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Abstract

In order to derive proper scaling rules in hybrid rocket motors, a theoretical similarity analysis is presented. By taking
account of the main phenomena and e!ects, the similarity analysis de1nes the following three main conditions for testing a
laboratory-scale hybrid rocket motor that can simulate a full-scale motor: (1) geometric similarity, (2) same fuel and oxidizer
combination, and (3) scaling mass 6ow rate of oxidizer in proportion to the motor port diameter. To verify the analysis,
tests are conducted on di!erent-size polymethylmethacrylate/gaseous oxygen hybrid rocket motors. These motors are scaled
as per the similarity analysis and tested under similarity conditions. A fairly good agreement between the test-results and
theoretical prediction veri1es the similarity model. This also points out that the main processes and e!ects associated with
hybrid rocket combustion have been considered adequately in the analysis.
c© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

The hybrid rocket motor has attracted a renewed
attention for propulsion system application because of
its distinct advantages such as simplicity, safety, good
performance, comparatively cleaner environmental
characteristics, and lower cost, particularly compared
to solid propellant rockets. In a typical arrangement, a
hybrid rocket motor comprises of a cylindrical poly-
meric solid fuel grain having a single- or multi-port
shape, placed in the combustor and burned with an
oxidizer 6owing through its ports. As a result, a gas
phase di!usion 6ame is established between the fuel
gasi1cation products and the oxidizer within the port
6ow boundary layer developing over the condensed
fuel surface. A typical, single-port hybrid rocket
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motor geometry with its main combustion and 6ow
characteristics is illustrated in Fig. 1.

The fundamental phenomena associated with
hybrid rocket combustion were studied by many
investigators [1–3] and reviewed in textbooks [4,5].
These studies revealed the complicated combustion
process typical of a hybrid rocket motor, which is
characterized by complex interaction among numer-
ous physical phenomena simultaneously occurring in
the motor. Nevertheless, owing to its complexity, the
prediction of hybrid motor characteristics has gener-
ally been based on simpli1ed empirical methods and
correlations. Such correlations involve various nu-
merical parameters and constants in order to suitably
1t the observed trends. Consequently, actual aspects
concerning hybrid rocket combustion are masked. As
a result, prediction based on these correlations when
applied to di!erent-scale and operating parameters
often leads to erroneous results. The study by Estey
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Nomenclature

A area
a speed of sound
c∗ characteristic velocity
cp speci1c heat at constant pressure
d diameter
F thrust
G mass 6ux
g standard gravity acceleration
h heat transfer coeDcient
Isp speci1c impulse
L fuel grain length
Lv heat of vaporization or gasi1cation
M mach number
ṁ mass 6ow rate
Nu nusselt number
n mass 6ux exponent in regression rate

equation
O=F oxidizer to fuel (mass) ratio
Pr prandtl number
p pressure
q̇ heat transfer rate
R gas constant
Re Reynolds number
ṙ regression rate

T temperature
t time
u axial velocity
� speci1c heat ratio (cp=cv)
� combustion eDciency
� heat conduction coeDcient
� viscosity
� density
 characteristic time

Subscripts

a ambient conditions
b burning
c average properties at the end of combustor
ch chemical
e nozzle exit
f 6ame; fuel
i initial
ig ignition
ox oxygen
p port
res residence
s solid
w wall

Fig. 1. Representative geometry of a hybrid rocket motor.

et al. [6], although includes useful data and discus-
sions, emphasizes the limitations of such parametric
correlations aimed at extrapolation to di!erent scales.

In order to de1ne relevant scaling rules in the 1eld
of combustion, many investigators have used the

concept of theoretical similarity analysis. Such analy-
sis provides twofold advantages: it furnishes better un-
derstanding of the fundamental phenomena involved,
and it saves enormous time and expense in the devel-
opment of the propulsion system.

