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Bypass-Regulated Solid Fuel Ramjet Combustor
in Variable Flight Conditions

Deborah Pelosi-Pinhas¤ and Alon Gany†

Technion—Israel Institute of Technology, 32000 Haifa, Israel

A comprehensive experimental investigation aimed at the examination of a solid fuel ramjet (SFRJ) regulation
concept using an air-division valve has been conducted. By controlling the ratio between the port and bypass � ows,
one can maintaina desirable working state over a wide range of � ight conditions. A general regulation law based on
maintaining a constant fuel-to-air ratio has been tested. The experimental strategy was to isolate key parameters
in� uencing the fuel regression rate, testing them one at a time, keeping the other parameters constant. Experiments
aimed at air� ow rate, total air temperature and pressure, as well as port diameter effects, simulated a broad � ight
envelope, from Mach 1.5 to Mach 4.7 and from sea level to 13-km altitude. The test results showed a very good
agreement with the theory, demonstrating the feasibility, effectiveness, and characteristics of the air-division valve
regulation technique in SFRJ motors.

Nomenclature
A = cross-sectionalarea
a = burning rate constant
C = constant
d = diameter
f = fuel-to-air ratio
M = Mach number
m = total temperature exponent
Pm = mass � ow rate
n = mass � ow rate exponent
P = pressure
q = port diameter exponent
Pr = fuel regression rate
s = port-to-inlet diameter ratio exponent
T = temperature

Subscripts

a = air
b = bypass
c = combustion
f = fuel
in = inlet
nom = nominal
p = port
t = throat
0 = stagnation (total) conditions

Introduction

T HE objectiveof the presentwork was to conduct a comprehen-
sive experimental investigation to examine and provide actual

characteristics of a concept for the regulation of solid fuel ramjet
(SFRJ) combustor for optimal operation over a broad range of vari-
able conditions. This concept was presented and analyzed theoreti-
cally by Pelosi-Pinhas and Gany1 and seemed to offer good control
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capabilities.The method is basedon the use of an air-divisionvalve,
which divides the incoming air� ow from the diffuser into two sepa-
rate � ows (Fig. 1): A part of the air (the port or principal air� ow) is
drawn directly into the combustion chamber through the port of the
solid fuel, in� uencing the fuel regression rate, while the other part
(the bypassair� ow) � ows througha bypass to the aft-mixing section
of the combustionchamber,determiningthe overall fuel-to-airratio.

The analytical study was aimed at formulating a general regu-
lation law for the air-division valve in terms of the instantaneous
proportion between the port and bypass � ow rates. The current ex-
perimental investigationdemonstrates the actual behaviorvia static
� ring tests simulatinga broad rangeof � ightandambientconditions.

Ramjet enginesmay be consideredfor long-rangemissile propul-
sion because their energetic performance is superior to that of
rocket motors (demonstrated by their three- to � ve-fold higher spe-
ci� c impulse). Among the different ramjet con� gurations, the SFRJ
provides particular simplicity and safety, as well as high speci� c
impulse.2;3

One of the disadvantages of the SFRJ motor is the uncontrolla-
bility of its combustion process, where key operating parameters,
such as the fuel regressionrate and the fuel-to-air ratio, are affected
by � ight and ambient conditions. This is a result of the dominat-
ing properties (mainly Reynolds number and stagnation tempera-
ture) of the incoming air � owing through the port of the solid fuel
grain. Hence, operation over variable conditions of � ight altitudes
and Mach numbers may result in large deviations from the desired
combustor working point, lower performance, and, under extreme
conditions, even motor extinction.

The concept of bypass regulation for SFRJ motors is discussed
by Leisch and Netzer.4 Krishnan and George5 and Krishnan et al.6

conductedtheoreticalstudiesexaminingaspeci� c versionof the reg-
ulation technique for a typical con� guration of SFRJ gun-launched
projectiles. The fuel regression rate control method used in their
numerical work consisted of the so-called tube-in-holeconcept,7 in
which a tube coaxially placed in the grain port is used to divide
the inlet air mass � ow rate, so that only the desired quantity of air
in� uences the fuel combustion rate.

Obviously, there is a lack of experimental examination of the
SFRJ regulation concept in the professional literature. A brief ref-
erence to the analytical work of Pelosi-Pinhas and Gany1 and to
the resulting regulation law will be made, followed by a detailed
presentationof the experimental study.

Analysis
The incoming air to the SFRJ combustor is assumed to � ow

through a cylindrical single port within the fuel grain placed in
the combustion chamber.
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Fig. 1 Schematic of the combustion chamber showing the air-division
valve concept.

