
JOURNAL OF PROPULSION AND POWER

Vol. 16, No. 5, September–October 2000

Design and Control of Solid-Fuel Ramjet
for Pseudovacuum Trajectories

S. Krishnan,¤ Philmon George,† and S. Sathyan‡

Indian Institute of Technology Madras, Chennai 600 036, India

A ballistic trajectory in air of a powered projectile where the thrust always balances the drag is termed as a
pseudovacuum trajectory. For a solid-fuel-ramjet (SFRJ)-powered gun-launched projectile this trajectory can be
achieved by the control of engine mass-� ow rate, either by a bypass control of inlet air or by a regression rate
control of fuel. Based on one-dimensionalconsiderations, the procedures for a preliminary design of the propulsion
system for an SFRJ-assisted gun-launched projectile and the methods to calculate the control requirements are
presented. Using these, typical con� gurations of SFRJ suitable for 155-mm gun-launched projectiles are analyzed
for different launch angles. The results indicate that the control requirements by either method are minimal and
thus, demonstrate the self-throttling characteristics of SFRJ.

Nomenclature
A = constant in the regression-rateequation
Ae = nozzle exit area
At = nozzle throat area
Din = rearward step diameter
Dp = initial fuel-grain-portdiameter, mm
Dp,i = instantaneous fuel-grain-portdiameter, mm
Dt = nozzle throat diameter
F = thrust
Ga = air mass � ux through fuel grain port, kg/m2s
L = length of fuel grain
Mo p = molecular weight of combustion products
M2 = Mach number at rearward step entry
Çmab = bypass air-mass-�ow rate
Çmac = captured air-mass-�ow rate
Çmact = trial captured air-mass-� ow rate under

subcriticalmode
Çmas = off-design spillage air-mass-� ow rate
Çmat = trial air-mass-� ow rate in the combustion

chamber
Çmb = mass-� ow rate of combustion products
Çm F = mass-� ow rate of fuel
pa = atmospheric pressure
pe = nozzle-exit static pressure
poa , po2, po3, = stagnation pressures at corresponding
po4 , po5, po6 locations (Fig. 1)
po2c = stagnation pressure at location 2 under critical

mode
p 0

o5 = stagnation pressure required to pass combustion
gases through nozzle throat

p3 = static pressure at port entry (location 3, Fig. 1),
bar

Ru = universal gas constant
Çr = fuel regression rate after control, mm/s
rb = combustion-chamberstagnation-pressure-loss

factor, po4 / po3

rd = operating stagnation-pressure-recovery ratio of
inlet, po2 / poa
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rdc = critical stagnation-pressure-recovery ratio of
inlet, po2c / poa

rno = nozzle stagnation-pressure-loss factor (overall),
po6 / po4

rnt = nozzle stagnation-pressure-loss factor
(convergent portion), po5 / po4

Çro = fuel regression rate, mm/s
rr = rearward-step stagnation-pressure-loss factor,

po3 / po2

Çrt = fuel regression rate trial, mm/s
Toa = stagnation temperature of inlet air, K
To4 = stagnation temperature of combustion gases
T 0

o4 = adiabatic � ame temperature
T3 = static temperature of air at port entry (location 3,

Fig. 1), K
u = projectile velocity
ue = nozzle-exit velocity
c = ratio of speci� c heats of combustion products
D t = time interval, s
g b = combustion ef� ciency, To4 / T 0

o4
U = equivalence ratio

Introduction

T HE velocity and range of a gun-launched projectile can be
substantially increased by incorporating into it a propulsion

system. Between the two possible propulsion systems, rocket and
ramjet, the latter for the given total weight can providehigher range.
Of the two ramjet types, namely the solid-fuelramjet (SFRJ) and the
liquid-fuelramjet, the former representsa simpler designbecauseof
the absence of any moving part in its basic con� guration. However,
for controlpurposesthe � ight con� gurationof an SFRJ may contain
certain moving components, but still it tends to be simpler than the
liquid-fuel ramjet that uses a relatively complicated dynamic-feed
system with associatedcontrols.Quite a few research projects have
been reported in the development of SFRJ-assisted gun-launched
projectiles.1 ¡ 9

The typical construction of an SFRJ-assisted gun-launched pro-
jectile is as given in Fig. 1. It has two parts. The front part has a
diameter a little less than the gun barrel diameter for a loose � t, and
this part houses a payload. At the nose of this front part is the inlet,
closed by a frangible diaphragm. The rear part is of an outer diame-
ter, which is considerablyless than that of the front part and it forms
the engine in which the fuel grain is stored. When in a gun barrel, a
one-way valve inside the projectile (not shown in the � gure), sepa-
rating the front and the rear parts, together with an obturator on the
periphery, serves as a piston.

The operating principle of an SFRJ-assisted gun-launched pro-
jectile is as follows. On � ring, the gun-propellantcombustion gases
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Fig. 1 SFRJ-assisted gun-launchedprojectile and reference locations.

� ll in the annular gap between the gun barrel and the rear part and
the space within the engine (fuel grain port, aft mixing chamber,
and nozzle passage). Forcing the piston, these high-pressure gases
eject the projectile into the atmosphere at a supersonic Mach num-
ber of around two or more. The possibility of the fuel grain getting
ignited within the gun barrel is precluded by two factors: 1) the
travel time of the projectile within the gun barrel is of the order of a
few milliseconds (<10 ms) and 2) the gun propellant is mostly fuel
rich. Now, the projectile having been ejected into the atmosphere,
the opening of intake by the release of the frangible diaphragm and
the gushing of air into the SFRJ take place in quick succession.
Air � ows in with a relatively high stagnation temperature of around
540 K or more. After external and internal deceleration processes,
air enters the air inlet of the rearward step at a Mach number of
around 0.3–0.4. Having been exposed to the high-temperature and
very-high-pressuregases (a few thousandbars) within the gunbarrel
and now on being exposed to the high-temperature air, the surface
of the fuel grain automaticallygets ignited and releases combustion
products.The hot combustionproductsthus releasedare accelerated
throughthe nozzle with an exit momentum rate greater than the inlet
value, thereby producing a thrust.

