
JOURNAL OF PROPULSION AND POWER

Vol. 17, No. 1, January–February 2001

Fuel Regression Rate in Hydroxyl-Terminated-Polybutadiene/
Gaseous-Oxygen Hybrid Rocket Motors
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The results of a systematic experimental investigation on the methods of enhancing the regression rate in
hydroxyl-terminated polybutadiene (HTPB) fuel used in an HTPB/gaseous oxygen hybrid motor are presented.
The effects of the addition of ammonium perchlorate (AP) or aluminum in the fuel, the variation of oxidizer–fuel
ratio, and the variation of characteristic dimensions of fuel grain are presented. For the extents of the parametric
variations considered, while the addition of AP and/or Al and the reduction of grain port diameter enhance the
regression rate, the effect due to the latter is the most signi� cant one. Furthermore, the regression rate increases
along the axis, and it becomes essentially constant in the port region corresponding to a fuel-rich composition.The
possible physical processes for all of these behaviors are discussed. The experimentally obtained exponents of the
variables for regression rate (oxidizer mass � ux and port diameter) are found to be signi� cantly different from
those of the conventional theory. The similarity between the fuel regression rate equation used in solid-fuel ramjet
and that obtained in hybrid motor is discussed.

Nomenclature
At = nozzle throat area, m2

B = mass transfer number
Cd = coef� cient of discharge
c¤ = characteristicvelocity, m/s
c¤

c = characteristicvelocity for fuel vaporized and oxygen
injected, m/s

D = spatially averaged instantaneousport diameter, m
G = total mass � ux, kg/m2-s
Go = spatially averaged instantaneousoxidizer mass � ux,

kg/m2-s
L = fuel grain length, m
Le = Lewis number
m = mass, kg
Pm = mass � ow rate, kg/s
Pr = Prandtl number
p = pressure, MPa
R = gas constant of oxygen, 259.8 J/(kg K)
Pr = regression rate, m/s
NPr = spatially averaged instantaneous regression rate, m/s
QPr = spatially and temporally averaged regression rate, m/s
T = oxygen temperature,K
x = axial distance, m
° = speci� c heat ratio of oxygen
1t = time increment, s
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´ = combustion ef� ciency
¹ = viscosity, kg/(ms)
½ = fuel density, kg/m3

8 = oxidizer fuel mixture ratio

Subscripts

c = aft combustion-chamber
eff = effective
f = fuel
i = igniter, instant
o = oxidizer
s = sonic nozzle
t = total

Introduction

A ROCKET propulsion system in which one of the two propel-
lant components (oxidizer or fuel) is in liquid phase and the

other is in solid phase is a hybrid rocket motor. The combinationof
a solid fuel and a liquid oxidizer is the most common one.

The dependenceof solid-fuelregressionrate on variousoperating
conditions is one of the most important design aspects in the study
of hybrid motors. Marxman et al.,1 Marxman,2 and Marxman and
Wooldridge3 developed a turbulent boundary-layer regression-rate
model based on the heat transfermechanism.They assumed that the
regression rate was controlledby the heat transfermechanismto the
fuel from the � ame front that existed within the turbulent bound-
ary layer. They used the Reynolds analogy and the approximation
that Le D Pr D 1. Important results were that the regression rate is
1) a strong function of the total mass � ux ( Pr / G0:8), 2) indepen-
dent of the pressuresat motor operatingconditions (the combustion
being diffusion limited at high pressures), 3) a weak inverse func-
tion of the axial distance ( Pr / x¡0:2), and 4) a weak function of the
propertiesof fuel and oxidizer (heat of reaction and heat of gasi� ca-
tion, Pr / B0:23 ). The � rst two points were validated by the spatially
and temporally averaged regression rate QPr results obtained (weigh-
ing the grains or measuring the grain dimensions before and after
the tests).1;4 A qualitative argument for the satisfaction of the third
pointwas presentedfrom their experimentalresults.4 However, their
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experimental program1;4 did not address the validationof the fourth
point. Furthermore, at lower pressures (<1.0 MPa), they observed
experimentally the pressure dependence on regression rate: Pr de-
creased as pressure was decreased. This observation could not be
capturedby theirbasicheat transfermodel1¡3: They later argued that
at lower pressuresthe regressionrate couldbe dominatedby thegas-
phase chemical kinetics rather than the heat transfer mechanism.3

The design aspects of hybrid motors are summarized in Ref. 5.
Smoot and Price6¡8 made signi� cant contributions to the exper-

imental data on hybrid-fuel regression rate essentially at low pres-
sure conditions (·1.2 MPa). They demonstrated the dependence
of regression rate on oxidizer mass � ux as well as pressure. The
measurements at different pressures (0.24–1.2 MPa) and different
oxidizermass � uxes (10 · Go · 120 kg/m2-s) showed that 1) at low
oxidizermass � uxes (·25 kg/m2-s) the averagedregressionrate QPr is
Go dependent( QPr / G0:8

o ) but is pressure independent;2) at high oxi-
dizermass � uxes (¸70 kg/m2-s) it is Go independentbut is pressure
dependent( QPr increaseswith p); and 3) at intermediateoxidizermass
� uxes, however, QPr is Go dependent as well as pressure dependent.
They attributed the pressure dependence to the rate limiting chemi-
cal kinetic processes, possibly heterogeneous in nature. Therefore,
the classical turbulent boundary-layer regression-ratemodel based
on heat transfer mechanism was extended to include the effects of
condensed-phasesurfaceproducts.Agreementwas good for low ox-
idizer mass � uxes, but the extended model did not account for the
observed pressure dependence for intermediate as well as high Go .