The fuel regressionrate model presentedby Hadar and Gany8 has
been used, taking into considerationthe parameters in� uencing the
combustion process and using physical approximations.The model
assumes the existence of a diffusion � ame over the condensed fuel
surface, dominated by a forced convectiveheat transfer mechanism
through the turbulentboundary layer.Making use of Reynolds anal-
ogy in a developedturbulent boundary layer and assuming constant
gas properties, the fuel regressionrate may be expressed in terms of
the port air mass � ow rate and the port diameter as follows:

Pr / Pmn
a;pd¡.1 C n/ (1)

From the experienceof previousworks, the dominant effect of total
air temperature on fuel regression rate can be incorporatedin terms
of an exponential in� uence:

Pr / Pmn
a;pd¡.1 C n/T m

0 (2)

The total temperatureexponentm is determinedexperimentallysim-
ilarly to the mass � ow rate exponent n. This model gives a general
scheme, which can be replaced or improved by test data or other
available correlations.

The air-division valve concept is based on fuel regression rate
regulation capability via port air� ow control, whereas the overall
fuel-to-air ratio depends on the overall air mass � ow rate, which
includes both port and bypass air� ows:

f D Pm f = Pma D Pm f =. Pma;p C Pma;b/ (3)

Making use of Eq. (2), one can express the fuel mass � ow rate as
a function of the port air mass � ow rate, the port diameter, and the
total air temperature:

Pm f / . Pma;p=d/n ¢ T m
0 (4)

In this study, the regulation requirement is de� ned as the mo-
tor capability of operating at a constant, desirable fuel-to-air ratio.
Nominal conditions are de� ned, at which a nominal value of fuel
burning rate and a desirable nominal value of fuel-to-air ratio oc-
cur. When the fuel-to-air ratio at any point in the � ight envelope
is compared to the desired nominal one, a general control law is
derived, de� ning the instantaneousopening state of the air-division
valve represented by the port-to-total air mass � ow rates ratio as a
function of air mass � ow rate, air stagnation temperature, and port
diameter, relative to the nominal conditions

Pma;p= Pma D . Pma; p= Pma/nom ¢ .d=dnom/

¢ . Pma= Pma;nom/[.1 ¡ n/=n] ¢ .T0=T0;nom/¡.m=n/ (5)

The nominal port-to-total air mass � ow rates ratio is calculated by
taking into account the most extreme conditions over the operating
envelope, where the entire amount of the air should � ow through
the port.

When use is made of the regulation law in Eq. (5) and the re-
gression rate model of Eq. (2), the burning rate can be predicted in
terms of the instantaneous opening state of the valve, the air mass

� ow rate, total air temperature, and port diameter, by relating it to
the nominal conditions:

Pr D Prnom ¢ . Pma;p= Pma/n
¯

. Pma;p= Pma/n
nom ¢ . Pma= Pma;nom/n

¢ .d=dnom/¡.1 C n/ ¢ .T0=T0;nom/m (6)

It is possible to express the control law in a more general form as
a function of � ight conditions, by de� ning air mass � ow rate and
total air temperature in terms of � ight altitude and Mach number.1

Based on the theoretical analysis, Pelosi-Pinhas and Gany1 ap-
plied the control law to a theoretical simulation of some practical
examples. The port-to-total air mass � ow rates ratio ( Pma;p= Pma ),
representing the opening state of the air-division valve, has been
determined as a function of time for two representative trajecto-
ries: linear climbing from sea level to 15 km and linear descent
from 15 km to sea level, both at a constant � ight Mach number
(M D 2:5). A parametric analysiswas conducted,based on the vari-
ationof in� uencingparameters,such as initial fuel portdiameterand
fuel regression rate characteristic exponents m and n. The numer-
ical investigation demonstrated that theoretically the opening state
of the valve can be successfully determined at any operating point
during � ight. Conceptually, the air-division valve regulation seems
to offer good control capabilities,enablingoptimal motor operation
at a desirable constant fuel-to-air ratio over a wide operating range.
In practice, aspects of the combustor behavior, such as � amehold-
ing and the actual characteristics of fuel combustion, remained to
be determined experimentally.

Experimental Apparatus
General

The experimentalapparatusis shownschematicallyin Fig. 2 and a
photographof the facility is shownin Fig.3. The test facilityincludes
a vitiated air heater, an ignition system, a combustion chamber, an

Fig. 2 Elaborated scheme of the experimental apparatus.