When an SFRJ � ies at a lower altitude, as the air there is dense,
it ingests large-air-mass-�ow rate with high values of air mass � ux,
pressure, and temperature in the combustion chamber. The require-
ment of correspondinglyhigh fuel � ow rate for this large-air mass-
� ow rate can be met because the regression rate of fuel is propor-
tional to airmass � ux,pressure,and temperature.At higheraltitudes,
as the air there is thin, the SFRJ ingests low-air-mass-�ow rate with
reduced values of air-mass � ux, pressure, and temperature in the
combustion chamber. The requirement of correspondinglyreduced
fuel � ow rate at this condition can be met because of the preced-
ing regression-rate dependency. The self-throttling characteristics
of SFRJ, thus, permit high-performanceoperation from sea-level to
high-altitudeconditions.

A pseudovacuumballistic trajectoryof a projectilein air is the one
in which the drag experienced is always balanced by the thrust pro-
duced by the propulsive unit.1 The adoption of this trajectory to an
aerodynamically stable � re-and-forget projectile has two principal
advantages, evidently in addition to the substantially enhanced ve-
locity and range. The � rst one is the easy and accuratepredictability
of the trajectory. The second is the insensitiveness of the trajec-
tory to external disturbances such as winds. Any crosswind will
exert a force at the center of pressure of the projectile causing it
to weathercock into the wind so that the resultant relative wind di-
rection is in line with the projectile axis that subtends an angle to
the original trajectory. The resulting enhanced drag (caused by the
increase in the relative wind velocity) will be countered by an in-
creasedthrust from the propulsiveunit maintaining the projectileon
its originalpseudovacuumtrajectory.Head windsand tailwindswill
be similarly compensated by the thrust = drag control. To compen-
sate any asymmetry,the projectileis usuallygivena spin (about10%
of a conventionalprojectile), and this results in a small computable
drift of the trajectory.2 Computational studies including transients
with typical atmosphericpro� les of real weather effects have shown
thatpseudovacuumballistic trajectoriesunderthe thrust = drag con-
trol can be � own with a high precision leading to a circular error
probableof evenoneorderofmagnitudeless than thatfromanequiv-

a) Entire air� ow over the fuel surface

b) Partial air� ow over the fuel surface

c) Least air� ow over the fuel surface

Fig. 2 Tube-in-hole technique.

alent conventionaltrajectory(standard round or rocket assisted).2,10

Among the options to achieve this trajectory, the SFRJ along with
a sensitive accelerometer gives the simplest and, hence, the least-
expensive solution. The accelerometer here senses any variation in
axial accelerationand producesa signal that can monitor the engine
mass-� ow rate until the produced thrust balances the drag. Refer-
ence 2 presents further detaileddiscussionon the essential elements
of an accelerometercontrol system for SFRJ in a gun-launchedpro-
jectile. The control of engine mass-� ow rate can be achieved either
by a bypass control of inlet air or by a regression-rate control of
fuel. In the � rst method a required quantity of inlet air is bypassed
into the atmosphere without participating in combustion. For the
projectile concept schematicallygiven in Fig. 1, the bypass ori� ces
can be locatedsuf� cientlyupstreamof the obturatorsuch that it can-
not block the bypass � ow. This method of bypass control of inlet
air is relatively a old one and is found adopted in many operating
systems (for example, YF-12 aircraft and Concord use bypass con-
trol of inlet air).11,12 In SFRJ this method was adopted in a 203-mm
gun-launched projectile developed by Nordon Systems.1 But, the
second method is of recent origin and is speci� cally proposed for
SFRJ and is known as the tube-in-hole technique.13 A schematic
arrangement of the tube-in-hole technique is shown in Fig. 2. In
this, the regression-rate control of fuel is achieved by altering the
effective air mass � ux over the fuel surface using a translatory tube
coaxially placed in the grain port hole. The tube splits the inlet air-
� ow into two portions, one directed along the annular passage and
the other through the center of the grain.

The present study, based on one-dimensionalconsiderations,de-
tails proceduresfor a preliminarydesignof SFRJ for pseudovacuum
trajectories.Also presented are the methods to calculate the control
requirements for the bypass control of inlet air as well as the re-
gression rate control of fuel. In this assessmentexerciseof the SFRJ
sizing and the required thrust control, certain simplifying assump-
tions and procedures are used as detailed in the following:

1) The parametersare as follows: a) the launchangle is 30–45 deg,
and b) the annular gap between the gun-barrel inner diameter and
the projectile’s rear-part outer diameter is 5–10 mm.

2) The gun ballistics are as follows: a) the kinetic energy of the
projectileat launch is constantat 15.11MJ, andb) theaveragelength
of fuel grain is used for the calculation of the combustion-chamber
mass.

