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Solid-Fuel Ramjet Regulation by Means of an Air-Division Valve

Deborah Pelosi-Pinhas¤ and Alon Gany†

Technion—Israel Institute of Technology, 32000 Haifa, Israel

An in-� ight regulation technique, which can provide an optimal operation of a solid-fuel ramjet (SFRJ) motor
over a wide � ight envelope, has been analyzed. Regulation capability is essential for an ef� cient use of the SFRJ
propulsionfor applicationsinvolvingvariable� ight andoperatingconditions.The methodis based ona controllable
air-division valve, which drives part of the inlet air into the solid-fuel port, while the rest of the air� ow is channeled
through a bypass to the aft-mixing section of the combustor. The model takes into account parameters in� uencing
the burning rate of the solid fuel (e.g., port-� ow rate, port diameter) and formulates a general regulation law in
terms of the instantaneous opening state of the division valve for a constant fuel-to-air ratio operation. The control
law was checked for certain cases, considering typical trajectories. It hasdemonstrated a goodregulationcapability
over a broad operational range (between sea level and 15-km altitude).

Nomenclature
A = area
d = diameter
f = fuel-to-air ratio
f (h) = function of altitude in the regulation law, Eq. (22)
G = air mass � ux
g(M) = function of Mach number in the regulation law, Eq. (23)
H = inlet step height
h = heat-transfer coef� cient; altitude
L = fuel grain length
M = Mach number
m = temperature exponent
Çm = mass-� ow rate
n = mass-� ow rate or mass � ux exponent
Çq = heat � ux
Çr = fuel regression rate
T = temperature; air temperature
T0 = stagnation air temperature
t = time
c = speci� c heat ratio
D Hv = heat of gasi� cation
q = density

Subscripts

a = air
b = bypass
c = combustion
f = fuel
in = inlet
max = maximum
min = minimum
nom = nominal
p = port
t = throat
w = wall

Introduction

T HE solid-fuel ramjet (SFRJ) is one of the simplest airbreathing
engines.The use of solid fuels in conventionalenginesprovides
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many advantages:high-energydensity resulting in a more compact
system, simplicity (essentially, there is no need for fuel control,
fuel storage and feeding systems comprising pumps and valves),
safety, and easy storage. Another advantage of SFRJ motors is the
high degree of combustionstability,1 which seems to result from the
mainly diffusion-controlledcombustion process.

Becauseof theirhigh speci� c impulse (3–4 times than thatof solid
rocketmotors), SFRJ motors are particularlysuitablefor long-range
missile and projectilepropulsionat supersonic � ights (typically be-
tween Mach 2 and 4); at lower Mach numbers turbojet engineswith
afterburner may be preferable.

Of the three types of ramjet engines—the liquid fuel ramjet, the
ducted rocket, and the SFRJ, the SFRJ represents the simplest de-
sign solution because of the absence of any moving parts and the
simple combustorcon� guration.2 It consistsof an air intake system,
a combustor, and an exhaust nozzle. The combustor comprises a
sudden expansion (inlet step) serving as a � ame holder, an igniter,
and the solid-fuel grain, often of a hollow cylinder shape (Fig. 1).
Flame stabilizationhas been studied, e.g., by Netzer and Gany3 and
by Schulte.4 Often � ameholding limits are described on a plot of
the port-to-inletarea ratio A p / Ain, which is an equivalentparameter
to the relative step height, determining the dimensions of the recir-
culation zone, vs the port-to-nozzle throat area ratio A p / At , which
establishes the Mach number inside the fuel port (Fig. 2). Flight
conditions (Mach number and altitude) determine stagnation tem-
perature and pressureof the incoming air to the diffuser.For a given
stagnation temperature of the incoming air, any operatingpoint (in-
dicatedby certain A p / Ain and A p / At ratios) abovethe � ameholding
limit enables sustained combustion,whereas points below that limit
do not ensure stable operation. The � gure shows that either an in-
crease in inlet air temperature, an increase in the A p / At area ratio,
or an increase in the Ap / Ain area ratio can providebetter conditions
for sustained combustion. The higher the � ight Mach number is,
then the higher the stagnation temperature of the air, and the easier
the � ame stabilization.