Fig. 3 General view of the experimental facility.
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aft-mixing chamber, and a motor outlet nozzle. The regeneratively
cooled vitiated air heater9 is used to simulate � ight conditions, de-
� ned by total temperature and pressure of the air mass � ow rate en-
tering the combustion chamber. The heater can provide vitiated air
to the combustion chamber at inlet total temperaturesup to 1500 K,
pressures up to 50 atm, and mass � ow rates as high as 1000 g/s. In
the present study, air total temperature varied from 395 to 1200 K,
total pressure reached up to 20 atm, and air mass � ow rates were
between 50 and 270 g/s. The vitiated air heater burns hydrogenwith
oxygen-enrichedair to reach the desired total inlet air temperature.
Compressed air, hydrogen, and oxygen are provided to the heater
from high-pressure tanks. Their required mass � ow rates are deter-
mined by using a thermodynamic code (PEP code10) to obtain the
molar oxygen fraction of the vitiated air as in natural air (0.209).

Poly-methyl-methacrylate(PMMA-Plexiglas®) was used as fuel,
serving also as the combustor itself. The transparencyand the me-
chanicalstrengthof Plexiglasmake it particularlysuitablefor exper-
imental investigationsbecause it enables instantaneousobservation
of the � ow and the combustion phenomena without any need for
outer casing.

The design of the combustion chamber (inlet step, fuel port area,
andoutletnozzle throatarea) takes into considerationthe � amehold-
ing limits of PMMA, according to precedent work.11 The air enters
the combustion chamber through a 10-mm inlet diameter passage,
and the initial fuel port diameter is 20 mm, yielding an inlet step
heightof5 mm,or in termsof theport-to-inletarea ratio, Ap=Ain D 4.
The outlet nozzle throat diameter varied from 7.5 to 17 mm, provid-
ing the desired chamber pressure and a port-to-nozzle throat area
ratio Ap=At D 1:4–7.1. These conditions ensured � ameholding in
the desired working temperature range. Final internal diameter of
40–50 mm at combustor burnout could be reached considering the
Plexiglas thickness necessary to withstand the chamber pressure.
The fuel grain length was 240 mm, and the aft-mixing chamber
length was 100 mm.

Each test consisted of an automatically relayed 10–15 s preheat
phase, needed to raise air temperature to the desired value at the
heater outlet, followed by a manually controlled ignition command
and a short burning phase (4–5 s) of the solid fuel. Four sets of
experimentshave been performed, enabling characterizationof fuel
regression rate as a function of the major in� uencing parameters.

Ignition

In most of the cases, the operating range of total air temperatures
did not enable self-ignition of the PMMA fuel; hence, an ignition
device was designed, fabricated, and integrated to the experimental
facility between the heater and the combustion chamber. The de-
vice consists of three elements: the igniter chamber incorporated
within the combustor head-end assembly, a small cylindrical solid
propellantgrain, and a sealingplug closing the ignitercase.The pro-
pellant ignites by means of an electricallyheated wire actuated by a
computer-relayedcommand. The hot igniter gases are released into
the � ow recirculationzone within the combustion chamber through
a passage in the inlet step, resulting in fuel surface fast heating and
ignition. To increase the hot gases release duration, most of the ig-
niter propellant’s surface is coveredwith epoxy to producea slower
and almost neutral burning rate along its axis.

Data Acquisition and Control

A computer-relayedautomatic system is used to performboth the
experimentalsequenceof commandsand theacquisitionof data.The
same software is used to handle both the automated control system
via a digital I/O board and data acquisition via an A/D board.

The test facility comprises several measurement points: temper-
ature and pressure at the heater exit, combustor pressure measure-
ment, placed in the aft-mixing chamber, and a thrust measurement.
In addition, the mass � ow rates of the air, hydrogen, and oxygen
are measured and regulated by using sonic nozzles with upstream
pressure and temperature measurements.

A video camera is used in all experiments to record the solid
fuel regression history, allowing instantaneous geometrical mea-
surements and fuel mass � ow rate calculation.

Results
General

Experimental examination of the regulation concept via static
tests is complex because of the many different parameters affecting
the combustion process. To not obscure the picture by a multitude
of simultaneous variation of different in� uencing parameters, and
to perform a careful and ef� cient study, the experimental strategy
was based on the isolation of the key parameters, varying a sin-
gle operating parameter at a time, keeping the remaining operating
conditions more or less constant. Air mass � ow rate, inlet air total
temperature,chamb pressure, as well as port diameter were consid-
ered separately, formulating the control law speci� c to each case
and comparing test results to the theoretical predictions. A total of
30 tests were performed.

