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Abstract: The paper presents a useful engineering model for the design of preliminary hybrid rocket
engines. This model involves the experimentally obtained equation regarding the speed of the
burning interface between solid fuel and gaseous phase, called the regression rate. This regression
rate characterizes the mass rate of the burning fuel and additionally the mass rate of the oxidizer
through the imposed ratio of these mass rates during combustion. The preliminary design is applied
to combustion using pure HTPB and gaseous oxygen and was developed for three cases, constant
regression rate, constant oxygen mass flow rate and constant O/F (ratio of mass rates of oxygen and
of fuel). The design evaluates the initial fuel port geometry, the initial mass of fuel and oxygen, the
combustion time, the thrust at sea level, and the time-dependent functions of regression rate, of fuel
and oxygen mass rates, and of thrust. It was assumed that the regression rate formula applies at any
time of combustion. These evaluations can also be applied for other fuel/oxygen couples by knowing
the correct formula for the regression rate.

Keywords: hybrid rocket; regression rate; combustion system preliminary design; initial and time-
dependent parameters

1. Introduction

This paper emphasizes the usefulness of accurate regression rate formulae in develop-
ing the hybrid combustion system of a rocket.

In developing performing hybrid combustion-based rockets, the fuel regression
rate plays the most important role in the preliminary design of the combustion system,
i.e., to predict the geometrical dimensions of the solid fuel, the initial mass of oxygen
and fuel, the thrust at sea level and the combustion time and, more important, the
time-dependent parameter values of the combustion system. The most accurate regres-
sion rate formula must include the relationship between the position of the surface
(interface of solid fuel–flowing flue gases) where combustion happens (usually defined
by the inner diameter of a cylindrical fuel port), the related average regression rate
along the combustion interface and the time for a given fuel/oxidizer couple. Actually,
there are no theoretical models and/or refined experiments that can give accurate,
predictable time-dependent values for the regression rate. The difficulties are related
to the real-time accurate measurements depending on the scale of the experiments, on
the ratio O/F (oxygen mass flow rate per fuel mass flow rate) and on the fuel nature
and its spatial structure, especially the size and the geometry of the combustion inter-
face. The research in this domain follows mainly two directions, one to find/develop
new fuels, pure or compounds, with higher regression rates; and the second one to
refine/develop the experimental measurement techniques for the regression rates with
better accuracy in space and time. For instance, ref. [1] presents a regression rate model
which is valid for vaporizing fuels in a cylindrical grain configuration without char or
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melt strata, the comparison with existing published data is reasonable; ref. [2] HTPB
polymer has been characterized through its ballistic properties, mechanical tests, and
thermochemical evaluations. The authors of ref. [3] used a pressurized combustion
chamber to determine the regression rate of a hybrid fuel using two flow measuring
methods, the throttling to measure the flue gas flow and the weight loss method to
determine the O/F ratio; the authors of ref. [4] wrote a review regarding the experi-
mental measuring methods to evaluate the regression rates, based on 104 references,
with special attention given to measurements of very fast processes, i.e., direct high
speed photography, ultrasound techniques and X-ray radiography, and microwave
and laser methods with high spatial and temporal resolution of the transient regression
rate. The authors of ref. [5] analyze the progress made regarding hybrid rocket engines
for outer space and include propellant types, different oxidizer propellants; and em-
phasize the potential future trends and technical prospects following the main goal
of comparison between different available hybrid propulsion technologies and those
under development.

The data, including the regression rate formulae, are relatively poor, bearing in mind
the special applications such as for space exploration. Table 1 include some averaged regres-
sion rate formulae available in the open access literature. Specific information regarding
experimental obtained regression rate equations could be found for instance in [6] for paraf-
fin, in [7] for HTPB (Thiokol), in [8] for HTPB and HTPB+19.7%Al, in [9] for HTPB+20%GAT,
in [10] for PMMA, in [11] for HDPE and PE Wax, in [12] for HTPB+13%nanoAl and paraffin
without or with 13%nanoAl.