The combustion process of the solid fuel consists of the thermal
decomposition and gasi� cation of the fuel surface because of heat
transfer from the hot � ow and combustion of fuel vapor with the
air in the gas phase5,6 (Fig. 1). The fuel vapor passes by diffusion
and convection to the shear layer developed between the incom-
ing air� ow and the recirculation zone. In this region a part of the
fuel vapor is burned with the air, and the combustion products,
together with the unburned fuel vapor, � ow over the solid-fuel sur-
face downstream of the recirculation zone. From the reattachment
point of the � ow at the end of the recirculation zone, a turbulent
boundary layer develops over the solid-fuel surface, where diffu-
sive combustion takes place between the fuel vapor from the wall
and the oxygen from the � ow core.7 The end section of the combus-
tor usually does not contain solid fuel and is used as an aft-mixing
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Fig. 1 Schematic of SFRJ combustor geometry and � ow� eld.

Fig. 2 Flameholding limits.

chamber in order to complete the reaction between the fuel vapors
and air. Sometimes the aft-mixingchamber is � tted with a bypassair
injection.

The fuel used in the SFRJ is primarily of a polymeric hydrocar-
bon type, e.g., polybutadiene, polyethylene, polymethylmethacry-
late, providing high heat of combustion, good mechanical proper-
ties, good regressioncharacteristics,and high combustionef� ciency
over a wide range of conditions. It is possible to increase both the
gravimetric and the volumetric heat release of solid fuels by using
certain metal additives.

In spite of the attractive features of the SFRJ motor, the use of
a solid fuel complicates the internal ballistics and the design of a
desired working point, as there is no direct control on the fuel � ow
rate. The fuel regression rate is known to be dominated by the heat
transfer to the fuel surface and the fuel gasi� cation process. Thus,
it depends on physical and chemical properties of the matter, on the
incoming air� ow rate, and on the geometry (basically the diameter)
of the combustion chamber.8,9 To ensure effective motor operation
over a wide � ight envelope,it is necessary to control the combustion
process, allowing motor operation at optimal conditions over the
desirable operating range. Such an optimal operation requirement
can be, for instance, the motor capability of operating at a constant,
desirable fuel-to-air ratio, over a wide range of � ight conditions.
This requires the regulation of the fuel mass-� ow rate during � ight
because of changes in the air mass-� ow rate due to the variable
� ight conditions(altitude and Mach number) as well as the increase
in fuel port diameter caused by solid fuel burning. A higher � ight
velocity or a lower altitude both increase the air mass-� ow rate,
causing a reduction of the fuel-to-air ratio, which may affect motor
performance signi� cantly. The increase in the fuel port diameter
with time also reducesfuel-to-airratio by diminishingthe fuelmass-
� ow rate.

SFRJ motors do have some self-throttlingcharacteristicsthat en-
able them to partially overcome this problem: the dependence of
fuel regression rate on air� ow rate and temperature implies that at
lower � ight altitudes, which are characterized by higher � ow rates
and stagnation temperatures of the incoming air, the fuel � ow rate

