H, and solving equation (25), a relation between the weight
of the fuel consumed and the diameter ratio was determined. This
relation is shown in Figure 16. The weight of fuel consumed was
plotted vs. the burning time in Figure 17. The slope of this curve
is the required burning rate. Unfortunately, for the values chosen,
the burning rate is relatively constant. Actually, the required
burning rate should decrease with an increase in buming time. To
show the relation between the weight of fuel consumed and the
burning time in greater deteil, the specific fuel consumption
was calculated from equation (26) and the value of (S ~ §,) was
plotted vs. time of burning and is shown in Figure 18, This curve
shows a change of approximately fifty percent in (S - Sp) over the

range of burning time,
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