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Optimization of Hybrid-Rocket-Booster Fuel-Grain Design

D. J. Vonderwell,* I. R Murray,1 and S. D. Heister*
Purdue University, West Lafayette, Indiana 47907

A ballistics model has been developed for investigating the influence of fuel-grain design on the overall perfor-
mance of hybrid rocket boosters. The model, based on steady, one-dimensional compressible flow, includes the
capability to handle arbitrary wagon-wheel fuel-section designs. To properly evaluate tradeoffs associated with a
booster, stagnation-pressure losses are evaluated and a throttling capability is included. Results of the ballistics cal-
culations are presented for both liquid oxygen and 90% hydrogen peroxide oxidizers assuming hydroxy-terminated
polybutadiene as fuel. Vehicle interactions are considered by investigating a design capable of accomplishing the
Titan 34D booster mission. Results indicate that the liquid-oxygen systems tend to optimize to a higher number of
ports and mass-flux levels than the hydrogen peroxide systems.

Nomenclature
A = cross-sectional area, in.2
At = throat area, in.2
Cp = constant-pressure specific heat, Btu/lbm -°R
C* - characteristic velocity, ft/s
G0 = initial port oxidizer mass flux, lb/in.2 • s
G = total mass flux, lb/in.2 • s
H = stagnation enthalpy, Btu/lbm
L = fuel-grain length, in.
M = Mach number
M = molecular weight of chamber gases, Ib/lb-mol
trip = port oxidizer mass flow rate, Ib/s
rhf = fuel mass flow rate, Ib/s
OF = oxidizer/fuel ratio
P = pressure, psia
Pc = chamber (or stagnation) pressure, psia
Per = perimeter of fuel port
rb = fuel regression rate, in./s
T = temperature, °R
Tc = chamber (or stagnation) temperature, °R
t = time, s
W • = web distance, in.
x = axial distance from fuel-port entrance, in.
y - Ratio of specific heats
pf = fuel density, lb/in.3

Introduction

R ECENTLY, hybrid rockets have gained the attention of the
rocket propulsion industry as a cost-effective means of provid-

ing boost propulsion for a variety of launch vehicles.1"4 The hybrid
system enjoys advantages over state-of-the-art solid propulsion sys-
tems in both specific impulse and throttlability. In addition, hybrid
rockets are simpler to develop and operate than current bipropellant
liquid systems, on account of the use of a single liquid.

One of the challenges in the design of a hybrid propulsion system
involves the optimization of the fuel-section geometry (or grain
design). Since both the exposed surface area and perimeter of fuel
ports change with time, the mixture ratio will tend to shift during
engine operation even if the oxidizer mass flow is held fixed. To
achieve high volumetric efficiency within the combustion chamber,
we desire high mass fluxes through the fuel ports. However, this
desire is tempered by the fact that efficient combustion may not
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be possible at these high mass fluxes and that mixture-ratio shifts
become more severe under these conditions. Even for a given mass
flux, the number of fuel ports selected will have a significant effect
in both thrust and specific-impulse histories for these propulsion
systems.

Several authors5"7 have identified the extent to which mixture-
ratio shifts affect engine performance, but none of these sources have
identified the overall interactions with booster design in these trade
studies. In a significant effort, Ben-Yakar and Gany7 developed a
methodology to investigate hybrid-rocket ballistics for several dif-
ferent assumed fuel-port geometries. Their model assumed constant
oxidizer flow rate and neglected stagnation-pressure losses along the
length of the fuel port. We are also aware that various propulsion
contractors have ballistics models with considerable sophistication,8
although they have not been described in the open literature.

The capability of handling throttling of the oxidizer flow is crucial
in booster applications, since throttling is desired near the point of
maximum dynamic pressure during the ascent. In addition, it is
desirable to be able to predict stagnation pressure losses within the
fuel ports for a more accurate prediction of booster performance.
Since both of these factors influence the stagnation pressure feeding
the nozzle, they also influence the specific-impulse history.

To assess the contributions these issues have on propulsion-
system design, we have developed a ballistics model capable of
addressing variable oxidizer flow rate and fuel-section geometry.
This model is described in the following section. The model has
also been included in a hybrid-rocket preliminary sizing code9'10 to
assess interactions with the overall booster design. Results are pre-
sented assuming hydroxy-terminated polybutadiene (HTPB) as fuel
for both liquid oxygen (LOX) and a 90% concentration of hydrogen
peroxide (HP) as oxidizers.