Muzzy,9 after discounting the possibility of rate limiting hetero-
geneous chemical kinetic processes at the gas–solid interface, con-
sidered the in� uence of chemical kinetic processes in gas phase
that cannot be neglected for the conditions of low pressures and/or
high total mass � uxes. He showed throughcalculations that, at low-
pressureconditions,the regressionratewas not that stronga function
of total mass � ux and was also dependenton pressure( Pr / G0:4 p0:5 ).
Additionally, through experiments, he showed that the regression
rate was essentially independent of the temperatures of the fuel
grain and the oxidizer. Ramohalli and Stickler10 developeda theory
based on the differences in polymer degradation behaviors in inert
and noninert environments to account for the pressure-dependent
hybrid combustion. They argued that, under all conditions, a � nite
� ux of unreacted oxidizer gas to fuel wall could exist through the
mechanism of bulk turbulent eddy transport across the � ame front.
They concluded that the observed pressure dependence on regres-
sion rate at low pressure or high mass � ux conditions could be due
to the fuel wall oxidative (catalytic) depolymerization,which aids
thermal degradation in producing vaporizable fragments.

Paul et al.11 conducted experiments on a rubber/oxygenC nitro-
gen system and found that the exponent on B is 0.5 instead of 0.23,
the value theoretically obtained by the authors of Refs. 1–3. Hence
they,11 after accountingfor the density variationacrosstheboundary
layer, estimated the blocking effects, the effects of transpirationon
skin-friction factor and heat transfer coef� cient, and demonstrated
that the regression rate was a strong function of B. Paul et al.12

experimentally obtained the fuel regression rates in a hypergolic
combination (difurfurylidene cyclo–hexanoneC red fuming nitric
acid) fordifferentmass � uxes andpressures.The regressionrate was
foundto be pressureindependentabove1.0MPa. The regressionrate
was calculated based on the curve � t of the integrated regression-
rateexpression Pr D aGn

o or Pr D aGn xn ¡ 1 , where x the axialdistance.
They found that the exponentn of the regression-ratelaw was about
0.5 or a little lower and not 0.8 even though the � ow through the
port was turbulent. Later, Paul13 found that the exponent n was less
than 0.8, that is, n D 0:6, also in a nonhypergolicsystem of natural
rubberC gaseous oxygen.

The growing interest in hybrid rocket propulsion has initiated
many researchprograms in recent years.14¡23 Strand et al.14 studied
the solid-fuelregressionrate in a hybrid-combustionmodelof a rigor
higher than that of the classical turbulent boundary-layermodel of
the 1960s. They con� rmed the turbulent boundary-layerheat trans-
fer to be the rate limiting process for hybrid-fueldecompositionand
combustionfor motor-operatingpressures.Strand et al.14¡16 alsoex-
perimentally obtained oxidizer-mass-�ux exponent n in the range
from 0.56 (for 3 · Go · 14 kg/m2-s) to 1 (for 7 · Go · 70 kg/m2-s)

for QPr in a hydroxyl-terminated polybutadiene (HTPB)/gaseous
oxygen (GOX) system. Lewin et al.17 through their experimen-
tal study in HTPB/GOX hybrid motors showed that the ballisti-
cally calculated spatially averaged instantaneous regression rate NPr
was Go dependent and pressure independent over a Go range of
11–400 kg/m2-s and pressure range of 0.8–2.3 MPa. They found
that the exponent n of the regression rate law NPr D aGn

o varies with
fuel grain length, and it was 0.46 for longer fuel grains (203 mm)
and 0.625 for shorter grains (89 mm). Chiaverini et al.,18 from their
experimentalstudy on HTPB/GOX two-dimensionalhybrid motors
(Go · 338 kg/m2 s, 1:3 · p · 9:0 MPa), concludedthat the instanta-
neous regression rate increased continuously in the axial direction.
This was argued to be due to the increased total mass � ux.

Thus we see that in hybrid motors the solid-fuel regression rate,
a very important design parameter, is dependent on operating vari-
ables such as mass � ux, pressure, properties of fuel and oxidizer,
and fuel grain geometry. The classical turbulent boundary-layer
regression-rate model based on heat transfer mechanism more or
lessexplainsthe solid-fuelregression-ratebehaviorat highpressures
relevant to motor-operatingconditions.Acceptingthis basis for fuel
regression-rate behavior, subsequent model studies11;14 with en-
hanced rigor have con� rmed the dependence.Though many experi-
mental studieshave con� rmed the regressionrate to be mass � ux de-
pendentand pressureindependent,themass � ux exponentsobtained
through the real-time measurements,as well as the ballistic calcula-
tionsusingpressure– time data,point to a valuesigni� cantlyless than
0.8. The effect of the propertiesof fuel and oxidizer (affecting mass
transfer number B) has been consideredby Paul et al.11 experimen-
tally as well as theoretically and shown to be higher than the orig-
inally calculated value (B0:23). No systematic experimental study
has so far been reported on the effect of fuel grain geometry. Exper-
imental data at motor operating mass � ux conditions are lacking.