Table 1. Averaged regression rate equations [1]:
.
r = a · (Gox)n[mm

s
]
.

No. Fuel a * n Gox Range
[g/ cm2·s]

1 HTPB 0.304 0.527 6.2–31.0

2 PMMA 0.087 0.615 3.3–26.6

3 HDPE 0.132 0.498 7.7–26.1

* gives an average regression rate.
.
r, in mm/s. Gox is the gaseous oxygen mass flux (oxygen mass rate per inlet

area of combustion volume).

The hybrid rocket propulsion system concept: the combustion system includes two
vessels connected by a mechanically controlled valve; one pressurized containing the
liquid oxidizer and the other one holds the solid fuel, designed to have inside it a suitable
combustion chamber; during combustion, the oxidizer enters the combustion chamber
where it vaporizes and then reacts very powerfully with the fuel; the combustion process
is very complex because is not one of volume, it develops at the interface between the
solid fuel and the gaseous phase (oxidizer/flue gases), depending on real-time interface
chemistry (fuel heating, vaporizing/pyrolysis, burning) and on the flue gases local flow
temperature and local composition and on the time-dependent geometrical interface
position. The experimentally developed equation for hybrid combustion shows that
the regression rate (the “speed” of the burning interface in mm/s) is dependent on the
oxidizer mass flux rate (the ratio of the oxidizer mass flow rate to the inlet cross-sectional
flow area of combustion volume) in kg/m2s. These experimental observations say that
the combustion process is very sensitive to the ratio of oxidizer mass flow rate to the
burning fuel mass flow rate. In contrast, for instance, the regression rate in a solid rocket
motor is proportional to the combustion chamber pressure. The hybrid rocket engines
are safer by comparison to solid ones because the combustion process can be safely
stopped by closing the valve of the oxidizer. These rockets are less complex than liquid
rocket engines.



Processes 2022, 10, 775 3 of 12

This paper presents a preliminary engineering design of a hybrid rocket’s com-
bustion system, based on the regression rate. The design is applied for the hybrid
combustion system using pure HTPB and gaseous oxygen. The design involved three
main constraints, constant regression rate during combustion, constant oxygen mass
flow rate and constant O/F ratio. They were predicted by the initial inner and outer
fuel port diameters, the initial mass of the fuel and oxygen, the combustion time, the
thrust at sea level, and, the time-related functions of the regression rate, fuel and oxygen
mass flow rates, the thrust and the mass of the combustion system. All these evaluations
used the formula of the regression rate and shaped the correlation during combustion
between this regression rate, the variable inner fuel port diameter giving the position
of combustion interface and the time. It was assumed that the regression rate formula
applies at any time of combustion. This extra imposed hypothesis has not been valid
until now because the experiments were organized to evaluate the average regression
rate. These evaluations can also be applied to other fuel/oxygen couples, knowing the
adequate equation of the regression rate.

2. Preliminary Design Mathematical Setting

Consider the geometry of a cylindrical fuel port, see Figure 1.
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The initial geometry is given through inner and outer diameters, di and do, and
length L.

The main basic mathematical relationship between the real-time regression rate, the
real-time inner diameter (position of the combustion interface between flue gases and solid
fuel) and the time is:

d(d) = 2 · .
r · dt (1)

where, d is the inner diameter during combustion,
.
r [m/s] is the real-time regression rate

and t is time.
It was assumed that the regression rate at any given time during combustion is

identical to the averaged regression rate, as in Table 1:

.
r = a · (Gox)n = a ·

(
4 · .

mo

π · d2

)n

= a ·
(

4 · (O/F) · .
mf

π · d2

)n

= a ·
(

4 · (O/F) · L · ρ · .
r

d

)n

(2)

where, Gox (gaseous oxygen) is the real-time oxygen mass flux [kg/m2s],
.

mo [kg/s] is the
real-time oxygen mass rate,

.
mf [kg/s] is the real-time mass rate of the fuel, d is the real-time

inner diameter [m], L [m] is the length of the fuel port, ρ is the fuel density [kg/m3], O/F is
the real-time ratio of mass rates of oxygen and fuel, a and n have values experimentally
obtained and supposed constant at any time of combustion.