Ballistics Model Development
A multiport wagon-wheel fuel-section design was selected for the

model. A typical design (assuming eight ports) is shown in Fig. 1.
A circular center port is also assumed (see Fig. 1) to minimize the
amount of fuel slivers formed as the fuel is consumed. Fuel slivers
are present between the center port and the wagon-wheel ports, as
well as at the outer periphery of the grain. We assume that these
slivers are not consumed during the firing, which leads to fuel-
sliver predictions amounting to 2-4% of the total fuel volume for
most cases investigated. These amounts are a bit smaller than those
typically obtained in actual firings, but they are representative of
the problem of consuming the entire fuel grain. The code is capable
of handling wagon-wheel ports that are pie-shaped, i.e., with inner
annulus of zero length.

Fuel-Grain Sizing
The flow down the ports was approximated as being one-

dimensional, inviscid, and compressible. Complete mixing between
the fuel and oxidizer at all points was also assumed at all stations
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Fig. 1 Wagon-wheel fuel-grain cross section.

Fig. 2 Control volume for one-dimensional flow solution along a typ-
ical fuel port.

along the port. It was also assumed that the regression rate was
constant along a port. Under these assumptions, the control volume
at an arbitrary location x along the port is shown in Fig. 2. (See
Nomenclature for definitions of variables.)

To initiate a port flow calculation, we presume that total burning
time, the number of fuel ports, the total impulse requirement, the
oxidizer massflux (G0), and an average regression rate are known.
The total usable mass of fuel and oxidizer is set by the impulse
requirement and the desire to operate the engine at an optimal mix-
ture ratio such that the specific impulse 7sp is maximized. Using the
oxidizer mass from this requirement as well as the burning time,
the total port area is calculated from Ap = mp/G0. Using the as-
sumed average regression rate and the burning time, we can also
estimate the total fuel web thickness. The length of the ports is
then determined by the fuel volume consistent with the impulse
requirement.

Note that we take the initial cross-sectional area of the center
port to be the same as those of the wagon wheels. We use this
approach so that the initial regression rates will be the same in both
of these regions. Further, we assume that the center port has the
same regression rate as the outer ports for the duration of the firing
even though its cross-sectional area history differs slightly from that
of the wagon-wheel ports. This assumption is prudent, since only
a small amount of the total burning surface is contributed by the
center port in the multiport configurations that were considered in
this study.

The fuel regression rate is assumed to behave as follows8:
-0.2

CD

where L is the length of the fuel grain and G is the total mass flux.
While this regression model has been verified experimentally for the
LOX-HTPB propellant combination, we will also assume that the
HP-HTPB combination has identical behavior, because of the lack
of data available for this oxidizer. Recent efforts8'11 indicate that the
exponent 0.8 on the mass-flux is correct for HP. Since Eq. (1) is

an implicit expression (G is a function of r&), we use a fixed-point
iteration to determine the regression rate at a given time.

Port-Flow Solution
Since we are assuming a constant regression rate along the length

of the port, then for a given port geometry the fuel flow rate is known
at all points along the port:

rkf = rbpf Per x (2)

where the variables are defined in the Nomenclature. Using this
result, the local OF ratio is given by

OF = mp/thf (3)

We assume complete mixing and local thermodynamic equilib-
rium, so that at a given pressure, the thermodynamic state of the
mixture can easily be prescribed. To allow for the large variations in
temperature, molecular weight, and specific heats, the parameters
rc, M, Cp, and y were all curve-fitted as a function of the local
OF ratio by using the Gordon-McBride thermochemistry code,12

assuming a chamber pressure of 1000 psi. These curve fits were
demonstrated to be valid over a range of pressures from 400 to 1500
psi on account of the insensitivity of these parameters to the cham-
ber pressure. The actual curve fits will not be included here in the
interest of brevity.

The fluid entering a given port is assumed to be pure oxidizer.
For LOX, we assumed the gases entered the ports at the saturation
temperature of 162°R, while for HP we assumed the gases entered at
the decomposition temperature of 1850°R. Radiative preheating and
precombusting will surely raise the port inflow temperature in the
case of LOX, but we had no simple means to quantify these effects
in this study. In addition, we see a very rapid temperature rise in the
entry region to the duct (see results section) such that reasonable gas
temperatures are present at a very short distance into the length of
the port without substantial pressure drop or Mach-number change.
For these reasons, we feel that this assumption is adequate for the
present study. The above assumption, in connection with the known
port areas, allows us^to compute the initial Mach number and static
pressure of the oxidizer gasses entering the fuel port. These quanti-
ties serve as the initial conditions for the integration down the length
of the port.