For hybrid motors, most of the presently projected fuel and ox-
idizer combinations in their basic form have fuel regression rate
around 1.5 mm/s or less under motor-operating conditions. This
low regression rate of solid fuel is the basic problem that degrades
the applicationof hybrid motors. To address this issue,many studies
have been conducted in recent years. Korting et al.24 observed that
a rearward-facing step could have a noticeable effect on combus-
tion behavior, increasing the regression rate by changing the pro� le
of the burned fuel grain. Strand et al.14 supported the inclusion of
particulate additives (aluminum and/or coal) in solid fuel as an ap-
proach to enhance fuel regression rate. Lewin et al.17 showed that
the fuel grainsof shorterlength (89 mm) had a higher regressionrate
than those of longer length (203 mm). Ramaholli et al.19 claimed
a 30% increase in regression rate of HTPB fuels with the use of a
chemical bond-breakingcatalyst.

In view of the preceding literature survey, the present study, with
a primary goal of investigating the methods of regression-rate en-
hancement, reports the results of a systematic investigation con-
ducted at high mass � ux conditions.HTPB/GOX propellant combi-
nation was adopted for the study because it is of current interest in
largeboosterapplications.The comparativeeffectsof theadditionof
ammonium perchlorate(AP) and/or aluminum powder in fuel com-
position, the oxidizer–fuel ratio, and the characteristic dimensions
of fuel grain on fuel regression rate are presented.For the extents of
parametric variations considered, the effect of the reduction of fuel
grain port diameter is found to be the most signi� cant one for the
enhancement of regression rate.

Experimental Procedure
Test Facility

A high-pressure hybrid motor test facility is used. The oxygen
supply is from a bank of cylinders kept at a maximum pressure of
15.0 MPa. A ball valve is used to initiate and terminate the � ow
of oxygen, and a sonic nozzle in the line maintains a desired con-
stant mass � ow rate. Nitrogen is used as a purge gas to terminate
combustionafter the desiredburning time. The pressuremaintained
upstream of sonic nozzle is always kept higher than two times the
maximum pressure of combustion chamber, so that the oxidizer-
mass-� ow rate is constant during the entire test. Oxygen supply to
the motor (mountedon a thrust stand) is throughtwo 20-mm � exible
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Fig. 1 Hybrid motor assembly.

Te� on® hoses. The high-pressure (4.0-MPa) axisymmetric hybrid
motor assembly (Fig. 1) consists of an injector, a pyrogen igniter, a
precombustionchamber,a combustionchamberwith a fuelgrainand
an aft mixing chamber, and a nozzle assembly with interchangeable
nozzles.The diameter and length of the precombustionchamber are
75 and 50 mm, respectively. The hybrid combustion chamber is a
thick steel cylinder of outer diameter equal to 88.9 mm and inner
diameter equal to 58.4 mm; combustion chambers of two different
lengths (380 and 580 mm) are available.

The nozzle used for the � rst two tests were made of low-density
graphite (density equal to 1600 kg/m3). As excessive throat erosion
was experiencedduring these tests, the low-densitygraphitenozzles
were replaced with heavy copper nozzles. These copper nozzles
could withstand a maximum � ring duration of 8 s for unmetallized
fuel grains. When metallized fuel grains were used, however, the
copper nozzles started to melt beyond 3 s. Hence, for these grains
high-density graphite (density equal to 1800 kg/m3) nozzles were
used; for these, the erosion rate on the radius was around 0.09 mm/s.
For the � rst eight tests, igniters of 3-s duration were used. Because
successful ignition could be obtained within 1 s, in subsequenttests
the strong igniters of 3 s were successfully replaced with 1 s ones.

Fuel Specimen

The solid-fuel composition was mainly of HTPB. A small
amount of carbon black (C) was mixed with the fuel. Trimeth-
elol propane (TMP) was also added to improve the mechanical
property of the grain; for curing toluene di-isocyanate (TDI) was
used. The preparation of fuel grain was as follows. The premix
containing HTPB, C, and TMP was thoroughly mixed for 10 min.
Then after adding TDI, the blend was mixed for an additional
10 min. The percentage mass composition of the base fuel was
HTPB:C:TMP:TDI D 81.68:0.82:4.08:13.42. The mixturewas then
poured into the mold of cylindrical fuel grain and cured, � rst for
three days at room temperature and then for four days at 60±C.
Four different fuel compositions were studied, as given in Table 1;
these compositions will be referred by the names within the paren-
theses. The base fuel composition with or without the additives
(AP and/or aluminum) was maintained as earlier. The particle size
[6.ni d4

i /=6.n i d3
i /] of the aluminum powder was 28 ¹m and that

of AP was 98 ¹m. The details of grain geometry are also given
in Table 1. The mechanical properties of these grains are given in
Table 2.