The air-division valve concept is based on the port conditions’
effect on fuel mass � ow rate, regulating the fuel regression rate to
meet the requirementof motor operationat constantoverall fuel-to-
air ratio accordingto the control law. Hence, the static test apparatus
does not require an actual air-division valve and bypass systems
because the control is performed essentially via the port air mass
� ow rate variation.

Four sets of experimentswere conducted,where each set isolates
a different in� uencing parameter keeping the others constant. The
experimental results as well as their accuracy are shown in Table 1.
The accuracy of the calculated parameters result from a compos-
ite sensitivity calculation considering all in� uences, whereas mea-
sured parameters’ accuracy is determined independently. The air

Table 1 Results of the four experimental setsa

Test dav ,b Pma;p ,b T0;in ,c Pc,d Pm f ,e Pr ,c

no. mm g/s K atm g/s fport
e mm/s

Set 1
1 21.6 48.3 830 5.6 7.5 0.155 0.421
2 23.4 70.6 840 8.1 10.16 0.144 0.481
3 24.1 96.2 847 11.2 12.1 0.126 0.555
4 24.2 144.7 873 12.6 18.96 0.13 0.86
5 25.5 166.2 847 19.9 20.7 0.124 0.897
6 26.2 190.6 849 17.7 24.1 0.127 1.02
7 26.2 212.1 880 12.1 26.0 0.122 1.097
8 26.3 242.7 863 14.6 29.8 0.123 1.248
9 26.9 262.1 863 19.4 32.73 0.1248 1.345

Set 2
10 22.8 67.7 562 7.2 5.47 0.08 0.265
11 22.0 68.4 632 7.4 7.12 0.104 0.342
12 22.5 68.3 811 7.8 8.9 0.13 0.443
13 23.4 70.6 840 7.6 10.16 0.144 0.481
14 23.2 66.5 865 7.7 10.87 0.163 0.496
15 23.4 68.1 1000 8.1 11.23 0.165 0.53
16 24.2 68.6 1100 8.6 12.26 0.178 0.560
17 24.0 68.6 1200 8.8 14.2 0.207 0.621

Set 3
18 32.3 96.4 904 11.4 15.4 0.16 0.527
19 39.5 96.6 800 11.1 17.8 0.185 0.499
20 45.5 96.8 813 11.2 18.5 0.191 0.449
21 23.2 164.2 864 13.2 19.8 0.120 0.873
21 32.4 165.6 395 11.8 22.2 0.134 0.757
22 39.0 165.5 850 13.2 20.7 0.125 0.542
23 43.5 165.5 395 11.9 14.63 0.088 0.372
24 39.6 260.4 863 18.9 31.6 0.121 0.88
25 50.2 262.8 863 17.1 35.7 0.135 0.787
26 25.4 69.5 799 7.9 10.1 0.145 0.44
27 35.6 69.5 807 7.9 12.14 0.174 0.377
28 41.8 69.7 801 7.8 13.07 0.187 0.346

Set 4
29 22.9 59.5 867 3.4 8.66 0.146 0.422
30 23.0 59.4 867 8.9 9.13 0.153 0.438
31 22.7 59.4 867 15.9 8.66 0.146 0.445

aVarying parameter in each set in bold face.
bAccuracy of 2%.
cAccuracy of 10%.
dAccuracy of 1%.
eAccuracy of 6%.
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Fig. 4 The simulated � ight envelope showing constant air mass � ow
rate lines (grams per second), constant total air temperature lines
(degrees Kelvin), and experimental points.

mass � ow rate and air total temperature ranges are shown in Fig. 4,
presentingthe equivalentsimulated � ight points in the experimental
study over a map of � ight conditions.Nominal conditions were sea
level, air total temperature of 807 K (simulating Mach 3 � ight at
sea level), and average port diameter of 23 mm. Air total tempera-
ture varied from 395 to 1200 K, and port air mass � ow rates were
between 50 and 270 g/s. The nominal overall air mass � ow rate
was 300 g/s. Chamber pressure varied from 0.6 to 2 MPa. The ex-
perimental results simulated a wide envelope of operating altitudes
(0–13 km) and Mach numbers (1.5–4.7).