Processes 2022, 10, 775 4 of 12

The Equations (1) and (2) should be correlated by imposing initial design constraints
and adopting input values of initial combustion system parameters.

2.1. Preliminary Engineering Initial Compulsory Design Constraints

• The selection of the fuel and oxygen couple, pure HTPB with density ρ = 919 kg/m3

and gaseous oxygen in this paper.
• The initial (O/F)i ratio.

(O/F)i =

( .
mo

.
mf

)
i
= 1.05 · (O/F)stoichiometric

HTPB
= 3.2 (3)

• The reactive flue gases’ speed at sea level must be verified either by developing a
chemical modeling of the fuel oxycombustion considering dissociation and the variable
heat capacities of flue gases’ chemical species during adiabatic expansion through
the reactive nozzle (usually Laval), or through accurate measurements. It must be
emphasized that convenient reactive flue gas speeds have to be above 2000 m/s.

c = 2500
[m

s

]
(4)

• The fuel port length, L

L = 5; 10; 15 [m] (5)

• The initial ratio of the initial thrust at sea level to the initial weight of the cumulative
mass of oxygen and fuel.

RTM,i =

(
T

Mo,f · g

)
i
=

(
Ti

(Mo,iMf,i) · g

)
= 1.5; 2 (6)

where, Ti [N] is the thrust at sea level, (Mo,i + Mf,i) [kg] is the initial cumulative mass
of oxygen and fuel, g [m/s2] is the gravitational acceleration.

• The initial imposed regression rate, for pure HTPB, a = 2.85 · 10−5; n = 0.681.

.
ri = 2.85 · 10−5 · (Goxi)

0.681 = 2.85 · 10−5 ·
(

4· .
mo,i

π·d2
i

)0.681
= 2.85 · 10−5 ·

(
4·(O/F)i·

.
mf,i

π·d2
i

)0.681
=

2.85 · 10−5 ·
(

4·(O/F)i·L·ρ·
.
ri

di

)0.681
= 0.001; 0.002; 0.003

[m
s
] (7)

where the index i denotes the initial time of combustion, i.e., t = 0 s.

The above compulsory design constraints allow the evaluation of the initial combus-
tion system parameters, i.e., the initial inner diameter of the fuel, di, the initial mass flow
rates of fuel and oxygen,

.
mf,i and

.
mo,i, and the initial thrust (at sea level) Ti for all three

preliminary design cases.

• The initial inner diameter, di.

di =
4 · (O/F)i · L · ρ ·

.
ri( .

ri/a
)1/n [m] (8)

• The initial mass flow rate of the fuel,
.

mf,i.

.
mf,i = π · di · L · ρ ·

.
ri

[
kg
s

]
(9)
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• The initial mass flow rate of the oxygen,
.

mo,i.

.
mo,i = (O/F)i ·

.
mf,i

[
kg
s

]
(10)

• The initial thrust (at sea level) Ti.

Ti =
( .
mf,i +

.
m0,i

)
· c [N] (11)

2.2. Preliminary Engineering Design for a Constant Regression Rate,
.
r(t) =

.
ri = ct

The real-time variable parameters are assessed using integrated Equation (1) and
the imposed constant regression rate. Thus, the real-time inner diameter d, the real-time
mass flow rates of fuel and oxygen, the real-time thrust T and, the real-time (O/F) ratio
are computed.

• The real-time inner diameter during combustion, d.

d = di + 2 · .
ri · t [m] (12)

• The real-time fuel mass flow rate during combustion,
.

mf.

.
mf = π ·

(
di + 2 · .

ri · t
)
· L · ρ · .

ri [kg/s] (13)

• The real-time oxygen mass flow rate during combustion,
.

mo.

.
mo =

π ·
(
di + 2 · .

ri · t
)2

4
·
( .

ri

a

)1/n

[kg/s] (14)

• The real-time thrust during combustion, T (it is supposed c = ct.).