Before � xing the fuel grain into the combustion chamber, the
chamber innerwall was lined with two layers of 2-mm-thick nitrile-
rubber-basedinsulator.Then the curedgrainwas bonded to the liner
usingepoxy.For the initial tests,however,silicaphenoliclinerswere
used; because of the problems faced in their fabrication, they were
replaced with nitrile-rubber-basedones.

Test Schedules

The parameters varied for this study are also detailed in Table 1.
For the present study, 43 tests, including 33 successful ones (15
successful sets), were carried out. A repeatable test was taken as
successful.Initiallythree repeatabletests were taken for a successful
set. When the con� dence level improved, two successful tests were
taken to be adequate.

Table 1 Experimental parameters

Parameter Value

Fuel composition
HTPB:C:TMP:TDI 81.63:0.82:4.08:13.47(HTPB grain)
HTPB:C:TMP:TDI:AP 75.47:0.76:3.77:12.45:7.55 (AP grain)
HTPB:C:TMP:TDI:Al 65.57:0.66:3.28:10.82:19.67 (Al grain)
HTPB:C:TMP:TDI:AP:Al 61.54:0.62:3.08:10.15:6.15:18.46

(AP C Al grain)

Grain geometry,a mm 160£ 12
(length£ initial port diameter) 250£ 12

400£ 12
250£ 20
400£ 20
545£ 20

Initial steady-state pressure 2.0 MPa
3.0 MPa

aFuel o.d.D 46.4 mm.

Table 2 Mechanical properties

Parameter HTPB grain AP grain Al grain AP C Al grain

Density, kg/m3 960 1004 1120 1135
Tensile strength, MPa 1.87 1.97 2.11 2.18
Elongation, % 89 89 89 90
Stress at 50% 1.26 1.43 1.47 1.77

elongation, MPa
Hardness Shore A 62 65 62 70

Each test run included the following steps. By suitable setting of
the oxygen ball valve opening, a constant supply pressure of GOX
was maintainedupstreamof the sonic nozzle. After the � ow became
steady, the igniter train was initiated. After the desired burn time,
in quick successions oxygen supply was cut off and nitrogen purge
was opened to extinguish combustion.The test measurements were
the thrust and the pressures: upstream and downstream of sonic
nozzle,at aft combustionchamber, and at pyrogen igniter.All of the
signals from strain-gauge-typethrust and pressure transducerswere
recorded using a data acquisition system. The sampling rate was
200 samples/s. The other pre- and posttest measurements were the
fuel density, the oxygentemperature (atmospheric temperature), the
initial and � nal nozzle throat diameters, and the initial and � nal fuel
grainmasses and dimensions.For each test, the desiredoxygenmass
� ow rate could be obtained by choosing an appropriatesonic nozzle
throat and its upstream pressure. All of the tests were conducted
with an initial oxidizer mass � ux of around 500 kg/m2 s.

Data Reduction

With respect to time, the measured values of the thrust and the
pressures at the sonic nozzle upstream ps , the igniter chamber pi ,
and the aft combustion chamber pc are available. Because the � ow
Mach numbers at these points of pressure measurements are very
low (<0.1), the values are taken as the stagnationones. The oxygen
mass � ow rate through sonic nozzle is given by

Pmo D
Cds ps At sp

RT = 0
(1)

where

0 D p
° [2=.° C 1/].° C 1/=2.° ¡ 1/

The igniter mass � ow rate is given by

Pm i D
Cdi pi Ati

c¤
i

(2)

Here Cds and Cdi are the experimentallycalibratedvalues.The total
mass � ow rate through the hybrid motor nozzle is given by

Pm t D pc At

¯
c¤

eff (3)
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where c¤
eff is the effective characteristic velocity of the total com-

bustion products of the igniter and hybrid combustion chamber and
it is given by25

c¤
eff D

c¤
i Pm i C ´c¤

c Pmo[.8 C 1/=8]
Pm i C Pmo[.8 C 1/=8]

(4)

The fuel mass � ow rate is given by

Pm f D Pm t ¡ . Pmo C Pm i / (5)

At each time step, Pmo and Pm i are calculated from Eqs. (1) and (2).
To calculateballisticallythe spatiallyaveragedinstantaneousregres-
sion rate NPr , port diameter, and oxidizer mass � uxes, the following
scheme is adopted:

1) Assume a value for ´.
2) Assumea value for8. At the instant ti for themeasured pc;i and

the assumed value of 8, calculate c¤
c using the complex chemical

equilibrium code CEC71 (Ref. 26). Calculate c¤
eff from Eq. (4).

3) Calculate Pm t using Eq. (3). Calculate Pm f using Eq. (5).
80 D Pmo= Pm f;i .

4) Is 80 D 8? If not, go to step 2.
5) Calculate

NPr i D Pm f;i =.¼ Di L½/ (6)

G i D
Pm t;i

.¼=4/D2
i

(7)

Go;i D
Pmo;i

.¼=4/D2
i

(8)

6) Under the quasi-steady-state assumption, the spatially aver-
aged port diameter at the next time step is given by

Di C 1 D Di C 2 NPr i 1t (9)

7) Find

m 0
f;.i C 1/ D m 0

f;i C Pm f;i 1t (10)

8) Calculate till extinguishment. The integrated total fuel mass
consumedm 0

f is comparedwith themeasuredonem f , that is, the one
obtainedby weighing the fuel before and after the test. Is m 0

f D m f ?
If not, go to step 1.