Using conservation of mass, momentum, and energy, Shapiro13

relates changes in Mach number (M) and static pressure (P) to
changes in total enthalpy (//), mass addition, and changes in prop-
erties. Frictional effects are neglected because of the low Mach
number with the presence of wall blowing. The resulting differen-
tial equations relevant under these assumptions are

dM dH dm _<LM\ _ l d y
M ) 2 y

dP

where

dH d(Cprc) - (dC.)f
CPT

Fi=0.5-

CPT

l-M2

1 -M2

and

(4)

(5)

(6)

(7)

(8)

(9)

Here, the quantity dH measures the change in stagnation enthalpy
of a variable-property gas with T representing the average static
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temperature over the interval of interest. Equations (4-9) are solved
using a simple backward Euler numerical integration. All terms on
the right-hand-side of Eqs. (4-6) are also differenced using a back-
ward Euler procedure. Because of the low Mach numbers within
typical hybrid-rocket-fuel ports, only 50-75 points were required to
obtain accurate solutions to the equations.

At the end of the ports, the stagnation pressure loss due to the
abrupt expansion is given by Kays14:

where the subscript e refers to the port exit condition and the quanti-
ties Ap and Ac represent the total port and chamber cross-sectional
areas.

Because the stagnation pressure down the length of the port is
not known a priori, an iteration on the head-end chamber pressure
is required. By integrating Eqs. (4) and (5) for an initial guess of
the head-end pressure, we can obtain an estimate of the stagnation
pressure feeding the nozzle (PcN)> We can also determine the stag-
nation pressure required to exhaust the calculated nozzle mass flow
(simply the sum of all the port mass flows at the end of the ports) via

^check =
mNC*

At
(11)

The characteristic velocity was curve-fitted as a function of the mix-
ture ratio feeding the nozzle (OF#) for both propellant combina-
tions, assuming an aft-end pressure of 1000 psi. Results indicate
that this curve fit is accurate for a considerable pressure range be-
cause of the insensitivity of C* to this parameter.

In general, the calculated values of Pcheck will not agree with the
PcN value predicted by the port integration. The following iteration
on the head-end stagnation pressure was employed to force conver-
gence of these two pressures:

cN (12)

where k is the iteration counter and PCQ is the head-end stagnation
pressure. This iteration procedure converges to a pressure error of
less than 0.1% in only a few iterations.

Following the convergence of the pressure iteration, the engine
thrust and specific impulse can be determined. The theoretical vac-
uum 7sp was curve-fitted as a function of OF# and the expansion
ratio for each of the two propellant combinations, using Ref. 12 and
assuming a pressure of 1000 psi. Results indicate that this curve fit
is accurate over a substantial pressure range due to the insensitivity
of the vacuum 7sp to this parameter.

At the end of the port-flow solution for a given web location, we
increment the web distance and calculate the new time via

tk+l = tk + AW/rk (13)

where AW is the selected web increment. Accurate results were
obtained by using a web increment equal to 1/100 of the total web
distance.

Model Validation
Convergence of the code has been demonstrated for the use of

either constant or variable oxidizer flows for either of the two pro-
pellant combinations. In addition, the code was tested assuming
constant-property, isothermal flow in which results can be com-
pared directly with the analytic solution for one-dimensional (1-D)
flow with mass addition. This comparison validated the port-flow
algorithm. Finally, we have verified that the port-flow equations
reduce to Rayleigh flow (1-D flow with heat addition) in the case of
constant properties and zero mass addition.

An additional validation was employed by simulating the oper-
ation of the American Rocket Company 250,000-lbf thrust-motor
test.15 This motor employed a wagon-wheel grain design with 15
peripheral ports and a circular center port. The propellant combina-
tion used was LOX-HTPB. We had some difficulty in defining the

exact geometry for this motor, since the details were not provided in
Ref. 15. Using geometry scaled from Ref. 15, we obtained excellent
agreement with the measured pressure drop of roughly 5% during
early stages of the firing.