3) The drag calculations are as follows: a) zero angle of attack
is assumed; b) the average length of fuel grain is used for the cal-
culation of the total projectile length; c) wave drag is calculated
through the semi-empirical relation by Miles (see Ref. 14) for an
ogival nose of slenderness ratio =2.5; d) friction drags for body
and � ns are calculated using the Karman–Shoenherr equation for
compressible � ow14 ¡ 16; e) the interference drag is 5% of [c) + d)];
and f) the allowance for protuberances is 2% of [c) + d) + e)].
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4) The inlet is as follows: a) the inlet diameter is in� nitely vari-
able; b) the critical stagnation-pressure recovery ratio of inlet is
rdc = po2c / poa = f (M) (Ref. 17); and c) the � ow is adiabatic.

5) The combustion chamber is as follows: a) the fuel-grain
length is in� nitely variable to give the stoichiometric fuel-air ra-
tio; b) the wall thickness is 2.5 mm, and the material density is
8000 kg/m3; c) the liner thickness is 2.5 mm, and the material den-
sity is 1000 kg/m3; d) for better combustionef� ciency an aft mixing
combustion chamber is provided, and its length is 250 mm; e) the
launch Mach number varies with respect to total mass of projectile,
and this is typically around 2, with the maximum estimated inlet
diameter as 55 mm and for M2 ·0.4, Din is � xed at 60 mm; f) for
a stable-� ammability condition Dp / Din is 1.5, so that Dp is � xed
at 90 mm; g) fuel density [polybutadiene:magnesium-aluminumal-
loy (50/50):nitroglycerine=60:20:20] is 1150 kg/m3; h) the fuel
regression-rate is Çro = AG0.4

a D ¡ 0.25
pi T 0.4

oa p0.4
3 mm/s (A comes out as

a solution), and the fuel-mass-� ow rate is Çm F = p Dpi L Çro; i) the adi-
abatic � ame temperature, the ratio of speci� c heats, and the molec-
ular weight of combustion products are calculated using a standard
complex chemical equilibriumcode such as CEC71 (Ref. 18); j) the
combustion ef� ciency is g b = 0.9; k) the rearward-step stagnation-
pressure-lossfactor is rr ( ´ po3 / po2) =0.95; and l) the combustion-
chamber stagnation-pressure-loss factor is rb( ´ po4 / po3) = 0.95.

6) The nozzle is as follows: a) the nozzle throat is choked and
in� nitely variable; b) the adapted adiabatic nozzle expansion is as-
sumed; c) the nozzle stagnation-pressure-loss factor (overall) is
rno( ´ po6 / po4) =0.9; d) the nozzle stagnation-pressure-loss fac-
tor (convergentportion) is rnt( ´ po5 / po4) = 0.97; and e) the nozzle
length is 70 mm.

7) The thrust is shown with the following: Drag = F = ( Çmac

+ Çm F )ue ¡ Çmacu.
For the two controls typical con� gurations of SFRJ suitable for

155-mm gun-launchedprojectilesare analyzed.The results indicate
that the control requirements by either method are minimal and
within practical limits.

Projectile Con� gurations
Certain basic SFRJ projectile con� gurations for the 155-mm gun

have to be � rst estimated before starting the calculation of control
requirements for a pseudovacuum trajectory. For this, based on a
separate study the dimensions of major componentsexcept inlet di-
ameter, fuel-grain length, and nozzle throat diameter were realized
(Fig. 1). By the same study the mass of the projectile,except that of
combustionchamber (comprising fuel grain, liner, and combustion-
chamber shell), was estimated to be 51 kg. To complete the estima-
tion of certain basic projectilecon� gurations,a rubber-engineanal-
ysis was carried out as per the assumptions and procedures given
in the preceding section. Rubber-engine analysis is one in which
one or more of the engine components are assumed to be capableof
in� nite variability in con� guration.19 Here the inlet diameter, fuel-
grain length, and nozzle throatdiameterare assumed to be in� nitely
variable.

The projectile velocity at launch for the given gun and propellant
charge dependson 1) the volume provided for the charge to burn, 2)
the length of the projectile,and 3) the mass of the projectile.For the
simplicityof analysis, the projectilevelocity at launch was assumed
to be dependentonly on the mass of projectile for a constant kinetic
energy of the projectile at launch.

Rearward-step stagnation-pressure-loss factor rr and combus-
tion-chamber stagnation-pressure-loss factor rb can be calculated
depending on the operating conditions at every instant.20 ¡ 22 As per
the correlation found in Ref. 20, the value of rr for the present
con� guration is found to decrease from 0.97 (at launch) to 0.95
(at touchdown). Similarly rb is found to increase from 0.92 (at
launch) to 0.96 (at touchdown).22 In addition to these two fac-
tors, the sudden area variation from the grain port to aft mixing
chamber will give a stagnation-pressure-loss factor changing from
0.95 (at launch) to 0.97 (at touchdown).20 Generally the nozzle
stagnation-pressure-loss factor is high, say 0.96–0.98. However, to
maintain the simplicity of the procedure, in the present study ex-
cept the inlet stagnation-pressure-recovery ratio rdc all stagnation-

pressure-loss factors are taken to be constant as given in the pre-
ceding section. The resulting gross-pressure-lossfactor (excluding
rdc) of 0.81 (0.95 £ 0.95 £ 0.90) appears to be conservativebecause
the worst situation that occurs at launch also works out to be 0.81
(0.97 £ 0.92 £ 0.95 £ 0.96).