a) Entire amount of air � ows through the port

b) Air is divided to the port and the tube

c) Most of the air � ows through the tube

Fig. 3 Tube-in-hole technique.11

increases as well and vice-versa.However, this self-throttlingchar-
acteristicof the SFRJ is not completein itself,andadditionalsuitable
methods for the control of fuel mass-� ow rate should be applied.
This control can be achieved either by a controlled spillage of part
of the inlet air or by a regression-rate control of the fuel. The � rst
method has been adopted in many operating systems other than the
SFRJ (e.g., YF-12 and Concord aircraft use spillage control of in-
let air). The method consists of spilling a required quantity of inlet
air into the atmosphere,without entering the combustor.The second
methodseeksfuel regression-ratecontrolby varyingthe effectiveair
mass-� ow rateover the fuel surface.The tube-in-holemethod,origi-
nally proposedfor enhancing� ame stabilizationin the SFRJ at high
air� ow rate regimes,1,10 can be used for regression-ratecontrol.This
method uses a tube coaxially placed in the grain port hole (Fig. 3).
The tube divides the inlet air into two parts: one is directed into the
annular passage over the fuel surface, and the other � ows through
the central tube directly to the aft end. In the � rst position (Fig. 3a)
the entire amountof air � ows throughtheannularpassageproducing
the highest regression rate; in the second position (Fig. 3b) the tube
splits the air� ow, and the air mass-� ow rate over the fuel surface is
reduced,producinga lower regressionrate. In the thirdposition(Fig.
3c) most of the air � ows through the tube, and only the least amount
of air necessary for sustained combustion is directed into the fuel
port producing the lowest regression rate. Krishnan and George11

conducted recently a parametric study adopting the tube-in-hole
method for certain typical con� gurations of SFRJ gun-launched
projectiles, varying fuel grain lengths, inlet diameters, and launch
angles.

The objective of the present work is to propose and investigate
the possibility of regulating the SFRJ operation and to determine
the effectiveness of such a regulation over a wide range of � ight
conditions.The work focuses on a method that seems to offer good
controlcapabilities.This method is basedon an air-divisionvalve,12

which divides the incoming air� ow from the diffuser into two sepa-
rate � ows (Fig. 4); a part of the air (the principal air� ow) is drawn
directly into the combustion chamber through the port of the solid-
fuel grain and determines the fuel � ow rate, while the other part
(the bypass air� ow) � ows through a bypass to the aft-mixing sec-
tion of the combustion chamber, determining the overall fuel-to-air
ratio.

An analytical study has been conducted, formulating a general
regulation law for the air-division valve.
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Fig. 4 Schematic description of the combustion chamber showing the
air-division valve concept.

Analysis
Fuel Regression Rate

Being a result of thermal degradationand gasi� cation of the solid
fuel,13,14 the regression rate of a typical polymeric SFRJ fuel is
proportional to the heat � ux to the surface according to

Çr = Çqw / q f D Hv / Çqw (1)

Following is a model characterizing the average fuel regres-
sion rate, using physical approximations, as justi� ed by Hadar and
Gany.13 For a relatively high activation energy of the polymer de-
compositionprocess, the fuel regression is a quasi-equilibriumpro-
cess, with a practically constant value of the heat of gasi� cation.
The heat-transfermechanism is assumed to be dominated by forced
convection through the turbulent boundary layer. The heat � ux to
the fuel surface is

Çqw = h(Tc ¡ Tw ) (2)

As a � rst approximation,both the wall temperatureand the diffusion
� ame temperature can be assumed more or less constant, hence

Çqw / h (3)

In a developedturbulentboundary layer the heat-transfercoef� cient
can be expressedby Reynolds analogy.Under such conditionsit can
be correlated in terms of the air mass � ux through the port G and
the port diameter d:

h / G0.8d ¡ 0.2 (4)

where

G =
Çma , p

( p d2 / 4)
(5)

For noncircular fuel ports one can obtain similar expressions by
substituting the hydraulic diameter for the port diameter.

SubstitutingEqs. (1) and (3) in Eq. (4) and generalizingthe power
law, one obtains

Çr / Gndn ¡ 1 (6)

In terms of the mass-� ow rate through the port (or the principal
air� ow rate), Eq. (6) becomes

Çr / Çmn
a, pd ¡ (1 + n) (7)

An additionalparameter that can be taken into account is the total
temperatureof the incoming air T0 , which is known to in� uence fuel
regression rate. The more comprehensive model can then include
this effect:

Çr / Çmn
a , pd ¡ (1 + n)T m

0 (8)

where the total air temperature can be expressed in terms of � ight
Mach number and ambient air temperature T (depending on � ight
altitude):

T0 = T ¢ {1 + [( c ¡ 1) /2]M2} (9)

The fuel regression-ratemodel as presented here gives a general
schemethat can be replacedby testdataor othercorrelations[see, for
example, Ref. 12 for hydroxil-terminatedpolybutadiene (HTPB)].