T = π ·
(
di + 2 · .

ri · t
)
·
(

L · ρ · .
ri +

(
di + 2 · .

ri · t
)

4
·
( .

ri

a

)1/n)
· c [N] (15)

• The real-time O/F ratio during combustion.

O/F =

.
mo

.
mf

=

(
di + 2 · .

ri · t
)

4 · π · L · ρ · .
ri
·
( .

ri

a

)1/n

(16)

The Equation (6) allows the evaluation of the combustion time, tc.

eqtc = Ti−RTM,i · (Mf,i + Mo,i) · g = 0⇒ tc is the solution of eqtc [s] (17)

where:

Mf,i =

tc∫
0

.
mfdt =

π

4
·
(

d2
0 − d2

i

)
· L · ρ and Mo,i =

tc∫
0

.
modt [kg] (18)

The outer diameter, do, of the fuel port, can be evaluated through either Equation (12)
or Equation (18).

do = di + 2 · .
ri · tc =

(
d2

i +
4

π · L · ρ ·Mf,i

)0.5

[m] (19)

The numerical results are included in Tables 2 and 3.
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Table 2. Numerical results for RTM,i = 1.5 and imposed L and
.
ri.

(O/F)i 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2

(O/F)e 12.7 14.7 15.7 9.7 11.7 12.9 8.16 9.97 11.16
.
ri[m/s] 0.001 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.003
L [m] 5 10 15 5 10 15 5 10 15
di [m] 0.316 0.633 0.949 0.228 0.457 0.686 0.189 0.378 0.567
do [m] 0.520 0.879 1.217 0.507 0.822 1.103 0.507 0.812 1.078

Mf,i [kg] 614 2685 6282 737 3368 8081 800 3735 9090
Mo,i [kg] 2646 10,353 23,055 3974 15,480 34,327 5044 19,646 43,517
Mo,i/Mf,i 4.31 3.86 3.85 5.39 4.60 4.25 6.30 5.26 4.79
Ti [kN] 47.97 191.87 431.71 69.34 277.35 624.03 86.01 344.06 774.13

tc [s] 101.7 123 133.9 69.4 91.1 104.2 53 72.4 85

Table 3. Numerical results for RTM,i = 2.0 and imposed L and
.
ri.

(O/F)i 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2

(O/F)e 10.98 12.39 13.07 8.69 10.25 11.15 7.46 8.90 9.82
.
ri [m/s] 0.001 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.003
L [m] 5 10 15 5 10 15 5 10 15
di [m] 0.316 0.633 0.949 0.228 0.457 0.686 0.189 0.378 0.567
do [m] 0.482 0.829 1.160 0.463 0.759 1.026 0.462 0.744 0.992

Mf,i [kg] 479 2072 4817 586 2646 6304 641 2964 7167
Mo,i [kg] 1965 7706 17,185 2947 11,489 25,501 3742 14,571 32,288
Mo,i/Mf,i 4.10 3.72 3.57 5.03 4.34 4.04 5.84 4.91 4.51
Ti [kN] 47.97 191.87 431.71 69.33 277.35 624.03 86 344.06 774.13

tc [s] 83.1 98.1 105.4 58.7 75.3 85 45.5 61 70.7
Indexes: i—initial, inner; e—ending; f—fuel; o—outer, oxygen; c—combustion.

The design constraint of the constant regression rate during combustion asks for a
very specific control device for the mass flow rate of the oxygen according to Equation (14).
The design gives the largest possible initial mass of the oxygen, i.e., largest Mo,i/Mf,i ratio.
Thus we get a heavy rocket, because the real-time needed O/F ratio is increasing during
combustion from 3.2 to values 2 to 4 times larger. In any case, the combustion time has the
smallest possible values.

2.3. Preliminary Engineering Design for a Constant Oxygen Mass Flow Rate,
.

mo(t) =
.

mo,i = ct

• Equation (1) is integrated through Equation (2) to obtain the time function of the inner
diameter of the fuel port during combustion, d.