Combustionef� ciencyis dependenton severalparameters includ-
ing inlet air temperature and combustion-chamber pressure. With
an increase in altitude, air temperature and combustion-chamber
pressure will drop, and as a result g b could reduce. At very high
altitudes (>15,000 m) combustion may not be possible unless
the combustion-chamber pressure is suf� ciently high. In typical
combustion-chambercon� gurations of SFRJ, combustion has been
demonstratedat pressuresabove 0.5 bar, although the g b is reported
to be low at the limiting low pressure, around 0.7 (Ref. 21). Zvuloni
et al. attained an average g b above 0.93 for hydrocarbon fuels
(HTPB, polymethylmethacrylate, and polyethylene) in the pressure
and temperature ranges of 8–10 bar and 300–800 K, respectively.23

For a nearly limiting high launch angle of 38 deg, the combustion
chamber of the projectile con� guration under study typically expe-
riences a peak altitude <10,000 m, a pressure range of 1.5–6 bar,
and a temperature range of 370–540 K. For lower launch angles the
conditions are still more favorable. In view of the preceding, the
assumption of an average g b =0.9 seems appropriate.

In the iterative scheme presented in the preceding section, the
valueof A in the fuelregression-rateequationcomesout as a solution
for the given launch angle and annular gap.

A typical result of the rubber-engine analysis, for launch angle
of 35 deg and annular gap of 6.5 mm, is given in Fig. 3. From
such results we note that for a given launch angle and annular gap
1) the fuel-grain length is maximum at touchdown, 2) the throat
diameter is varying from the minimum at launch/touchdown to its
maximum at peak altitude, and 3) the inlet diameter is varying from
the maximum at launch/touchdownto its minimum at peak altitude.

For an actual engine to operate with a minimal bypass control
of inlet air or regression-rate control of fuel, as the case may be,
� xed values for fuel-grain length, throat diameter, and inlet di-
ameter are to be carefully chosen. Although this choice is done
more or less by trials—using the results of the rubber-engine anal-
ysis as the base—a general guideline however can be followed as
per the following. First, regarding the fuel-grain length, an average
value from rubber-engine results can be chosen. Nevertheless, this
is treatedas a parameter in the design analysis that is presentedhere.
Second, regarding the choice of throat diameter, in order to pass the
combustion products at all times let it be � xed for the moment at
its maximum value Y (Fig. 3). Now the two control methods are
to be considered separately for the choice of the third and the last
quantity, namely, the inlet diameter. In the case of bypass control

Fig. 3 Variation of fuel-grain length, throat diameter, and inlet diam-
eter. The launch angle is 35 deg, the nose ogival slenderness ratio is 2.5,
the annular gap is 6.5 mm, and the constant A in the regression-rate
equation is 8:5 £ 10¡ 3 .
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of inlet air, the chosen inlet diameter should have a value to ingest
air mass-� ow rates at all times. Therefore, it may seem at � rst sight
that the inlet diameter may assume the value X (Fig. 3). But in prac-
tice the inlet diameter as well as the throat diameter have to be still
higher than their respective X and Y values for the following rea-
son. If the inlet diameter of X had been chosen, most signi� cantly
at touchdowncondition the resulting (air + fuel) mass-� ow rate has
to pass through the throat of Y —� xed for the moment—instead of
the corresponding smallest throat of Z (Fig. 3). Therefore, at this
instant there should evidently be an enhanced stagnation-pressure
loss that comes from a supercritical operation of the inlet. But with
the resulting reduced pressure because of the supercritical opera-
tion p3 , the ingested air cannot generate the required fuel � ow rate
for thrust = drag condition (see regression-rateequation in the pre-
ceding section). Under the circumstances a mass-� ow rate of air
correspondingto the inlet diameter of X 0 , higher than the one corre-
sponding to X , should be ingested.This higher mass-� ow rate of air
alongwith the somewhat enhancedfuel � ow rate (though not of sto-
ichiometric but of fuel-lean value) gives thrust =drag requirement
without bypass control of inlet air at touchdown. Thus, the cho-
sen inlet diameter X 0 is always higher than X , and this difference
(X 0 ¡ X ) depends on the fuel-grain length. At other conditions, to
realize thrust =drag requirementthe tuningof the air mass-� ow rate
is necessaryby bypassinga quantity of inlet air into the atmosphere
without its participationin combustion.This bypassingcannot be to
the extent of the rubber-enginebase because the bypassedair in turn
increases the total drag, demanding higher thrust than in the case of
rubber engine.To achieve this demand, the engine mass-� ow rate is
augmented by a suitably retracted bypass that generates more Çm F .
To negotiate such augmented mass-� ow rates of engine at all times,
most signi� cantly at peak, the throat diameter has to be � nally � xed
at a valueY 0 evenhigherthanY . In the case of regression-ratecontrol
of fuel, because the control of total mass-� ow rate comes through
the control of fuel regression rate, the chosen inlet diameter for the
actual engine can be less than X 0 (Fig. 3). However, this diameter is
treated as a parameter in the analysis.Here again it can be argued to
show that the throat diameter has to be � xed at a value higher than
Y , as the inlet diameter is invariablychosenabove X . In eitherof the
control methods, however, Dt / Dp should be ·0.91 for acceptable
ef� ciency and stability of combustion.24 ¡ 26 Furthermore, this limit-
ing valueof 0.91 is acceptableonly with high values of pressureand
temperature that occur at launch. However after launch as the fuel
regresses, the Dt / Dp, i reduces giving acceptable lower values as
the projectileascends.Because Dp has already been � xed at 90 mm
(see the precedingsection), the maximum value that Dt can assume
is 82 mm. In fact this maximum limit on Dt , as will be shown later,
� xes the maximum possible launch angle for the projectile.