Air-Division Valve Concept

Using an air-division valve, the incoming air can be divided into
two parts prior to enteringthe combustor:the principal(port) air� ow
and the bypass air� ow (see Fig. 4), where

Çma = Çma , p + Çma ,b (10)

The air� ow division concept is based on the fact that the fuel mass-
� ow rate is directly dependent on the principal air� ow rate, which
� ows through the fuel port, and is independentof the overall air� ow
rate coming through the diffuser. On the other hand, the overall
fuel/air ratio f is related to the overall incoming air� ow Çma :

f =
Çm f

Çma
=

Çm f

Çma , p + Çma ,b

(11)

It is possible to � nd a relation between the fuel mass-� ow rate and
the principal (port) air� ow rate, which enables us to control the
fuel-to-air ratio via regulating the port-to-overall air� ow rate ratio
Çma , p / Çma . For a singleport, cylindricalcombustionchamber, the fuel
mass-� ow rate is determined as follows:

Çm f = p dq f L Çr (12)

For a given fuel grain length (and a constant fuel density)

Çm f / d ¢ Çr (13)

Making use of Eq. (8), the fuel mass-� ow rate can be expressed as
a function of the principal air� ow rate, the port diameter, and the
total temperature:

Çm f / ( Çma, p /d)n ¢ T m
0 (14)

Control Law

Regulation of the SFRJ operation can be very signi� cant, par-
ticularly for maintaining a desirable performance level in typical
variable ambient, � ight, and operating conditions encountered by
the motor. As just mentioned, the presentwork de� nes the desirable
operatingstate as motor operationat constantfuel-to-airratio.How-
ever, different requirements can be easily handled, yielding similar
regulation models. To ful� ll this requirement, a control law is de-
rived based on controlled variation of the port-to-overall air� ow
ratio.

Nominal conditionsare de� ned, at which a nominal value of fuel
burning rate and a desirable nominal value of fuel-to-air ratio exist.
The fuel-to-air ratio at any point in the � ight envelope is compared
to the nominal, desirable ratio:

f = fnom (15)

After substituting the fuel mass-� ow rate expression from Eq. (14)
in the fuel-to-air ratios f and fnom in Eq. (15), the following control
law is derived, correlating the instantaneous opening state of the
division valve as a function of air mass-� ow rate, air stagnation
temperature, and port diameter, relative to the nominal values:

Çma , p

Çma
/

Çma, p

Çma nom

¢
d

dnom
¢

Çma

Çma ,nom

[(1 ¡ n)/ n]

¢
T0

T0,nom

¡ (m / n)

(16)

The port diameter increases as the fuel grain is burned:

d = dmin +
t

0

2 Çr dt (17)

where the fuel regression rate can be expressed in the following
form:

Çr / Çmn
a , pd ¡ (1 + n) ¢ T m

0 / ( Çma, p / Çma)n ¢ Çmn
a ¢ d ¡ (1 + n) ¢ T m

0 (18)
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The burning rate can now be related to the nominal conditions

Çr = Çrnom ¢
( Çma , p / Çma)n

( Çma, p / Çma )n
nom

¢
Çma

Çma ,nom

n

¢
d

dnom

¡ (1 + n)

¢
T0

T0,nom

m

(19)

Assuming that the air capture area is constant (critical or supercrit-
ical inlet operation), the air mass-� ow rate varies with � ight Mach
number and altitude according to

Çma / q ¢ M ¢ T
1
2 (20)