.
r = a ·

(
4· .

mo,i

π·d2

)n
⇒ d(d) = 2 · a ·

(
4· .

mo,i
π

)n
· 1

d2·n · dt⇒
d∫

di

d2·n · d(d) =
t∫

0
2 · a ·

(
4· .

mo,i
π

)n
· dt

⇒ d =

[
d2·n+1

i + 2 · a · (2 · n + 1) ·
(

4· .
mo,i
π

)n
· t
] 1

2·n+1
[m]

(20)

The time-varying parameters are evaluated using integrated Equation (20) and the
imposed constant oxygen mass flow rate, and the real-time regression rate, the real-time
mass flow rate of fuel, the real-time thrust T and the real-time (O/F) ratio are obtained.

• The real-time regression rate during combustion,
.
r.

.
r = a · (Gox)n = a ·

(
4 · .

mo,i

π · d2

)n [m
s

]
(21)



Processes 2022, 10, 775 7 of 12

• The real-time fuel mass flow rate during combustion,
.

mf.

.
mf = π · d · L · ρ · a ·

(
4 · .

mo,i

π · d2

)n

[kg/s] (22)

• The real-time thrust during combustion, T (it is supposed c = ct.).

T =

(
π · d · L · ρ · a ·

(
4 · .

mo,i

π · d2

)n

+
.

mo,i

)
· c [N] (23)

• The real-time O/F ratio.

O/F =

.
mo

.
mf

=

.
mo,i

π · d · L · ρ · .
r

(24)

The same Equation (6) also allows the evaluation of the combustion time, tc.

eqtc = Ti−RTM,i · (Mf,i + Mo,i) · g = 0⇒ tc is the solution of eqtc [s] (25)

where:

Mf,i =

tc∫
0

.
mfdt =

π

4
·
(

d2
0 − d2

i

)
· L · ρ and Mo,i =

tc∫
0

.
modt =

.
m0,i · t [kg] (26)

• The outer diameter, do, of the fuel port, can be found through Equations (20) or (27)
for t = tc.

do =

[
d2·n+1

i + 2 · a · (2 · n + 1) ·
(

4 · .
mo,i

π

)n

· tc

] 1
2·n+1

=

(
d2

i +
4

π · L · ρ ·Mf,i

)0.5
[m] (27)

The numerical results are included in Tables 4 and 5.

Table 4. Numerical results for RTM,i = 1.5 and imposed L,
.
ri and

.
mo,i.

(O/F)i 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2

(O/F)e 3.895 3.89 3.888 3.903 3.897 3.894 3.909 3.902 3.898
.
ri [m/s] 0.001 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.003
.
re [m/s] 0.000477 0.000479 0.000480 0.000473 0.000476 0.000478 0.000471 0.000474 0.000476
L [m] 5 10 15 5 10 15 5 10 15
di [m] 0.316 0.633 0.949 0.228 0.457 0.686 0.189 0.3785 0.567
do [m] 0.545 0.899 1.234 0.562 0.875 1.152 0.587 0.896 1.1595

Mf,i [kg] 709 2938 6713 950 4013 9268 1115 4755 11,051
Mo,i [kg] 2551 10,100 22,624 3761 14,834 33,140 4730 18,625 41,557
Mo,i/Mf,i 3.60 3.44 3.37 3.96 3.69 3.58 4.24 3.92 3.76
Ti [kN] 47.968 191.871 431.710 69.337 277.350 624.038 86.015 344.059 774.134

tc [s] 174.4 172.7 171.9 178.01 175.50 174.25 180.44 177.63 176.14

The design constraint of the oxygen constant mass flow rate during combustion asks
for the simplest specific control device for the mass flow rate of the oxygen according to the
compulsory design constraint

.
mo(t) =

.
mo,i = ct. The design, however, gives a large initial

mass of the oxygen, i.e., large Mo,i/Mf,i ratio, but the combustion time has larger values
than in the case of a constant regression rate.
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Table 5. Numerical results for RTM,i = 2 and imposed L,
.
ri and

.
mo,i.