Air Mass Flow Rate Variation

A � rst series of tests investigated the air mass � ow rate in� uence
on fuel regression rate with approximately constant total inlet tem-
perature and average port diameter, enabling fuel regression rate
characterizationby identifying the actual n exponent in the regres-
sionratecorrelation.Experimentalresultsyieldeda basiccorrelation
of fuel regression rate as a function of port air mass � ow rate at the
nominal port diameter and a total air temperature of 850 K:

Pr D 0:0153 £ Pm0:8
a;p (7)

where Pr is in millimeters per second and Pm is in grams per second.
Figure5 showsboth theexperimentalresultsand thecorrelationwith
n D 0:8 as a functionof the air mass � ow rate. The n D 0:8 exponent
of the air mass � ow rate is consistentwith turbulentboundary-layer
theory.12

Once fuel regressionrate is characterized,onecan make use of the
control law and compare the experimental results to the theoretical
prediction. For the experimental simulation, the nominal operating
conditions are de� ned as follows: . Pma/nom is the highest air mass
� ow rate,whereall of the incomingair is channeledthroughthe port,
namely, . Pma;p/nom D . Pma/nom . The constant port diameter is equal
to the nominal diameter, namely, d D dnom D const. One can, thus,
specify and relate the operating and nominal conditions as follows:

f= fnom D const D 1; . Pma; p= Pma/nom D 1

d=dnom D const D 1; T0=T0;nom D const D 1 (8)

Fig. 5 Solid fuel burning rate as a function of the air mass � ow rate
through the port, for a constant total air temperature of 850 K and
constant port diameter of 23 mm.

Fig. 6 Correlation of the experimental points to theoretical opening
states of the air-division valve as function of normalizedoverall air mass
� ow rate, in the case of port air mass � ow rate variation with constant
air temperature and port diameter.

When Eq. (8) is substituted in Eq. (5), the following simpli� ed
regulation law is, thus, implied:

Pma;p= Pma D . Pma= Pma;nom/.1 ¡ n/=n (9)

To check the control law, the experimental results need to � t some
hypothetical cases, where the known port air mass � ow rate from
the experiments represents only a part of the total air mass � ow rate
in the motor. Equation (9) enables � tting each experimental case to
the appropriate theoretical opening state of the valve. The function
of the predictedopening state of the air-divisionvalve and the actual
simulated points are shown in Fig. 6.

By substituting Eq. (8) in Eq. (6), one can also simplify the nor-
malized regression rate expression:

Pr=Prnom D . Pma;p= Pma;nom/n D Pma= Pma;nom (10)

Figure 7 shows the regression rate line from Eq. (10) and the exper-
imental regressionrate as a functionof the normalizedport air mass
� ow rate. The predicted theoretical normalized regression rate ex-
pression results from the general control law; hence, the agreement
between theoretical and experimental results is logically expected.
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Fig. 7 Normalized burning rate (experimental and theoretical) as a
function of normalized port air mass � ow rate, in the case of port
air mass � ow rate variation with constant air temperature and port
diameter.

Fig. 8 Port to nominalfuel/air ratio as a function of normalizedoverall
air mass � ow rate in the case of port air mass � ow rate variation with
constant air temperature and port diameter.

Whereas theoverallfuel-to-airratio f remains constantand equal
to the nominal fuel-to-airratio fnom , the port fuel-to-airratio (related
to the port � ow only) f p varies with the air� ow rate according to

f p= f D f p= fnom D . Pma;p= Pma/¡1 D . Pma= Pma;nom/.n ¡ 1/=n

D . Pma; p= Pma;nom/n ¡ 1 (11)

The experimental data as well as the theoretical line of the port-
to-nominal fuel-to-air ratio f p= fnom as a function of the port-to-
total air mass � ow rates ratio Pma;p= Pma are presented in Fig. 8. The
experimental results reveal a good agreement with the theoretical
prediction.

Air Total Temperature Variation

The second set of experiments characterized the inlet air total
temperature in� uence on fuel regression rate, with approximately
constant port air mass � ow rate and average port diameter. The
experimental results yielded a correlation of fuel regression rate as
a function of inlet air total temperature, where the dependence was
found to be approximately linear (m »D 1):

Pr D 5:3 £ 10¡4 ¢ T 1
0 (12)

Fig. 9 Solid fuel burning rate as a function of the total temperature of
the air entering the combustion chamber, for constant port air� ow rate
(70 g/s) and port diameter (23 mm).

where Pr is in millimeters per second and T0 in is in degrees Kelvin.
Figure 9 shows both the experimental results and the correlated
curve as a function of total air temperature.