Making use of Eqs. (16) and (20), one can express the control law in
a more general form as a functionof � ightconditions(Mach number
and altitude) and the port diameter:

Çma , p / Çma / ( Çma , p / Çma)nom ¢ (d / dnom) ¢ f (h) ¢ g(M) (21)

where f (h) and g(M) are functions of the altitude and Mach num-
ber, respectively:

f (h) =
q

q nom

[(1 ¡ n)/ n]

¢
T

Tnom

[(1 ¡ n ¡ 2m )/ 2n]

(22)

g(M) =
M

Mnom

[(1 ¡ n)/ n]

¢
1 + [( c ¡ 1)/ 2]M2

nom

1 + [( c ¡ 1) /2]M2

(m / n)

(23)

The nominal opening state of the division valve takes into account
the most extreme conditions over the operating envelope, where
the entire amount of air should � ow through the fuel port (i.e.,
Çma , p / Çma =1). Hence,

( Çma , p / Çma)nom = 1/{(d / dnom)max ¢ [ f (h)]max ¢ [g(M )]max} (24)

Results
Regulation of an SFRJ motor by means of the air-division valve,

using the control law [Eq. (24)] that ensures operation at a constant
optimal fuel-to-airratio at any pointover theoperatingenvelope,has
been studied via some examples of typical trajectories. Numerical
solutions have been found for a � ight envelope comprising a 0-
to 15-km altitude range and Mach numbers from 2 to 3. The fuel
grain was assumed to have internaland externaldiameters of 80 and
160 mm, respectively.

The opening state of the valve represented by the mass air� ow
rates ratio Çma , p / Çma has been determined as a function of time for
two representative trajectories: a linear climbing from sea level to
15 km and a lineardescent from 15 km to sea level,both at a constant
Mach number (M =2.5) � ight.

Nominal conditions have been established as follows: the nomi-
nal � ight altitudeis sea level, the nominal Mach number is M = 2.5,
and the nominal port diameter is the initial fuel port diameter.
Figures 5–8 show the behavior of the functions f (h) and g(M )
under such conditions.Changes in the n and m exponents in� uence,
sometimes signi� cantly, the maximal value of the functions,which
is taken into account in the calculationof the nominal opening state
of the valve. The f (h) function behavior changes signi� cantly for
both n and m parametersvariation(Figs. 5 and 7), whereas the g(M )
function is in� uenced only by the temperature m exponent change
(Fig. 8) and is almost not affected by a change in the n exponent
(Fig. 6).

A parametric study has been conducted, varying initial fuel port
diameter as well as the exponents n and m (characterizing fuel re-
gression rate), keeping a constant external fuel diameter (160 mm).

Because of the linear in� uence of the port diameter on the mass
air� ow rates ratio [Eq. (21)], the changes in the opening state of
the valve are signi� cantly reduced as the initial port diameter is
increased.Yet, even with the smallest initial port diameter (80 mm),
the regulationcan be applied successfullyin both trajectories,linear
climbing (Fig. 9) and linear descent (Fig. 10).

Fig. 5 f (h) function of altitude for different n values with m = 1.

Fig. 6 g(M) function of Mach number for different n values
with m = 1.

Fig. 7 f (h) function of altitude for different m values with n = 0.8.

Fig. 8 g(M) function of Mach number for different m values
with n = 0.8.



PELOSI-PINHAS AND GANY 1073

The following cases relate to the nominal fuel grain dimensions.
Figures11and12 showthemass air� owrates ratioas a functionof

time for differentvalues of m (indicatingthe temperature in� uence)
with the given value of n =0.8. The variation of the m power has a
minoreffecton the results:in theclimbingcase (Fig. 11) temperature
in� uence enhances regulation needs. A smaller m would thus be
preferable. In the descent case (Fig. 12) the temperature in� uence
improves the situation of motor operation, implying a higher initial
air� ow rates ratio and reduced regulation needs.