The disadvantagesof this methodare that the calculationassumes
1) constant combustion ef� ciency throughout each test and 2) that
the igniter combustion products do not participate in the hybrid
motor combustion. The mass � ow rate of the igniter combustion
products is around 10% of total � ow rate. Furthermore, it is already
combusted matter. Therefore, the second part of the assumption is
reasonable.The valuesof the convergedcombustionef� cienciesob-
tained varied between 0.89 and 0.93. A logical variation in combus-
tion ef� ciency could be observed between metallized and unmetal-
lizedgrains:The metallizedone hada combustionef� ciencyof 0.89,
and the unmetallizedone had a highercombustionef� ciency around
0.93. The ef� ciency variation between a set of repeatable tests was
mostly around 1% but always within 2%. The calculated spatially
averaged port diameter at extinguishment and the measured spa-
tially averaged port diameter of the burnt grain varied within 2%.
Considering the errors involved in the measurement of pressures
and temperatureand the subsequent fuel mass � ow rate calculation,
the uncertainty in regression rate is found to be within §3.5%.

Results and Discussion
As a typical test output, the combined pressure- and thrust-time

record of test 43 is shown in Fig. 2. During the igniter operation,
evidentlydue to the signi� cant igniter mass � ow contribution to the
total � ow, the chamber pressure is about 0.2 MPa higher than the
equilibrium chamber pressure.

Oxidizer Mass Flux and Composition Effect

All of the tests for HTPB and AP grains were run at a con-
stant pressure of 2.0 MPa using copper nozzles. The test for Al
grains, however, could be run only under reducing pressure con-
ditions (2.0–1.2 MPa) because of the erosion in the high-density

Fig. 2 Pressure- and thrust-time traces of hybrid motor testing.

Fig. 3 Regression rates of HTPB and Al grains: grain length £ initial
port diameter= 250 £ 12 mm.

Fig. 4 Regression rates of HTPB and AP grains: grain length £
initial port diameter= 250 £ 12 mm.

graphite nozzle used. The spatially averaged instantaneous regres-
sion rates NPr vs oxidizer mass � uxes for the HTPB and Al grains
(Table 1) are shown in Fig. 3. The oxidizer mass � ux exponent
n in the regression rate equation NPr D aGn

o is 0.53 for HTPB grain
and 0.93 for Al grain. For the same grain dimensions, Fig. 4 shows
the regression rates of HTPB grains and AP grains. The oxidizer
mass � ux exponent n is 0.71 for AP grain. Whereas these results in
Figs. 3 and 4 are for the grain dimension of 250 £ 12 mm, the trend
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Table 3 Spatially averaged instantaneous regression rate
ÅÇr equations at 2.0 MPa

Grain I, Grain II,
Grains 250£ 12 mm 400£ 20 mm Grains I and II

HTPB 8.7 £ 10¡5G0:53
o 7.7 £ 10¡5G0:53

o 6.37£ 10¡5 G0:41
o D¡0:24

Ala 1.4 £ 10¡5G0:93
o 1.3 £ 10¡5G0:89

o ——
AP 3.8 £ 10¡5G0:71

o 2.8 £ 10¡5G0:72
o 1.88£ 10¡5G0:42

o D¡0:60

AP C Ala 1.2 £ 10¡5 G0:97
o ——b ——

aThere was pressure reduction due to nozzle erosion. bNot investigated.

Fig. 5 DTA traces of the samples of HTPB and AP grains in oxygen
and nitrogen atmosphere.

is repeatable for the grain dimension of 400 £ 20 mm as given in
Table 3.

The enhancementof regressionratedue to aluminumadditionhas
been known for a long time.4 Aluminum was originallyadded for an
increasein speci� c impulseand a 20–30%increasein regressionrate
was also observed. Because aluminum is ejected without vaporiz-
ing, this increase in regressionrate checksout with a simple thermal
balance calculationwhere one takes into account the decrease in ef-
fective heat of vaporization. At 1.6 MPa, in the range of oxygen
mass � ux 30–80 kg/m2-s, Wooldridge et al.4 found that the regres-
sion rate of polybutadiene–acrylic–nitrile and polyurethane grains
could be enhanced by 26% by the addition of 20% aluminum. At
1.3- and 1.5-MPa pressure conditions, in the range of oxygen � ux
10–50 kg/m2-s, by modelingand experimentalstudiesStrand et al.14

found that the regression rate of HTPB grains could be enhancedby
17% by theadditionof aluminum.Their HTPB grainscontainedpar-
ticulates of 40% aluminum and 30% carbon. On the mechanism of
regressionrateenhancementby aluminumaddition,theyargued that
the augmented radiative heat transfer was the cause. They further
demonstratedtheoreticallyas well as experimentallythat, the radia-
tion being pressuredependent,the regression-rateenhancementdue
to aluminum addition should also be pressure dependent. Their re-
sults for the HTPB (1.3–1.5 MPa) and the particulatedHTPB grains
(1.5 MPa)are also shown in Fig. 3. Their results for theHTPB grains
are comparable to the results of the present study. Their regression
rate of the particulated grain, however, is signi� cantly higher than
the present result. There could be two likely reasons: 1) the higher
particulatecontentand 2) the higher pressure;both becausea higher
radiative heat transfer componentwould lead to a higher regression
rate. Again, because radiative heat transfer is pressure dependent,
the actual Go exponentat a � xed pressureof 2 MPa is expectedto be
less than the value of 0.93 found in the present study for a reducing
pressure conditions from 2 to 1.2 MPa.