From the rubber-engine analysis with launch angles and annu-
lar gaps as parameters as per the preceding discussion, many trial
enginecon� gurationscan be chosen.No detaileddimensionalinfor-
mation is available on the con� gurations of operating SFRJs used
for pseudovacuum trajectory projectiles. Nevertheless, the major
dimensional ratios such as length-to-diameterratio of engine or of
whole projectile and mass per unit length of projectile of a typical
trial con� guration approximately match with those of a reported
one.1,24 Each of these trial con� gurations is characterizedby an an-
nular gap, a value of A, a fuel-grain length,a throatdiameter, and an
inlet diameter; and the con� gurationcan be analyzed for the control
requirements.The most suitable con� guration is the one that can be
operatedclosest to the stoichiometricconditionfor the widest range
of launch angles, with the least control and the smallest sliver!

Control Requirements
The projectile is assumed to have an axisymmetric inlet with a

center bodyof 45-deg cone angle.For the launch design Mach num-
ber, that is maximum, the diameter of the capture area is equal to
the diameter of the chosen inlet area. But, for other lower Mach
numbers the diameter of the capture area will be less, resulting in
an off-design spillage11,27 of Çmas (caused by supercritical, critical,
or subcriticalmode), and this Çmas is assumed to exit with zero axial
momentum. Wind conditions affect projectile drag and inlet oper-

ation (air mass-� ow rate, stagnation-pressure-recovery ratio, and
supercritical margin), and the controls should be able to negotiate
wind conditions and maintain the projectile on its pseudovacuum
trajectory.Typicalatmosphericpro� lesof realweather effectsbelow
tropopausegenerally indicate a maximum wind velocity of 15 m/s.
For the projectile considered this will result in a sideslip angle—
transient in nature—of less than 2 deg caused by side wind and the
change in inlet air-mass-� ow rate within 3% because of head/tail
wind. Experimental results28 on similar projectiles show negligible
variation of drag coef� cient for this change in slideslip angle in the
Mach number range of 1–2; the projectile operates in the Mach-
number range of 1.7–2 and below tropopause. The change in inlet
operating conditions because of wind conditions tends to reduce
the maximum launch angle capability and demand wind conditions
dependent controls. These can be calculated by a simple extension
to the present basic procedure that is given for a no-wind condition.

Bypass Control of Inlet Air

In this method the control is possible only when the inlet is op-
erating under critical or supercritical mode. As per the preceding
discussion, to negotiate the launch/touchdowncondition the chosen
inlet diameter is higherthan the maximum value from rubber-engine
analysis.With thishighervalueof inletdiameter,most of the time the
captured air mass-� ow rate Çmac and the resulting fuel � ow rate are
unsuitablefor the conditionof pseudovacuumtrajectory.Therefore,
the tuning of the combustor air-mass-� ow rate is done by bypassing
Çmab from the captured air-mass-� ow rate Çmac . For a conservativees-
timate Çmab is also assumed to exit with zero axial momentum. With
all of these, for a chosen trial con� guration the control characteris-
tics can be calculated for various launch angles as per the following
procedure:

Step I: At an arbitrary time, using the � ight velocity and atmo-
spheric conditions calculate poa , po2, po4 , po5, po6 , Toa , p3, T3, and
the total drag (Introduction section).

Step II: Calculate the captured air-mass-�ow rate Çmac after ac-
counting for off-design spillage Çmas (Refs. 11 and 27).

StepIII:Choosea trial air-mass-� owrate in thecombustioncham-
ber Çmat. Evidently Çmat · Çmac; Çmab = ( Çmac ¡ Çmat) is bypassed.

Step IV: Calculate the fuel regression rate (Introduction section)
and hence Çm F .

Step V: Calculate adiabatic� ame temperatureT 0
o4, c , and Mo p us-

ing CEC71 with the precedingratio of Çmat and Çm F and p3 . Calculate
To4 using g b .

Step VI: Calculate ue , pe, and hence the thrust,

F = ( Çmat + Çm F )ue ¡ ( Çmac + Çmas)u + ( pe ¡ pa ) Ae (1)

Step VII: Check whether this thrust is equal to the drag. If not, go
to step III.

Step VIII: Calculate the nozzle throat stagnation pressure p 0
o5

required to pass the mass-� ow rate of combustion products
Çmb = ( Çmat + Çm F ):

p 0
o5 =

Çmb RuTo4 / Mop

At
p

c (2/ c + 1){c +1/ 2( c ¡ 1)}
(2)

Step IX: Check whether p 0
o5 · po5. If p 0

o5 < po5, the inlet is oper-
ating in supercriticalmode (operating po2 / poa < rdc); set po5 equal
to p 0

o5; recalculate po4, po6, po3 , and operating po2 using rnt, rno, rb ,
and rr respectively;and go to step IV. If p 0

o5 > po5 , the inlet is oper-
ating in subcriticalmode, and bypass control is no longer effective.
Hence abort the calculations. If p 0

o5 = po5, then the prior Çmab is the
one to be bypassed.

Step X: Under quasi-steady-state assumption, calculate the new
port diameter after the time interval D t :

Dp,i + 1 = Dp,i + 2 Çri D t (3)

Go to Step I with the new temporal and spatial values until the total
time of � ight is covered.
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Regression-Rate Control of Fuel

Here as for the preceding case is chosen a trial con� guration,
characterized by an annular gap, a value of A, a fuel-grain length,
a throat diameter, and an inlet diameter. Contrary to the preceding
control method, the entire captured air mass � ow participates in
combustion, and the necessary balancing of thrust with drag is ob-
tained by adjusting the fuel regression rate from Çro (the regression
rate corresponding to the unaltered air-mass � ux in grain port) to Çr
(the one corresponding to the altered air-mass � ux in the grain port
because of splitting). The control characteristics can be calculated
for various launch angles as per the following procedure.

Step I: At an arbitrary time using the � ight velocity and atmo-
spheric conditions,calculate poa , po2, po4 , po5 , po6, Toa , p3, T3, and
the total drag (Introduction section).