Figures 13 and 14 show the mass air� ow rates ratio as a function
of time for differentvalues of n (characterizingmass-� ow effect on
fuel regressionrate) with a similar in� uenceof temperature(m =1).

Fig. 9 Mass air� ow rates ratio as a function of time for different initial
port diameters at constant Mach number (M = 2.5) � ight and linear
climbing from sea level to 15 km (n = 0.8 and m = 1).

Fig. 10 Mass air� ow rates ratio as a function of time for different
initial port diameters at constant Mach number (M = 2.5) � ight and
linear descent from 15 km to sea level (n = 0.8 and m = 1).

Fig. 11 Mass air� ow rates ratio as a function of time with n = 0.8 and
different m values for constant Mach number (M = 2.5) � ight and linear
climbing from sea level to 15 km.

Fig. 12 Mass air� ow rates ratio as a function of time with n = 0.8 and
different m values for constant Mach number (M = 2.5) � ight and linear
descent from 15 km to sea level.

Fig. 13 Mass air� ow rates ratio as a function of time with m = 1 and
different n values for constant Mach number (M = 2.5) � ight and linear
climbing from sea level to 15 km.

Fig. 14 Mass air� ow rates ratio as a function of time with m = 1 and
different n values for constant Mach number (M = 2.5) � ight and linear
descent from 15 km to sea level.

A reductionin the n power causesa reduction in the opening state of
the valve. This is characterized by reduced air� ow rates ratio vari-
ations (or reduced regulation needs) for the constant Mach-number
climbing case (Fig. 13) and by a signi� cant decrease of the initial
opening state of the valve for the constant Mach-number descent
case (Fig. 14), which may represent the most critical situation. In
fact, at high altitudes where the air density decreases, implying a
reduction in the incoming air mass-� ow rate, the predicted initial
small air� ow rates ratio in the descent case (Fig. 14) would imply
very fuel-rich combustor operation along the fuel port section in
addition to relatively low chamber pressures. Combustor behavior
under such an extreme situation should be checked experimentally
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Fig. 15 Mass air� ow rates ratio as a function of time (with n = 0.8 and
m = 0) for constant Mach number (M = 2.5) � ight and linear climbing
from sea level to 15 km.

Fig. 16 Mass air� ow rates ratio as a function of time (with n = 0.8 and
m = 0) for constant Mach number (M = 2.5) � ight and linear descent
from 15 km to sea level.

in order to ensure that no motor extinction takes place and that sus-
tained � ame within the combustor along with effective regulation
can be maintained.

In addition to the general case, the regulation law was applied to
the same climbing and descent examples, when the trajectories and
the � ight characteristics were known a priori (Figs. 15 and 16). In
such cases the mass air� ow rates ratio is determined optimally so
that the opening capability of the valve is fully exploited. This can
be observed particularly in the climbing trajectory case (Fig. 15).
Of course, such a situation is better than the former cases (Figs. 13
and 14), where nonpreceding information on the trajectory implies
only partial use of the valve opening range capability.

Conclusions
An SFRJ regulation by means of an air-division valve has been

modeled and analyzed yielding a regulation law for a � xed fuel-to-

air ratio. It has been demonstratedthat the opening state of the valve
can be successfully determined at any operating point during � ight
or calculated a priori (if the trajectory is known) enabling optimal
motor operation at a desirable constant fuel-to-air ratio. As long
as the principal air� ow is enough to sustain the � ame, the use of
the regulation law seems to offer good control capabilities over a
wide operation range. The generalmodel comes to demonstrate the
feasibility of the regulation concept; the regulation law should be
adapted to speci� c cases (given the nature of the mission and motor
con� guration) to provide a more detailed design prediction.

The presentresearchprovidesa predictivemodel to determinethe
regulationneeds at any point over the � ight envelope. Nevertheless,
the air-division valve concept can also be used in a closed-loop
control, where the motor state is monitored by signals received,
e.g., from pressure and temperature gauges.
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