The differential thermal analyzer (DTA) traces for the samples
of the HTPB grain and the AP grain with purges of oxygen and of
nitrogenat 1-atm pressureare given in Fig. 5. With a nitrogenpurge,
an exothermic peak is observed around 200±C for the HTPB grain;
in the case of the AP grain, the peak is found to be delayed around
280±C with a slightlyhigherexothermicity.With an oxygenpurge, a
similarpeakbutof higherexothermicityis observedaroundthe same
200±C for the HTPB grain; furthermore, comparably in the case of

the AP grain a similar delayed peak but of substantially enhanced
exothermicityis foundaround240±C. These DTA observationshave
correspondingrecords in the experimentswith a thermogravimetric
analyzer (TGA). In fact, with the oxygen purge one could hear the
sound of an explosion at 240±C in the case of TGA experiment for
the sample of the AP grain

When the exothermicityat low temperatures(200–300±C) for the
sample of the AP grain with a nitrogen purge is compared to that
with an oxygen purge, exothermicity with the latter is found to be
substantially enhanced. Because the AP content in the AP grain
is only 7.55% apart, suspecting that this enhanced exothermicity
couldbe becauseof the reactionbetween the evolvedammonia from
AP and the oxygen, a DTA experiment with an oxygen purge for
AP crystalwas conducted.With an inertpurgeat 1-atmpressure,AP
crystal is known to change its crystalline lattice from orthorombic
to cubic at 240±C with a sharp endothermic peak and to decom-
pose very rapidly and explode at 460±C (Ref. 27). Interestingly the
DTA and TGA traces with an oxygen purge obtained in the present
study are not different from the respective traces with a nitrogen
purge.Furthermore, the absenceof any appreciableenhancementin
the exothermicitybetween the samples of HTPB grain and AP grain
undernitrogenpurgediscountsthe possibilityof heterogeneous/gas-
phasereactionamongfuel/fuelvapor,perchloricacid,andammonia.
Then, the reason for the substantially enhanced exothermicity with
an oxygen purge in the samples of the AP grain could be the fol-
lowing. In the presence of the AP decomposed products, namely,
ammonia and perchloric acid, the thermally decomposed fuel va-
por and the purge oxygen are able to react more violently at low
temperaturesdue to signi� cantly different gas-phase kinetics.

Although this is the situation for thermal analysis experiments,
the application of these results for hybrid motor operating condi-
tions should be considered. In the grain port, the decomposed fuel
vapor and the AP decompositionproductsfrom the fuel surfacecon-
vect toward the � ame front, which is expected to be at a distance of
about 10% of the port radius under fully developed turbulent � ow
conditions.28 As the � ame front temperature is not going to be sig-
ni� cantly different by the addition of small quantity of AP, if any
regression-rateenhancement is to take place by the addition of AP,
there should be a supplementary heat source other than the � ame
front. This is possible only when oxygen is available closer to the
fuel surface in which region the decomposed fuel vapor and the AP
decompositionproductsare convectingtoward the � ame front.Con-
ceivably, a � nite � ux of oxygen to fuel surface could exist through
the mechanism of bulk turbulent eddy transport across the � ame
front at higher mass � ux conditions.10 Therefore, the additionof AP
is able to enhance the regression rate at high mass � ux conditions
but not under low mass � ux conditions, as shown in Fig. 4. How-
ever, the exact physical and chemical processes under which the
substantially enhanced exothermicity occurs for the samples of AP
grain with oxygen purge in DTA experiments cannot be expected
to happen in rocket operating conditions because in the latter the
heating rates are about four order of magnitude and the pressures
are more than one order of magnitude higher than those in thermal
analyzers.

Pressure Effect

The spatially averaged instantaneousregression rates vs oxidizer
mass � uxes for the 20-mm AP grains at 2.0 and 3.0 MPa are shown
in Fig. 6. These results indicate that the pressuredoes not havemuch
effect on regression rate. Similar results are obtained for the 20-mm
HTPB grain at 2.0 and 3.0 MPa. These results are in agreementwith
the results of earlier studies of Wooldridge et al.4 and Paul et al.11

at high pressures (>1.0 MPa). However, the pressure independency
is not that well marked for 12-mm grains.

Length Effect

Initiallyfor a few tests the port entrywas sharp(notwell rounded).
In these cases a high regression rate was observed locally at a few
millimeters downstream of the port entry. This was rationalized to
be due to a separation and reattachment of the entry � ow. With the
� ame front established at the vicinity of the reattachmentpoint, the
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Fig. 6 Regression rates of AP grains at 2.0 and 3.0 MPa: grain
length £ initial port diameter= 400 £ 20 mm.