Ballistics-Model Results
The theoretical vacuum performance of the two propellant com-

binations is shown in Fig. 3. This figure indicates optimal mixture
ratios of approximately 2.5 and 7.5 for the LOX and HP oxidiz-
ers, respectively. This figure also indicates that the LOX-HTPB
combination is more sensitive to mixture-ratio shifts than the HP-
HTPB combination. A typical port-flow solution for the temperature
profile (nondimensionalized by the adiabatic flame temperature) is
shown in Fig. 4 for two different G0 values. Note that the LOX-
HTPB combination shows a rapid increase in temperature in the
head-end portion of the port because of the low entry temperature
discussed previously. Increasing mass flux has a rather minor effect
on the temperature profile; it tends to push the stoichiometric point
(T = Tf) upstream and decrease the port exit temperature, on ac-
count of the increased fuel regression and a shift to more fuel-rich.
operation.

Typical port stagnation-pressure loss characteristics are shown
in Fig. 5. At the low oxidizer mass fluxes typical of state-of-the-
art hybrid motors, the stagnation pressure losses are quite tolera-
ble. While it is not apparent in this figure, the heat addition effect
[dH/H term in Eq. (5)] is the dominant factor in determining the
pressure loss. Mass-addition and variable-property effects are less
significant, owing primarily to the low port entry Mach numbers
(typically less than 0.01), consistent with the mass fluxes shown in
Fig. 5. The LOX-HTPB combination exhibits higher losses than
the HP-HTPB combination because there is a greater temperature
change than with HP-HTPB. Losses due to mass addition are also

LOX/HTPB Ae/At=15

Pc =1000 psi

HP/HTPB

OF
Fig. 3 Theoretical specific-impulse variation with mixture ratio for
both propellant combinations.

Pc =1000 psi

10 ports

— LOX/HTPB
- - - HP/HTPB

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X/L

Fig. 4 Typical temperature variation along a fuel port after ignition.
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Fig. 5 Topical stagnation-pressure variation along a fuel port after
ignition.

Pc=1000psi

10 ports

— LOX/HTPB
- - - HP/HTPB

Time, s
Fig. 6 Mixture-ratio shift history for both propellant combinations.

greater for LOX, because this oxidizer operates at lower mixture
ratio than HP.

Figure 6 depicts mixture-ratio shifts for a typical 10-port con-
figuration for both propellant combinations. The HP system ex-
hibits a higher shift during operation, due to the sensitivity of the
mixture ratio to small changes in fuel flow at high-mixture-ratio
operation. Figures 7 and 8 highlight the effects of mixture-ratio
shifts on vacuum 7sp for various port configurations for the LOX
and HP oxidizers, respectively. Overall losses due to mixture-ratio
shifts are in the 1-2% range for both oxidizers. Although the LOX-
HTPB system is more sensitive to shifts in mixture ratio (Fig. 3),
the overall shifts are smaller than for the HP-HTPB system. Com-
bination of these two competing effects yields similar performance
loss due to mixture-ratio variations. Increasing the number of ports
tends to increase the percentage variation in port cross-sectional
area (and hence regression rate), thus leading to a larger shift
in mixture ratio. In comparing Figs. 7 and 8, it is apparent that
the two oxidizers have comparable Isp losses due to mixture-ratio
shifts.

The effects of throttling have been addressed by utilizing a mass-
flow history consistent with that of the Titan T34D solid rocket
booster. The throttling history for this motor is shown in Fig. 9. High
thrust is desired early in the flight when the vehicle is heaviest. A
reduction in thrust about midway through the firing is desirable to
reduce maximum dynamic pressure loads on the vehicle.

Using this mass-flow profile for the oxidizer, the effect on the
vacuum 7sp is shown in Figs. 10 and 11 for the LOX and HP oxidiz-
ers, respectively. From these figures, it is apparent that throttling in
the manner shown in Fig. 9 is actually beneficial to overall perfor-
mance. In both cases, we note average 7sp losses less than 0.5% under
throttled conditions. This behavior can be explained because the re-
gression rate decreases with time as the ports burn out. Therefore,
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Fig. 7 Effect of port geometry on motor performance for LOX-HTPB
propellant combination.
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Fig. 8 Effect of port geometry on motor performance for HP-HTPB
propellant combination.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 9 Mass-flow history for Titan T34D solid rocket booster.

it is desirable to reduce oxidizer flow as well in order to remain
near the optimal mixture ratio. For this reason, hybrid propulsion
systems are particularly well suited to missions requiring regressive
thrust histories (such as a strap-on booster).