(O/F)i 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2

(O/F)e 3.775 3.772 3.771 3.782 3.777 3.775 3.788 3.782 3.779
.
ri [m/s] 0.001 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.003
.
re [m/s] 0.000536 0.000538 0.000539 0.000532 0.000535 0.000536 0.000530 0.000533 0.000534
L [m] 5 10 15 5 10 15 5 10 15
di [m] 0.316 0.633 0.949 0.228 0.457 0.686 0.189 0.378 0.567
do [m] 0.500 0.842 1.171 0.504 0.796 1.060 0.523 0.805 1.050

Mf,i [kg] 540 2228 5077 730 3067 7061 859 3650 8458
Mo,i [kg] 1904 7550 16,925 2803 11,068 24,745 3524 13,885 30,997
Mo,i/Mf,i 3.52 3.39 3.33 3.84 3.61 3.50 4.10 3.80 3.66
Ti [kN] 47.967 191.871 431.710 69.337 277.350 624.038 86.014 344.059 774.133

tc [s] 130.2 129.1 128.6 132.6 130.9 130.1 134.4 132.4 131.38
Indexes: i—initial, inner; e—ending; f—fuel; o—outer, oxygen; c—combustion.

2.4. Preliminary Engineering Design for a Constant (O/F) Ratio, (O/F) = (O/F)i = 3.2 = ct

The Equation (1) is integrated through the Equation (2), to obtain the real-time inner
diameter of the fuel port during combustion, d.

.
r = a ·

(
4·(O/F)·L·ρ· .r

d

)n
⇒ .

r = a
1

1−n · (4 · (O/F)i · L · ρ)
n

1−n · 1

d
n

1−n
⇒

d∫
di

d
n

1−n · d(d) = 2 ·
t∫

0
a

1
1−n · (4 · (O/F)i · L · ρ)

n
1−n · dt⇒ d =

[
d

1
1−n
i +

2·a
1

1−n ·(4·(O/F)i·L·ρ)
n

1−n ·t
1−n

]1−n

[m]
(28)

The variable parameters in this case are the real-time regression rate, the real-time
mass flow rates of the fuel and of the oxygen and the real-time thrust T. They are subtracted
using integrated Equation (29) of the real-time inner fuel diameter during combustion and
the imposed constant (O/F)i ratio.

• The real-time regression rate during combustion,
.
r.

.
r = a · (Gox)n = a ·

(
4 · .

mo

π · d2

)n

= a ·
(

4 · (O/F)i · L · ρ ·
.
r

d

)n

⇒ .
r = a

1
1−n ·

(
4 · (O/F)i · L · ρ

d

) n
1−n [m

s

]
(29)

• The real-time regression rate during combustion,
.
r.

.
r = a

1
1−n · (4 · (O/F)i · L · ρ)

n
1−n · 1

d
n

1−n

[m
s

]
(30)

• The real-time oxygen mass flow rate during combustion,
.

mo.

.
mo = (O/F)i ·

.
mf (31)

• The real-time oxygen mass flow rate during combustion,
.

mo

.
mo = (O/F)i ·

.
mf (32)

The same Equation (6) also allows the evaluation of the combustion time, tc.

eqtc = Ti−RTM,i · (Mf,i + Mo,i) · g = 0⇒ tc is the solution of eqtc [s] (33)

where:

Mf,i =

tc∫
0

.
mfdt =

π

4
·
(

d2
0 − d2

i

)
· L · ρ and Mo,i =

tc∫
0

.
modt = (O/F)i ·Mf,i [kg] (34)
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The outer diameter, do, of the fuel port, can be known directly either through Equation
(29) or involving Equation (35) for t = tc.

do =

[
d

1
1−n
i +

2 · a
1

1−n · (4 · (O/F)i · L · ρ)
n

1−n · tc

1− n

]1−n

=

(
d2

i +
4

π · L · ρ ·Mf,i

)0.5

[m] (35)

The numerical results are included in Tables 6 and 7.