Fig. 7 Regression rate variation per r / Gnxm for grains of initial port
diameters of 12 and 20 mm (top). Ratio of the experimental local di-
ameter to the entry diameter for HTPB grains of initial port diame-
ter = 20 mm (bottom).

local regression at that point was high. Subsequently all of the fuel
grainsweregivenwell roundedport entries.From the measurements
of web thickness after each test, the local port diameter is found to
increase along the axis. This is because the regression rate is a
function of local mass � ux and the local mass � ux increases along
the axis. In the bottom of Fig. 7, the ratio of the local port diameter
to the entry port diameter for HTPB grains of initial port diameter
of 20 mm and three different lengths (250, 400, and 545 mm) are
presented. It can be seen that for 545-mm grain, the increase in local
port diameter diminishes toward the aft end of the grain indicating
a reduced regression rate after 400 mm.

The variations of oxidizer–fuel ratio with respect to time for
the HTPB grains are shown in Fig. 8. Here it is seen that the
400 £ 20 mm grains operate closer to the stoichiometric oxidizer–
fuel ratio (2.95). However, the 250 £ 20 mm grains operate at a
fuel-lean condition and the 545 £ 20 mm grains operate at a fuel-
rich condition. The high dispersion in the oxidizer–fuel ratios for
the tests of the 250-mm grain is becauseof the combustionpressure
oscillations experienced.At a fuel-rich condition, theoretically, the
stoichiometric diffusion � ame can be expected to be present only
up to the grain length where the oxygen is available. Thereafter the
hot combustion gases would � ow in the absence of the diffusion
� ame but with the continued addition of vaporized fuel from grain.

Fig. 8 Oxidizer–fuel ratio with respect to time for HTPB grains: initial
port diameter= 20 mm.

Fig. 9 Regression rates of HTPB grains: grain length £ initial port
diameter= 250 £ 12 and 400 £ 20 mm.

This fuel additioncould reduce the core gas temperature resultingin
reduced temperature difference between the core gas and the wall.
However, the mass � ux would continue to increase along the axis.
Therefore, the reduced regression rate for 545 £ 20 mm grain after
400 mm could be due to the net reduction in heat transfer under the
two opposing situations described.

Diameter Effect

The regressionrates of HTPB grainswith two different initialport
diametersare shown in Fig. 9. The valuesofa and n in the regression
rate equation NPr D aGn

o are given in Table 3. At a given oxidizermass
� ux, the grain with the lower initial port diameter (12 mm) regresses
faster than the one with the larger initial port diameter (20 mm). The
regression rates obtained against the oxidizer mass � uxes have the
port diameters varying from 12 to 40 mm. From the present data, to
distinguish the effect of port diameter as well as Go on NPr , equations
are obtained by a suitable method for HTPB and AP grains and are
given in Table 3. The obtained equation for the HTPB grain and
the experimental data are presented in Fig. 10. The regression rate
correlations with Go and D given in Table 3 and Fig. 10 have been
obtained for a maximum oxidizermass � ux of 500 kg/(m2 s) and the
port-diameter variation of 12–40 mm. Whereas the oxidizer-mass-
� ux range adopted in the present study approximately represents
the large motor-operating conditions, the port-diameter variations
do not. However, the correlationsmay give an indicationof the size
effect.

By theuseof their turbulentboundary-layerregression-ratemodel
based on the heat transfer mechanism the authors of Refs. 1–3
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Fig. 10 Regression rate dependence on oxidizer mass � ux and port
diameter for HTPB grains.

obtained the well-known regression-rate mass � ux equation. This
Marxman equation, under the conditions of negligible radiant heat
transfer, high operating pressures, and � xed oxidizer–fuel combi-
nation, can be written as

Pr / Gn.x=¹/m (11)

where n D 0:8 and m D ¡0:2. Here G is the local mass � ux given
by

G D
Pmo C Pm f

.¼=4/.D ¡ 2±¤/2
(12)

where ±¤ is the boundary-layerdisplacement thickness given by4;5

2±¤ D
»

0:21D.x=xA/0:8 x · xA D 5D

0:21D x > xA

Sometimes it is wrongly argued that the Marxman equation does
not account for the effect of D on regression rate. If two grains of
differentport diameters are consideredwith the same oxidizermass
� ux at the port entry, however, the one with a smaller diameter will
have a higher gradient of total mass � ux along the axis and, hence,
will have a higher spatially averaged regression rate. Therefore, the
Marxman equation predicts that the regression rate will decrease
with 1) the decrease in mass � ux, 2) the increase in port diame-
ter, and 3) the increase in axial distance. The � rst two predictions
are in qualitative agreement with the experimental observations.
In the third case, most of the experimental studies, including the
present study, show an increase18 or constant regression rate along
the axis. With reference to the regression-rate dependence on the
mass � ux and the port diameter, the values of the exponents in the
regression-rateequation do not agree with many experimental � nd-
ings. For engineering evaluations, several investigators plotted the
experimentalregressionrate as a functionof oxidizermass � ux. The
exponentsobtainedwere less than 0.8and near0.5.As earlyas 1965,
Marxman and Wooldridge responded to this observation by stating
that the correlations based on the total mass � ux G would lead to
an exponent »D0.8, whereas those based on oxidizer mass � ux Go

would only lead an exponent»D0.5.3 However, this argument seems
to be not valid. The initial regression rate experimentally obtained
in the present study for 12-mm HTPB grain at 500 kg/m2 s oxidizer
mass � ux is taken as reference. The regression rates with respect
to time for varying Go were calculated through the conventional
incrementalanalysis29 using Eq. (11) for initial port diameters of 12
and 20 mm and are shown in Fig. 9. Here the value of n for Go is
more than 0.8. Furthermore the prediction for the diameter effect is
only qualitative.