Similar to the air mass � ow rate variation case, air total temper-
ature variation tests were performed according to the basic require-
ment of constant total fuel-to-air ratio, equal to the nominal desired
fuel-to-air ratio, that is, f D fnom D const. It was also assumed that
in the nominal case the total quantity of air enters the fuel port and
that in these conditions the air mass � ow rate is the maximal air
mass � ow rate entering the diffuser.Port diameter was kept approx-
imately constant and equal to the nominal port diameter, namely,
d D dnom D 23 mm. Contrary to the former case, port air mass � ow
rate was constant ( Pma;p D 70 g/s), while total air temperature was
varied from 550 to 1200 K, then

Pma;p= Pma;nom D const D C (13)

Substitution of the conditions speci� c to the current case yields the
formulation of a simpli� ed control law for the air-division valve:

Pma;p= Pma D . Pma= Pma;nom/.1 ¡ n/=n ¢ .T0=T0;nom/¡m=n (14)

Making use of Eq. (13), one can express the port-to-total air mass
� ow rates ratio as a function of the normalized air mass � ow rate
and of the constant C :

Pma;p= Pma D Pma;p= Pma;nom ¢ Pma;nom= Pma D C ¢ . Pma= Pma;nom/¡1 (15)

Substitution of Eq. (15) in Eq. (14) leads to a useful relation be-
tween the normalized air mass � ow rate and the normalized total
temperature:

.T0=T0;nom/m D C¡n ¢ . Pma= Pma;nom/ (16)

This expressionenables relatingexperimental results, characterized
by the knowledge of total air temperature, to the respective (hypo-
thetical) opening states of the valve:

Pma; p= Pma D C .1 ¡ n/ ¢ .T0=T0;nom/¡m (17)

Figure 10 shows the opening states of the valve simulated in the ex-
perimental study according to Eqs. (16) and (17). Note that, in the
speci� c experimental point of the lowest normalized air mass � ow
rate, the constant fuel-to-air requirement is not achievable because
it requires a higher port air mass � ow rate than is possiblyavailable.
In this extreme case, regulation is incomplete, and one should ex-
pect motor operationat a fuel-to-air ratio slightly different from the
desired one, performed in the totally open valve operation state.
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Fig. 10 Correlation of the experimentalpoints to hypotheticalopening
states of the air-division valve as a function of normalized overall air
mass � ow rate, in thecaseof totalair temperaturevariationand constant
port diameter.

Fig. 11 Normalizedfuel regression rate (experimentaland theoretical)
as a function of normalizedoverall air mass � ow rate, in the case of total
air temperature variation,with constantport air mass � ow rate and port
diameter.

Substituting the speci� c conditions of the total temperature vari-
ation case in Eq. (6) yields the simpli� ed normalized regressionrate
expression:

Pr=Prnom D . Pma;p= Pma;nom/n ¢ .T0=T0;nom/m (18)

Figure 11 presents the theoretical [Eq. (18)] and the experimental
normalized regression rates, again showing predictable agreement.

The port-to-nominal fuel-to-air ratio was formulated for the cur-
rent case making use of Eq. (15):

f p= fnom D . Pma;p= Pma/¡1 D C¡1 ¢ Pma= Pma;nom (19)

The experimental and the theoretically predicted port-to-nominal
fuel-to-airratiowere comparedin Fig. 12, revealinggoodagreement
and, hence, demonstrating once again the effectiveness of the air-
division valve regulation concept.

Chamber Pressure Variation

The formulated model of fuel regression rate takes into account
different in� uencing parameters, for example, air mass � ow rate,
air total temperature, and port diameter, without considering the
chamber pressure. The work assumed that pressure effect on fuel

Fig. 12 Port tonominalfuel-to-airratioas a functionof the normalized
overall air mass � ow rate in the case of total air temperature variation,
with constant port air mass � ow rate and port diameter.

regression rate is negligible, according to precedent works where
chamber pressure has been shown to have practically no in� uence
or a weak effect expressed by a very low exponent value of maxi-
mum 0.2. To con� rm this assumption,a set of experimentschecked
fuel regression rate results for chamber pressures varying from 3 to
16 atm, keeping the rest of the parameters approximately constant
( Pma;p D 60 g/s, T0

»D 867 K, and d D 23 mm). Chamber pressure ef-
fect was actually found to be negligible. The following correlation
was obtained from the experimental results:

Pr D 0:405 ¢ P0:035
c (20)

where Pr is in millimeters per second and Pc is in atmospheres.Such
a minor effect is within the typical experimental spread and can
practically be neglected.