The main objective of the similarity analysis is
that, by identifying the appropriate similarity rules
of the dominant controlling processes, one can de-
1ne the conditions under which a laboratory-scale
“model” system should be tested in order to simulate
the behavior of a full-scale (or “prototype”) system.
Absolute similarity between di!erent-size combustors
implies that the di!erent processes occurring in two
di!erent-scale systems are of similar fashion, namely,
the values of the operating variables such as tem-
perature, pressure, velocity, or concentrations in one
system should be linearly related to those at the cor-
responding points of the other system. As was stated
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by Spalding [7], who successfully conducted similar-
ity and model studies in the 1eld of combustion, a
complete combustion modeling, which will replicate
the similarity rules of every process and e!ect in
di!erent-size combustors, is practically impossible.
Hence, in combustion modeling, a partial similarity
approach is taken that will preserve the rules of the
most signi1cant phenomena and e!ects, and provide
reliable indication of main trends. Such an analysis
uses relatively simple concepts and concentrates on
the dominant aspects, rather than detailed mathemati-
cal modeling. Each individual process is examined in
order to assess its relative signi1cance and to 1nd out
what should be the operating conditions that would
preserve similarity of that process in a di!erent-scale
system. Thus, one determines the common condi-
tions which will satisfy the similarity rules of the
most important individual processes, and hence the
best practical approximation of the overall similarity
of the system. Detailed discussion on similarity and
scaling in chemically reacting systems is presented by
Rosner [8] in his book. A number of similarity stud-
ies have been conducted in the 1eld of airbreathing
propulsion: Stewart [9,10] investigated the gas turbine
combustor, Hottel et al. [11] studied the liquid-fuel
ramjet combustor, while Ben-Arosh and Gany [12]
applied a comprehensive theoretical and experimental
study to the solid fuel ramjet combustor. Gany [13]
proposed a theoretical similarity model for the scaling
of hybrid motors. No test data were available from
direct experimental studies of motors under similar-
ity conditions. Hence, validation of the prediction
based on such theoretical similarity analysis has to be
accomplished by conducting tests and obtaining ap-
propriate results on motors that are scaled as per the
similarity analysis and tested according to similarity
conditions.

The objectives of the present investigation are: (1)
by taking account of most signi1cant phenomena and
e!ects, to conduct a comprehensive analysis which
will specify the most signi1cant similarity conditions
in hybrid rocket motors for scaling purposes and pre-
dict the scale-e!ects resulting from such scaling un-
der theoretical similarity conditions, and (2) to vali-
date the derived scaling rules by conducting tests on
di!erent-size hybrid rocket motors that are scaled as
per similarity requirements and tested under similarity
conditions.

It is very important to note, that the idea is not
to replace experiments by an absolute theory, but to
correctly extend, interpret and use available test data
to untested systems of a di!erent size range.

2. Analysis

2.1. Geometry

In general, an obvious similarity requirement in
hybrid motors is the geometric similarity, because it
directly a!ects the general 6ow 1eld pattern in the
motor. Maintaining geometric similarity preserves a
constant dimension ratio in the major 6ow zones of
di!erent-size combustor. If the fuel grain port diame-
ter dp is used to represent the scale, then

L˙ dp; (1)

where L is the fuel grain length. One may use a
single-port laboratory motor to simulate a multiple-port
full-scale motor.

2.2. Transport phenomena

Transport phenomena are of major signi1cance in
the overall 6ow and combustion process in hybrid
rocket motors. They a!ect the general 6ow pattern,
boundary layer over the fuel-surface, heat transfer to
the surface, di!usion as well as mixing between the
fuel and the oxidizer, and the 6ame characteristics.
Hybrid motors are characterized by a turbulent inter-
nal 6ow with dominant boundary layer e!ects. Hence,
the most signi1cant parameter that dominates the 6ow
and transport phenomena is Reynolds number, Re.
Similarity of these features can be achieved by requir-
ing the same Reynolds number at the corresponding
cross-sections of the related motors:

Re =
�udp

�
: (2)

2.3. Mixing process

Similarity of mixing between fuel and oxidizer
generally requires constancy of the ratio between the
typical mixing rate and the total mass 6ow rate. Simi-
larity of turbulent mixing can be achieved by constant
Reynolds number, Re, whereas molecular mixing has
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a minor e!ect. In general, with the typical turbulent
boundary layer nature of the 6ow in hybrid motors,
constancy of Reynolds number ensures similarity of
the general 6ow pattern, including large-scale eddies,
1ne-scale turbulence, concentration pro1les, and other
factors and processes such as 6ame-sheet location,
etc.

2.4. Heat transfer

Similarity of heating regimes requires constant ratio
between heat transfer to the wall and the overall heat
generation (i.e., the rate of heat addition to the 6ow).
With the turbulent nature of the 6ow, heat transfer
in hybrid combustors is mainly attributed to turbulent
convection with minor contribution of radiation. Heat
transfer to the wall is relative to the heat transfer co-
eDcient h and the temperature di!erence between the
6ame and the wall. The overall heat addition rate to
the 6ow is proportional to the mass 6ow rate times
the average temperature increase of the combustion
gases. Under geometric similarity both the wall sur-
face area and the port cross-section are proportional
to d2

p. Hence, one obtains

h(Tf − Tw)d2
p ˙ �ud2

pcp(Tc − Ti); (3)

where Tf , Tw, Tc, and Ti represent the 6ame, wall,
1nal average and initial temperatures, respectively.
Assuming the ratio
Tf − Tw

Tc − Ti
= const (4)

(resulting from the similarity of the temperature dis-
tribution) one can show, by substituting the relevant
nondimensional numbers in Eq. (3), that similarity re-
quirement can be expressed by
Nu

RePr
= const; (5)

where Prandtl number Pr = �cp=� represents a com-
bination of physical properties, and Nusselt number is
Nu = hdp=�. In the characteristics combustor regime
Nu = f(Re; Pr) and can typically be represented by
Reynolds analogy for smooth tubes:

Nu = 0:023Re0:8Pr0:33: (6)

Therefore, if a similarity of temperature 1eld is main-
tained, which also implies similar physical properties
in corresponding points in the 6ow 1eld, then Eq. (3)

implies constancy of Nusselt number in addition to
Reynolds and Prandtl numbers.