Now retaining the basic form of Eq. (11), the suitable values
of n and m to match the experimental results of diameter effect
shown in Fig. 9 can be found to be 0.51 and ¡0.25, respectively.
Contrary to the observation of most of the experimental studies

includingthe presentone,however, thesevaluesofn and m continue
to show a decrease in regression rate with the increase in axial
distance (top Fig. 7). This unrealisticdecrease in the regressionrate
with the increase in axial distance notwithstanding, the resulting
higherspatiallyaveragedregressionrate for the smallerdiameterand
shorter length grain is only responsiblefor giving this pseudomatch
(top Fig. 7). Furthermore, it is possibleto � nd suitablenew valuesof
n and m to match the experimental results of increase in regression
rate with axial distance, for example, n D 0:51 and m ¸ 0 (Fig. 7).
These new values, however, fail to predict the decrease in spatially
averageregressionratewith the increasein portdiameterbecausethe
spatiallyaveragedregressionrates for both the grainsare essentially
same.

Among the effects of AP addition, Al addition, and port diame-
ter reduction, for the extents varied, the diameter effect is the most
signi� cant. In the design of hybrid rocket motor, the selection of
grain-port diameter is dictatedby ballistics requirements.However,
in view of the higher regressionrate feasiblewith a lower port diam-
eter, the designer may look for the possibility of having a multiper-
foratedgrain insteadof a single-perforatedone. The multiperforated
grain, due to the enhanced regression rate and possibly increased
burning area, may result in reduced length-to-diameter ratio of the
motor.

A large number of studies on combustion-chambercon� guration
similar to that of a hybrid motor have been conducted in recent
years for solid-fuel ramjet (SFRJ).30¡32 Although the combustion
processes in SFRJ are similar to those of hybrid motors, there are
two major differences. First, the SFRJ employs air rather than a
pure oxidizer; second, it has a sudden expansion of gaseous inlet
� ow. Because of this sudden expansion, three distinct � ow� elds
exist: 1) recirculation zone, 2) reattachment region, and 3) zone
downstreamof reattachment.The zonedownstreamof reattachment
in an SFRJ is very similar to the fully developedturbulentboundary-
layer region in a hybrid motor. For SFRJs with large L=D ratios, the
spatially averaged instantaneous regression rate will be controlled
by the heat transfer mechanism to the fuel from the � ame front that
exists within the fully developed turbulent boundary-layer region.
In such cases it is a common practice to obtain experimentally the
spatially averaged instantaneous regression rate as a function of
air mass � ux and port diameter. Their exponents are found to be
from around 0.4 to 0.6 and ¡0.25 to ¡0.4, respectively.30 Similar
exponents are obtained in hybrid motors (Table 3).

Combined Regression-Rate Enhancement

The primary motivation of the present study is to � nd through
a systematic investigation the methods for the regression-rate en-
hancement. Therefore, the combined effect of the addition of AP
and Al in the fuel and the port diameter are shown in Fig. 11. It is
seen that the regression at the oxidizer mass � ux of 300 kg/m2-s

Fig. 11 Regression rates of HTPB grains with initial port diame-
ter = 20 mm and AP + Al grains with initial port diameter = 12 mm.
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can be enhanced by more than 100%, and this can be still higher at
higher mass � ux conditions.

Conclusions
1) The additionofAP and/or Al in HTPB fuel and the reductionof

grain port diameter enhance the fuel regression rate in HTPB/GOX
hybrid motors.The effect due to the latter is the most signi� cant one
for the extents of the parametric variations considered.

2) The additionof AP is able to enhancethe regressionrate at high
mass � ux conditions. Conceivably, this is because of an additional
heat source available near the fuel surface. This heat source results
from the reaction of the fuel vapor, the AP decompositionproducts,
and the � nite � ux of oxygen to fuel surface.This oxygen � ux exists
through the mechanism of bulk turbulent eddy transport across the
� ame front at higher mass � ux conditions.

3) With reference to the conventional theory, the regression rate
decreases along the axis and it depends on the mass � ux G0:8. The
present experimental results indicate that the regression rate in-
creases along the axis and that the exponent of the mass � ux is
signi� cantly less than 0.8.

4) Similarity exists between the fuel regression-rate equation
used in an SFRJ and that obtained in a hybrid motor. In hybrid
motors, the present study points to an equation for HTPB fuel
as NPr D 6:37 £ 10¡5 G0:41

o D¡0:24 m/s and for HTPB C AP fuel as
NPr D 1:88 £ 10¡5 G0:42

o D¡0:60 m/s.
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