Step II: Calculate the captured air-mass-�ow rate Çmac after ac-
counting for off-design spillage.

Step III: Choose a trial fuel regression rate Çrt , and calculate the
fuel-mass-� ow rate Çm F .

Step IV: Calculate adiabatic � ame temperature T 0
o4, c , and Mop

using CEC71 with the preceding ratio of Çmac and Çm F and p3 . Cal-
culate To4 using g b .

Step V: Calculate ue, pe , and hence the thrust

F = ( Çm ac + Çm F )ue ¡ ( Çmac + Çmas)u + ( pe ¡ pa) Ae (4)

Step VI: Check whether this thrust is equal to the drag. If not, go
to step III.

Step VII: Calculate the nozzle throat stagnation pressure p 0
o5

required to pass the mass-� ow rate of combustion products
Çmb = ( Çmac + Çm F ) using Eq. (2).

Step VIII:Check whether p 0
o5 · po5. If p 0

o5 < po5, the inlet is oper-
ating in supercriticalmode (operating po2 / poa < rdc); set po5 equal
to p 0

o5; recalculate po4, po6 , po3 , and operating po2 using rnt, rno , rb ,
and rr respectively; and go to step IV. If p 0

o5 > po5 (the inlet is op-
erating in subcritical mode and subcritical off-design spillage will
occur), go to step XI.

Step IX: Calculate the regressionrate Çro using the regression-rate
equation (Introduction section) for Çm ac and p3 and the regression
rate ratio Çrt / Çro .

Step X: Under quasi-steady-state assumption calculate the new
port diameter after the time interval D t using Eq. (3). Go to Step I
with the new temporal and spatialvalues until the total time of � ight
is covered.

Step XI: Choose a trial capturedair-mass-� ow rate Çmact . Evidently
Çmact · Çmac ; ( Çmac ¡ Çmact ) is the subcritical spillage mass-� ow rate.

Step XII: Calculate the adiabatic � ame temperature T 0
o4, c , and

Mop usingCEC71 with the ratio of Çmact and Çm F . Calculate To4 using
g b .

Step XIII: Calculate the nozzle stagnationpressure p 0
o5 requiredto

pass the mass-� ow rate of combustion products Çmb = ( Çmact + Çm F )
using Eq. (2). If p 0

o5 6= po5, go to step XI.
Step XIV: Calculate ue , pe , and hence the thrust

F = ( Çmact + Çm F )ue ¡ ( Çmac + Çm as)u + ( pe ¡ pa )Ae (5)

Step XV: Check whether this thrust is equal to the drag. If yes, set
Çmac = Çmact and go to step IX. If not, choose a new trial regression
rate Çrt and hencenew trial fuel-mass-� ow rate Çm F and go to step XII.

Results and Discussion
Several trial enginecon� gurationseach characterizedby anannu-

lar gap, a valueof A, a fuel-grainlength,a throatdiameter, and an in-
let diameterwere analyzedfor thecontrolrequirementsfor the range
of launch-anglecapability from 30 to 45 deg (Ref. 29). This analysis
indicates that the lower launch angle (because of higher drag) de-
mands largerquantityof fuel (smallerannulargap). Also it pointsout
that the wider range of launch angles can be achieved with a larger
valueof throatdiameter Dt . Nowfor thepresentationof othercontrol
characteristics,we have to choose a � xed enginecon� gurationand a
fuel type.An annulargapof 6.5 mm is chosenfor the enginewith by-
pass control of inlet air. This gap for the engine with regression-rate

Fig. 4 Percentage variationsofbypassratio of inlet air. The nose ogival
slenderness ratio is 2.5, the annular gap is 6.5 mm, the constant A in
the regression-rate equation is 8:5 £ 10¡ 3 , and the throat diameter is
82 mm.

control of fuel is taken as 5.5 mm. Based on the results of the analy-
sis for different launch angles and annular gaps and also taking into
considerationthe typical regression-ratevalues reported in the liter-
ature for HTPB fuel,22,30 a value of 8.5 £ 10 ¡ 3 is assigned to A. The
maximum possible value of 82 mm is used for Dt in order to have a
wider range of launch angles. The other two, fuel-grain length and
inlet diameter, are takenas parameters for the analysis.However, for
the bypass control of inlet air, given the value of fuel-grain length
and zero bypassratio at touchdown,the inlet diametercomes out as a
solution.

Bypass Control of Inlet Air

The percentagevariationsof bypass ratio for three different fuel-
grain lengths and their corresponding inlet diameters are shown in
Fig. 4. Also shown are the percentage variations of the same at a
fuel-grainlengthof 1070mm for launchanglesof 30, 35, and 38 deg.
With the increase in grain length and the correspondingdecrease in
inlet diameter, the contribution of Çm F to the total mass-� ow rate
of combustion products Çmb (= Çmac ¡ Çmab + Çm F ) increases; there-
fore, the requirement of bypass control on inlet air decreases. But
with the increase in launch angle because the projectile is required
to operate at higher altitudes (wider environmental changes), the
maximum bypass control requirement increases. For a projectile
of a given con� guration, the limitation on maximum launch angle
comes because of the inability of the chosen throat to pass the re-
quired Çmb ( p 0

o5 > po5). The way to remove this limitation lies in the
increaseof throat diameter, but with the constraintof Dt / Dp ·0.91
for the chosen Dp the maximum possible Dt =0.91 £ Dp , as al-
ready indicated. Any further increase in Dt is possible only with
the corresponding increase in Dp . Here, for the speci� ed annular
gap this increase in Dp will in turn need a longer grain with an
unrealisticallyslow fuel regression rate.