Table 6. Numerical results for RTM,i = 1.5 and imposed L,
.
ri and

.
mo,i and (O/F) = (O/F)i = 3.2.

.
ri [m/s] 0.001 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.003
.
re [m/s] 0.00029 0.00046 0.00056 0.00026 0.00046 0.00062 0.00021 0.00041 0.00059
L [m] 5 10 15 5 10 15 5 10 15
di [m] 0.316 0.633 0.949 0.228 0.457 0.686 0.189 0.378 0.567
do [m] 0.561 0.911 1.244 0.602 0.912 1.185 0.649 0.956 1.216

Mfi [kg] 776 3104 6985 1121 4487 10,097 1391 5567 12,525
Moi [kg] 2483 9934 22,352 3590 14,360 32,311 4453 17,814 40,082
Moi/Mfi 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2
Ti [kN] 47.967 191.871 431.710 69.337 277.350 624.038 86.0148 344.059 774.133

tc [s] 253.9 215.6 201.5 361.8 280.2 248.3 469.8 347.8 298.8

Table 7. Numerical results for RTM,i = 2 and imposed L,
.
ri and

.
mo,i and (O/F) = (O/F)i = 3.2.

.
ri [m/s] 0.001 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.003
.
re [m/s] 0.00036 0.00053 0.00063 0.00032 0.00057 0.00075 0.00028 0.00053 0.00074
L [m] 5 10 15 5 10 15 5 10 15
di [m] 0.316 0.633 0.949 0.229 0.457 0.686 0.189 0.378 0.567
do [m] 0.511 0.850 1.177 0.534 0.822 1.082 0.570 0.849 1.091

Mfi [kg] 582 2328 5238 841 3365 7572 1043 4175 9394
Moi [kg] 1862 7450 16,764 2692 10,770 24,233 3340 13,360 30,061
Moi/Mfi 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2
Ti [kN] 47.967 191.871 431.710 69.337 277.350 624.038 86.0148 344.059 774.134

tc [s] 176.6 153.8 145.5 242.3 192.5 173.2 309.3 233.7 203.7
Indexes: i—initial, inner; e—ending; f—fuel; o—outer, oxygen; c—combustion.

The design constraint of constant O/F ratio during combustion needs a very specific
control device of the mass flow rate of oxygen accordingly to the compulsory design
constraint (O/F) = (O/F)i = 3.2 = ct. The design gives the smallest initial mass of oxygen,
i.e., smallest Moi/Mfi ratio, and the combustion time has the largest values, compared to
the case of a constant regression rate and a constant mass flow rate of oxygen.

3. Preliminary Rocket Design Assumptions

The design of the hybrid combustion system was presented as an example in Section 2.
The real preliminary design of the combustion system must evaluate primarily the extra
thrust demand during rocket flight. The extra thrust has to assure the acceleration of the
rocket during the combustion time to the required final velocity. This extra thrust has to
balance the variable weight and inertia force of the rocket and the variable friction force
between the air and the outer surface of the rocket. The inertia force of the rocket during the
flight might be imposed. The remaining extra thrust to balance the opposite friction force
depends on the rocket’s aerodynamics, on the variable air parameters and on the variable
rocket velocity. The extra thrust balancing only the variable friction force between the air
and the outer surface of the rocket can be assessed step by step, by adopting the cumulative
mass of the dead rocket mass (e.g., the constant mechanical structure transporting all
masses) and the constant useful mass and the variable cumulative mass of fuel and oxygen.
The equation of this extra thrust is particularized below for a vertical flight.
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T =

( .
mf +

.
mo
)
· c−

[
0.25 · (Mf,i + Mo,i) +

(
π·(d2

o−d2)·L·ρ
4 +

ta∫
t

.
mo · dt

)]
· 1.5 · g

1000
[kN] (36)

where 0.25 · (Mf,i + Mo,i) is the cumulative mass of the dead rocket mass and the
useful mass (supposed 25% of initial cumulative mass of fuel and oxygen) and(

π·(d2
o−d2)·L·ρ

4 +
ta∫
t

.
mo · dt

)
is the variable cumulative mass of fuel and oxygen dur-

ing flight and, 1.5 g is the cumulative acceleration (due to gravitation, 1 g, and inertia,
0.5 g).