Fuel-Section-Vehicle-Design Interactions
To assess the influence of fuel-section design on overall vehi-

cle performance, the ballistics model discussed above has been
incorporated in a hybrid-booster preliminary sizing code.9-10 The
booster is designed to accomplish a mission equivalent to that of
the 5 5-segment booster utilized on the Titan 34D launch vehicle.16

All designs were based on a 2-min burning time and an equivalent
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Fig. 10 Effect of throttling on motor performance for LOX-HTPB
propellant combination.
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Fig. 12 Sensitivity of booster gross liftoff weight to changes in initial
port mass flux.
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Fig. 1 1 Effect of throttling on motor performance for HP-HTPB pro-
pellant combination.

constant ambient pressure corresponding to an altitude of 50,000 ft.
The throttled-oxidizer-flow history shown in Fig. 9 was used for all
simulations. Unfortunately, changes in vehicle drag associated with
different booster designs have not been considered in the present
results.

Figure 12 depicts the sensitivity of the booster gross liftoff weight
to changes in port mass flux for both propellant combinations. As
the mass flux is increased, the fuel-section size is decreased, but the
mixture-ratio shifts become larger, causing reductions in specific
impulse. Results indicate that the effect of the mixture-ratio shift
is dominant for the HP-HTPB propellant, but fuel-section size is
dominant for the LOX-HTPB propellant. This interesting result is
attributed to the fact that the LOX fuel section is much larger and
represents a larger fraction of the total mass than the HP. We should
note that we saw similar behavior for LOX at larger numbers of fuel
ports. We remind the reader that aerodynamic drag effects have not
been considered in these results. That factor may not change the
conclusions substantially, since all designs had diameters that were
within a ± 1 0% range.

Figure 1 3 presents the optimization of the number of ports for both
propellant combinations at fixed G0 and chamber pressure. In this
figure, all boosters were sized to attain the same velocity increment,
consistent with that of the Titan 34D vehicle.16 Increases in gross
liftoff weight (above the minimum levels shown in the figure) are
attributed to 7sp losses associated with mixture-ratio shifts as well
as changes in booster inert weights. The results in Fig. 13 indicate
that the HP-HTPB system optimizes at 10 ports, whereas the lower-
mixture-ratio LOX-HTPB system shows a broad trough in the 15-
20-port range. For the LOX-HTPB system, increasing G0 tended to
decrease the optimal number of ports; but this was at the expense of
an increase in vehicle weight, as indicated in Fig. 12. For a large

10 12

NUMBER OF PORTS

Fig. 13 Sensitivity of booster gross liftoff weight to the number of fuel
ports.

DC
K
CO 12-

Pc = 1000psi

G0= 0.4 Ib/s/in2

- LOX/HTPB
- HP/HTPB

8 10 12 14 16 18
NUMBER OF PORTS

Fig. 14 Booster L/D comparisons.

number of ports, we did experience some difficulties in the 7sp curve
fit going out of range on the fuel-rich side during the early part of
the firing. The nonphysical wiggles in the curves are attributed to
this minor effect.

The resulting booster lengths (for the conditions noted) are pre-
sented in Fig. 14. Increasing the number of ports has the obvious
effect of decreasing the length in general. The HP-HTPB boosters
are shorter because of the higher propellant bulk density and more
compact fuel section associated with the higher optimal mixture ra-
tio. For the LOX-HTPB system, booster diameters varied over the
range of 102-123 in. between the 10- and 23-port cases, respectively.
For the HP-HTPB system, booster diameters varied between 110 in.
for the 5-port configuration and 127 in. for the 15-port configuration.
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Conclusions
A ballistics model has been developed to assess the influence of

fuel-section design on the performance of hybrid rocket boosters.
The model has the capability to predict stagnation-pressure losses
along the fuel ports, and can handle an arbitrary time-dependent
(throttled) oxidizer flow. Results indicate that though the LOX-
HTPB system is more sensitive to mixture-ratio shifts than the HP-
HTPB, the overall performance loss is comparable for the two sys-
tems, since HP-HTPB experiences a greater shift during operation.
Throttling the oxidizer flow using the Titan 34D mass-flow profile
yields an improvement in performance over the constant-flow case.
This improvement is attributed to the fact that mixture-ratio shifts
are diminished with the variable oxidizer flow.

Vehicle interactions have been considered for a booster designed
to accomplish a mission equivalent to the Titan 34D solid motor. The
booster gross liftoff weight increases with increasing oxidizer mass
flux for the HP-HTPB propellant, whereas the LOX-HTPB propel-
lant exhibits an opposite trend. The HP-HTPB system optimizes
at 10 wagon-wheel ports for the configuration studied, whereas the
LOX-HTPB system showed a broad minimum in the 15-20-port
range.
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