Port Diameter Variation

Because of the strong theoretical dependence of fuel regression
rate on port diameter, it was convenient to examine experimentally
the fuel regression model by varying port diameter in several se-
ries of tests, performing each series at a constant port air mass � ow
rate. In all tests, the air total temperature was approximately con-
stant. The test results of port diameter variationeffect were found to
be incoherent with the turbulent boundary-layer theoretical model
expressed by Eq. (1); hence, an empirical correlation was sought,
expressing separately the individual in� uences of the port air� ow
rate and the port diameter, according to

Pr D a Pmn
a; pdq (21)

All test data were, thus, presented together on the same graph [see
Fig. 13], in terms of the regression rate related to the port air mass
� ow rate (characterizedby the n D 0:8 exponent). The results indi-
cated that q D ¡0:8, yielding the following empirical correlation:

Pr / Pm0:8
a; pd¡0:8 (22)

This general result is of great importancebecauseit reveals a phe-
nomenon that deserves further examination in a separate indepen-
dent study, and it is discussed in furtherdetail subsequently.The ob-
served behaviorwas encountered in several precedent works,11;13;14

where the step between the combustor inlet and the solid fuel port
was found to in� uence fuel regression rate.

The basic regressionrate model formulated in this work [Eq. (1)]
assumes the establishmentof a diffusion� ame within a fully devel-
oped turbulent boundary layer along the fuel grain. As a matter of
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Fig. 13 Effect of port diameter on fuel regression rate for a variety of
air� ow rates at constant air total temperature of approximately 850 K.

fact, two regions can actually be observed in a typical SFRJ com-
bustor: a recirculationzone where a separated� ow occurs and a tur-
bulent boundary-layer zone where the diffusion � ame takes place.
Zvuloni et al.13 and Krall and Sparrow14 demonstratedthe existence
of a relation between the inlet step, Reynolds number, and the heat
transfer to the fuel surface in the recirculation zone. They showed
that, for a given motor, the higher the inlet step is, the higher the
heat transfer rate in the recirculation zone. (This effect was found
to be more pronounced for lower Reynolds numbers.) In addition,
it is known that the higher the inlet step is, the longer the recircu-
lation zone. Consequently, the trend found in the present work is
predictableand can be easily interpreted,by relating regression rate
enhancement to the increase both of the recirculationzone and heat
transfer resulting from port diameter increase in each experimental
series.

The port diameter variation effect leads to the conclusion that a
more comprehensive model of the fuel regression rate should be
adopted, including the combustor inlet step as an additional in� u-
encing parameter. When the inlet step is expressed in terms of the
port-to-inlet diameter ratio d=din, the fuel regression rate would be
correlated as follows:

Pr / .d=din/s ¢ Pmn
a;p ¢ T m

0 ¢ d¡.1 C n/ (23)

When Eq. (23) is substituted in Eq. (21), and it is taken into ac-
count that in the present study the same din was applied in all of the
experiments, the followingequality results for these test conditions:

s ¡ .1 C n/ D q (24)

Applying the test values of n D 0:8 and q D ¡0:8 yields for the
present experimental study s D 1, in good agreement with results
found by Netzer and Gany.11

Corrected Regulation Law

Extending the regulationmodel enables the formulationof a new
corrected control law for the air-division valve, incorporating the
speci� c port diameter dependence:

Pma;p= Pma D . Pma; p= Pma/nom ¢ . Pma= Pma;nom/[.1 ¡ n/=n]

¢ .d=dnom/¡[.1 C q/=n] ¢ .T0=T0;nom/¡m=n (25)

The normalized fuel regression rate can be expressed again in its
corrected form:

Pr
Prnom

D . Pma;p= Pma/n

. Pma;p= Pma/n
nom

³
Pma

Pma;nom

´n

¢
³

d

dnom

´q

¢
³

T0

T0;nom

´m

(26)

Port Diameter Variation Final Results

As in the former cases, one can simplify the general expression
of the control law [Eq. (25)] for port diameter variation at approxi-
mately constant port air mass � ow rate and air total temperature. In
this case, the nominal conditions are de� ned as follows:

f D fnom D const; Pma;nom D Pma;max D 300 g/s

T0 D T0;nom D 850 K; . Pma;p= Pma/nom D 1 (27)

Substitution of the nominal conditions in the control law [Eq. (25)]
yields a simpli� ed expressionof the port-to-totalair mass � ow rates
ratio:

Pma;p= Pma D .d=dnom/¡[.1 C q/=n] ¢ . Pma= Pma;nom/[.1 ¡ n/=n] (28)

Making use of Eqs. (13) and (15) and substituting Eq. (15) in
Eq. (28), one can obtain a useful relation between the experimen-
tal results characterized by the normalized port diameter and the
respectivenormalized overall air mass � ow rate:

.d=dnom/.1 C q / D C¡n ¢ . Pma= Pma;nom/ (29)

Substitution of Eq. (29) in the simpli� ed regulation law [Eq. (28)]
allows the hypothetical opening state of the air-division valve to be
found as a function of the respective experimental normalized port
diameter:

Pma; p= Pma D C .1 ¡ n/ ¢ .d=dnom/¡.1 C q / (30)

Figure 14 shows the correlationof the experimental points to hypo-
thetical states of the air-division valve according to Eq. (30).