The numerical results are included in Figure 2.
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The numerical results show how sensitive the extra thrust is in balancing the friction
force to the imposed constraints and adopted values of cumulative whole rocket mass.
Surprisingly, the smaller regression rates might be better than larger ones, especially for a
preliminary design with a O/F constant ratio where a minimum below 0 kN was found,
see Figure 2c. However, it is obvious that larger regression rates assure larger thrust.

4. Discussions

The experimentally developed equation for hybrid combustion shows that the regres-
sion rate (the “speed” of the burning interface in mm/s) is dependent on the oxidizer
mass flux rate (the ratio of the oxidizer mass flow rate to the inlet cross-sectional flow
area of combustion volume) in kg/m2s. These experimental observations suggest that the
combustion process is very sensitive to the ratio of oxidizer mass flow rate to the burning
fuel mass flow rate. Therefore, the preliminary design of hybrid rocket engines (a hybrid
combustion system with liquid oxidizer and solid fuel) must be performed through the
regression rate. At this moment, there are no available accurate regression rate formulae.
The actual main research includes experimental measurement techniques for the very fast
oxidation processes of fuels used in hybrid combustion systems [4].

The paper develops an engineering approach for hybrid combustion systems designed
for rockets. The mathematical settings must have very accurate formulae for the fuel
regression rate depending on the combustion interface position and time, and suitable for
the chosen fuel/oxidant couple.
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By imposing the regression rate (experimentally or theoretically evaluated), the pre-
liminary engineering design of a hybrid combustion system might be performed through
engineering constraints controlling the combustion process, either the constant regression
rate, or the constant of oxygen mass flow rate or the constant O/F ratio. The constant
regression rate gives the largest thrust, the constant O/F ratio gives the smallest. However,
the constant regression rate gives the largest Mo,i/Mf,i ratio, i.e., heavy rockets, while the
constant O/F ratio gives the smallest one.

The chosen design constraints must be verified through the intermediary of the needed
extra thrust, considering all the initial cumulative mass of the rocket, the variable mass of
the oxygen and fuel during flight, and the variable friction force during the flight, depend-
ing on the air parameters, on the rocket velocity and on the aerodynamics. The needed
extra thrust must be evaluated considering the real-time trajectory of the rocket in the
gravitational field. A true preliminary engineering design has to include the mathematical
settings revealed in this paper as a step in a two-step design; the design of the hybrid com-
bustion including a verification of the flue gas velocity and thus, the extra available thrust
and then a refined/adapted preliminary design of the hybrid combustion system for the
rocket’s application.

Comparing the obtained numerical results, they show that:

• All cases are feasible for hybrid rocket engines;
• The initial parameters, di, mf,i, mo,i, Ti, are identical for all similar cases (identical

regression rate and length);
• As the regression rate grows larger, the combustion time becomes smaller;
• Rockets with constant regression rates can carry the largest weights and the smallest

ones for a constant O/F ratio;
• Constant regression rate and constant O/F ratio need mechanical devices in order to

assure the oxygen mass flow rate demands, see Figure 3.
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This engineering model needs refined experiments with real-time improved measure-
ments in order to find out whether the regression rate Equation (2) might be applied with
admissible accuracy or if the regression rate must have time-dependent predictable values
for a and n.
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5. Conclusions

This paper presents an engineering preliminary design for a hybrid rocket combustion
system, based on the regression rate. The design evaluates the initial inner and outer
fuel port diameters, the initial mass of the fuel and oxygen, the combustion time, the
thrust at sea level and the time-dependent functions of the regression rate, fuel and oxygen
mass flow rates, the thrust and the mass of the combustion system. It was assumed that
the regression rate formula applied at any time of combustion. These evaluations can
also be applied for other fuel/oxygen couples, knowing the adequate equation of the
regression rate.
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