The equivalenceratio U is the ratio of the operating fuel/air ratio
to the stoichiometric fuel/air ratio. The variations of U for three
different grain lengths are shown in Fig. 5. Also shown are the
variationsof U at a fuel-grain length of 1070 mm for launch angles
of 30, 35, and 38 deg. The variation of grain length affects U , and
as expected the longer length can shift the engine operation to the
fuel-rich side. By choosing an appropriate grain length, the engine
can be made to operate near the desired equivalence ratio.

In this method of bypass control of inlet air because the inlet can
operate in supercritical or critical mode, the enhanced stagnation-
pressure loss because of supercritical operation is of interest. This
can be characterizedby rd / rdc, where rd (=po2 / poa ) is the operating
stagnation-pressure-recovery ratio of inlet. Shown in Fig. 6 are the
variations of rd / rdc at a fuel-grain length of 1070 mm for launch
angles of 30, 35, and 38 deg. At a peak altitude as the actual engine
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Fig. 5 Equivalence-ratio variations under bypass control of inlet air.
The nose ogival slenderness ratio is 2.5, the annular gap is 6.5 mm,
constant A in the regression-rate equation is 8:5 £ 10 ¡ 3, and the throat
diameter is 82 mm.

Fig. 6 Inlet operation under bypass control of inlet air and regression-
rate control of fuel. The fuel-grain length is 1070 mm, the nose ogival
slenderness ratio is 2.5, the annular gap is 6.5 mm, the constant A in
the regression-rate equation is 8:5 £ 10¡ 3 , and the throat diameter is
82 mm.

has its throatdiameterclosest to theone of the rubberengine (Fig. 3),
the rd / rdc is at its maximum.

A representative regression-rate variation in � ight according to
the assumed equation is shown in Fig. 7. The corresponding tra-
jectory pro� le is also given. To demonstrate the wide variation in
operating conditions, a high launch angle of 38 deg is chosen. The
experimental regression rates reported in literature for HTPB fuel
are also marked in the � gure. Reference 22 gives an experimental
correlationfor anHTPB fuel.Using this correlation,for typical� ight
conditions the regression rates were calculated and are presented.
However, in Ref. 30 the experiments were conducted for an HTPB
fuel at a lower Dp of 10 mm and a relatively higher constant stag-
nation temperature of 540 K. These experimental data indicate that
the assumed regression-rate equation is representative of a typical
HTPB fuel.

Regression-Rate Control of Fuel

In this method, although the inlet can operate under subcritical
mode and still deliver thrust =drag condition, the requiredvariation
of regression-rate ratio is sharp and large once the inlet enters into
subcriticalmode as shown in Fig. 8. Such a sharp variationmay not

Fig. 7 Variations of range, altitude, regression rate, and air-mass � ux
with time of � ight. The launch angle is 38 deg, the fuel-grain length is
1000mm, the inlet diameter is 52.0mm, the nose ogivalslenderness ratio
is 2.5, the annular gap is 6.5 mm, the constant A in the regression-rate
equation is 8:5 £ 10¡ 3, and the throat diameter is 82 mm. aRegression
rate is calculated using experimental correlation of Ref. 22 for identical
valuesof air-mass � ux, inlet stagnationtemperature, andstatic pressure.
bTest data of Ref. 30 for Dp = 10 mm and Toa = 540 K.

Fig. 8 Regression-rate ratio variations for supercritical and subcrit-
ical operations. The fuel-grain length is 1070 mm, the inlet diameter
is 52.0 mm, the nose ogival slenderness ratio is 2.5, the annular gap is
5.5 mm, the constant A in the regression-rate equation is 8:5 £ 10¡ 3,
and the throat diameter is 82 mm.

be possible by a control system. Therefore the results of subcritical
modes of operations are not presented here.

The variations of regression-rate ratio for three different inlet
diameters are shown in Fig. 9. Also shown are the variations of
the same at an inlet diameter of 50.5 mm for launch angles of 30,
35, and 38 deg. For a given launch angle with the increase in inlet
diameter and the corresponding increase in captured air-mass-� ow
rate Çmac, the regression rate Çro is high. But relative to Çmac , to satisfy
thrust =drag condition the required fuel-� ow rate is less and so also
the required regression rate. Consequently, the regression-rateratio
Çr / Çro decreases with the increase in inlet diameter. For given inlet
diameter and launch angle the regression-rate ratio decreases from
launch to a minimum at peak and then increases to its maximum
at touchdown. This behavior can be argued to be caused by 1) the
chosen inlet diameter being less than X 0 but higher than W (see
Fig. 3) and 2) the rd / rdc, coming from supercriticaloperation,being
lowest at launch/touchdown(see Fig. 6). To estimate the load on the
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Fig. 9 Regression-rate ratio variations under regression-rate control
of fuel for different inlet diameters. The fuel-grain length is 1000 mm,
the nose ogival slenderness ratio is 2.5, the annular gap is 5.5 mm,
the constant A in the regression-rate equation is 8:5 £ 10¡ 3 , and the
throat diameter is 82 mm.

Fig. 10 Equivalence-ratio variations under regression-rate control of
fuel for different inlet diameters. The fuel-grain length is 1000 mm,
the nose ogival slenderness ratio is 2.5, the annular gap is 5.5 mm,
the constant A in the regression-rate equation is 8:5 £ 10¡ 3 , and the
throat diameter is 82 mm.

control system, it is of interest to consider the ratio of the preceding
maximum and the minimum. If we designate this as control ratio,
it is found to decrease with the increase in inlet diameter; however,
this variation is very small.