In addition,one can predictthe fuel regressionrateexpectedin the
port diameter variation case by substituting the relevant conditions
[Eq. (27)] in Eq. (26):

Pr=Prnom D Cn ¢ .d=dnom/q D C [n=.1 C q/] ¢ . Pma= Pma;nom/[q=.1 C q/] (31)

The theoretical and experimental normalized fuel regression rates
are shown in Fig. 15, as a function of the normalized total air mass
� ow rate, revealing a very good agreement.

As shown in the other cases, the fuel-to-air ratio depends on
the port-to-total air mass � ow rates ratio [see Eqs. (11) and (19)].
Substitutionof the port-to-totalair mass � ow rates ratio, relevant to
the actual port diameter variation case [Eq. (30)], in the fuel-to-air
ratio expression,leads to the following normalized fuel-to-air ratio:

f p= fnom D C¡1 ¢ . Pma= Pma;nom/ D C .n ¡ 1/ ¢ .d=dnom/.1 C q/ (32)

Fig. 14 Correlation of the experimentalpoints to hypotheticalopening
states of the air-division valve as a function of the normalized overall
air mass � ow rate, for fuel port diameter variation at constant total air
temperature, for several constant port air mass � ow rate cases.
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Fig. 15 Normalizedfuel regression rate (experimentaland theoretical)
as a function of normalized overall air mass � ow rate, for fuel port
diametervariationat constant totalair temperature, forseveral constant
port air mass � ow rate cases.

Fig. 16 Port to nominal fuel/air ratio as a function of normalized over-
all air mass � ow rate, for fuel port diameter variation at constant total
air temperature, for several constant port air mass � ow rate cases.

Figure 16 shows the theoretical and experimental normalized port
fuel-to-air ratio as a function of the normalized overall air mass
� ow rate. A good agreement can be observed between the theoreti-
cal prediction and the experimental results. Nevertheless, note that
the testing of port diameter in� uence is based on a limited number
of experiments, due to the physical limitations of the fuel grain.
Therefore, the normalized overall air mass � ow rate ranges corre-
sponding to each of the constant port air mass � ow rate series are
relatively narrow and do not represent the full regulationcapability.

Finally, by substituting the test results of the individualeffects in
the general regulation law [Eq. (25)], one obtains an experimentally
backed expression of the air-division valve control law:

Pma;p= Pma D . Pma; p= Pma/nom ¢ . Pma= Pma;nom/0:25

¢ .d=dnom/¡0:25 ¢ .T0=T0;nom/¡1:25 (33)

This expressionconsists of the individualpower law correlationsof
major in� uencingparameters:n D 0:8 for airmass � owrateeffect(in
agreement with the theory of convective heat transfer in turbulent
boundary layer), m D 1 for total air temperature effect, q D ¡0:8

for the port diameter effect, and practically no effect of chamber
pressure.

Conclusions
The present study provides a comprehensive understanding and

characterizationof SFRJ regulation by a controlled division of the
overall incoming air� ow to combustor-port and bypass � ows, ac-
complished by an air-division valve. Analysis of the concept has
yielded the formulation of a general regulation law, determining
the opening state of the air-division valve at any point over a wide
envelope of altitudes and Mach numbers and, hence, ensuring, for
instance, motor operation at a constant desirable fuel-to-air ratio.

An experimentalexaminationof the theoreticalapproachenabled
the comparison of the theoretical prediction to practical results by
isolating key parameters in� uencing the fuel regression rate, such
as port air mass � ow rate, total air temperature, port diameter, and
pressure,and testingtheir individualeffectsone at a time.The exper-
imental results covered all major aspects relevant to SFRJ combus-
tor operation,demonstratingthe characteristicsover wide operating
ranges and revealing very good agreement with the theoretically
predicted values. A composition of the individual effects yielded
a comprehensive regulation law based on test data and backed by
theoretical considerations.

The study has demonstrated the feasibility and effectiveness of
the air-division valve concept for regulating SFRJ operation over
a broad � ight envelope, experimentally simulating � ight altitudes
from sea level to 13 km and � ight Mach numbers from 1.5 to 4.7.
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