The variations of U for three different inlet diameters are shown
in Fig. 10. Also shown are the variations of U at an inlet diameter
of 50.5 mm for launch angles of 30, 35, and 38 deg. The variation
of inlet diameter affects the U , and as expected the smaller inlet
can shift the engine operation to the fuel-rich side. By choosing an
appropriate inlet diameter, the engine can be made to operate near
the desired equivalence ratio.

Under regression-ratecontrol of fuel, among the chosen inlet di-
ameters the lowest inlet diameter is found to provide the highest
launch-anglecapability to the projectile.The reason for this can be
explained as follows. From rubber-engineanalysis one can see that
at peak the throat diameter is maximum and the inlet diameter is
minimum (Fig. 3). These extrema further increase and decrease re-
spectively with increase in launch angles. For the actual engine the
throat diameter is � xed above this maximum as per the preceding
discussion (of course with the limit Dt / Dp =0.91). At peak, fur-
thermore, an inlet diameter � xed closer to the preceding minimum

Fig. 11 Regression-rate ratio variations for different fuel lengths. The
inlet diameter is 51.3 mm, nose ogival slenderness ratio is 2.5, the an-
nular gap is 5.5 mm, the constant A in the regression-rate equation is
8:5 £ 10 ¡ 3, and the throat diameter is 82 mm.

keeps the excess air � owing into the actual engine less. Therefore,
the lower the inlet diameter the higher is the launch-angle capabil-
ity. But this higher launch angle capability is achieved sometimes
sacri� cing the lower launch-angle operation for the given annular
gap. For example with 930-mm fuel-grain length and annulargap of
5.5 mm, lowering the inlet diameter from 52 to 50.5 mm increases
the higher launch-anglecapability from 38 to 40 deg; but 52-mm in-
let diameter can work at a 30-deg launch angle, whereas a 50.5-mm
one cannot because of the inadequacy of fuel.

The variations of regression-rate ratio for three different fuel-
grain lengths are shown in Fig. 11. Also shown are the variations
of the same at a fuel-grain length of 930 mm for launch angles of
30, 35, and 38 deg. For a given inlet diameter and air-mass � ux
the fuel-mass-� ow rate increases with the increase in fuel-grain
length. Therefore the mean regression-rate-ratio requirement de-
creases with the increase in fuel-grain length. The control ratio de-
creaseswith thedecreasein fuel-grainlength;however,thisvariation
is very small.

In the methodof regression-ratecontrolof fuel, among the chosen
fuel-grainlengths, the shortestfuel-grainlengthprovidesthe highest
launch-angle capability to the projectile. The principal reason for
this is that the drag of the projectile decreases with the reduction in
fuel-grainlength.But thishigher launch-anglecapabilityis achieved
sometimes sacri� cing the lower launch-angleoperationfor thegiven
annular gap. For example with 50.5-mm inlet diameter and annular
gap of 5.5 mm, lowering the fuel-grain length from 1070 to 930 mm
increases the higher launch-angle capability from 37 to 40 deg,
but 1070-mm fuel-grain length can work at a 30-deg launch angle,
whereas a 930-mm one cannot because of the inadequacy of fuel.

A typical curve of rd / rdc in the regression-ratecontrol of fuel is
also shown in Fig. 6. The variationsare similar to the ones in bypass
control of inlet air.

Maximum Launch-Angle Capability

Using the preceding two calculation procedures, maximum
launch-angle capability of a projectile con� guration can be calcu-
lated. The higher the launch angle the higher is the range, but the
wider are the environmental changes. The limit on the maximum
launch angle comes because of the inlet operating at critical con-
dition at the corresponding peak altitude. Most ramjet systems are
operatedwith a comfortablemarginaway from thiscriticalcondition
becausemany inlet designs includingannularones haveno subcriti-
cal operatingregion. If such an inlet is operatedat or near its critical
condition, then it is very easy to drive the inlet directly into its buzz
condition. When this happens, combustion blowout is imminent.
Furthermore, as explained earlier either of the two controls cannot
beoperatedundersubcriticalmode.Thereforea supercriticalmargin
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for operation must be used and be based on a total knowledge of all
geometries, engine pressure losses, and combustion characteristics.
When these parameters are assumed from general literature, a safe
supercritical margin of at least 5% may have to be assumed to � x
the maximum launch-anglecapability.

Conclusions
For an SFRJ-assisted projectile to operate under a pseudovacuum

trajectory with a minimal bypass control of inlet air or regression-
rate control of fuel, a set of � xed dimensions of fuel-grain length,
throatdiameter,and inletdiametercanbe chosenfromrubber-engine
analysis.This choice gives the preliminary design con� guration for
the engine.

In the method of bypass control of inlet air, the choice of fuel-
grain length correspondingly� xes the inlet diameter. In this method
the control requirements decrease with the increase in fuel-grain
length.The mean operatingfuel/air ratio increaseswith the increase
in fuel-grainlength.Hence, by choosingan appropriategrain length,
the engine can be made to operate near the desired fuel/air ratio
condition.

In the method of regression-ratecontrol of fuel, the requiredvari-
ation of regression-rateratio is sharp and large once the inlet enters
into subcritical mode. Hence this control under subcritical mode
appears to be very dif� cult to be realized. Lower inlet diameter or
shorter fuel-grain length is found to provide higher launch-angle
capability to the projectile. The mean operating fuel/air ratio in-
creases with the decrease in inlet diameter and/or the increase in
fuel-grain length.By choosingan appropriateinlet diameter or fuel-
grain length, the engine can be made to operate near the desired
fuel/air ratio condition.
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