It is noteworthy that the di!usion 6ame nature of
the combustion process in hybrid motors enhances
the signi1cance of constancy of Reynolds number in
corresponding sections as a result of the domination
of physical processes and properties versus chemical
aspects.

2.5. Chemical kinetics

Similarity of chemical kinetics requires similarity
of temperature and species concentration 1elds. An
obvious need would be the use of the same fuel
and oxidizer combination and the same oxidizer/fuel
(O=F) ratio. Some speci1c aspects may yield ad-
ditional requirements. Characteristic chemical time
(i.e. typical combustion time) of hydrocarbon fuels
is known to be inversely proportional to pressure,
 ch ˙ 1=p. A similar trend is exhibited by the ignition
delay time,  ig. On the other hand, residence time in
the combustor can be approximated by  res ˙ dp=u.
Thus constancy of the ratio  ch= res leads to

u=(pdp) = const: (7)

Satisfying Eq. (7) along with a constant Reynolds
number, would yield

pdp = const:; (8)

as well as a similar velocity 1eld.
It is remarkable to note here that the so-called “pd

scaling” (expressed by Eq. (8)), which is one of the
most useful scaling techniques for airbreathing com-
bustors [9–11] and which has recently been proven to
yield good results for solid fuel ramjet (SFRJ) com-
bustors [12], is also applicable to hybrid rocket motors.
However, in spite of the similarities between SFRJ
and hybrid motors, one should carefully evaluate its
real signi1cance and relevancy to hybrid propulsion.

2.6. Compressibility

Compressibility e!ects are characterized by Mach
number, M = u=a, and maintaining similarity of com-
pressibility e!ects is expressed by constancy of Mach
number in corresponding points. With M = u=

√
�RT ,

such requirement would be ful1lled for simultaneous
existence of similar velocity and temperature 1elds.
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3. Model discussion

From the above analysis it is inferred that in hybrid
motor the best ful1llment of similarity requirements
would be obtained for the following conditions:

(1) geometric similarity,
(2) same oxidizer and fuel combination,
(3) same Reynolds number at corresponding sections,
(4) same value of pdp in the model and prototype.

In order to consider whether any of these similarity
requirements can be relaxed under certain situations,
each of these requirements are further examined
individually and thus, in the process, the relative
signi1cance of each condition is pointed out.

(1) In general, the geometric similarity requirement
must be kept; otherwise the system will not be really
similar. It is obvious that the motor port diameter in-
creases during the operation, causing some deviation
from the initial geometric proportions as well as from
the scaling factor. Nevertheless, it is believed that the
sensitivity of fuel regression rate predictions to small
deviations in this parameter may be within satisfactory
limits. On the contrary, the O=F ratio is quite sensitive
to the L=dp ratio and therefore a signi1cant change in
L=dp ratio would certainly a!ect the overall O=F ratio.

(2) Same fuel and oxidizer combination is manda-
tory, as it would be very diDcult to interpret test
results of di!erent combinations.

(3) Considering the fact that in hybrid rockets the
physical processes rather than chemical aspects are
dominant (e.g. di!usion 6ame characteristics, turbu-
lent transport phenomena, fuel-oxidizer mixing, etc.),
Reynolds number is the single most signi1cant sim-
ilarity operating parameter. Constancy of Reynolds
number in systems under similarity conditions implies

Gdp = const:; (9)

or
ṁ
dp

= const: (10)

Since

ṁ = ṁox

(
1 + O=F
O=F

)
(11)

and O=F is expected to be constant under similarity
conditions, one obtains the following:

Goxdp = const: (12)

or thus
ṁox

dp
= const: (13)

(4) Constancy of pdp is a very convincing require-
ment, which has been found to be one of the major
similarity conditions in airbreathing combustors. Its
main implication is in keeping similarity of chemistry
aspects in the gas phase reactions (in addition to sim-
ilarity of Mach number). In general, pdp scaling is
supposed to result in the same combustion eDciency.
However, since physical rather that chemical aspects
dominate the hybrid combustion processes, this re-
quirement may be relaxed, provided that (a) require-
ment number (3), i.e., the same Reynolds number, is
ful1lled; (b) the pressure is suDciently high, so that
chemical kinetics are much faster that physical trans-
port (e.g., di!usion); and (c) an aft-mixing-chamber
is used, which would take care of completing the gas
phase chemical reactions.

Thus one arrives at the minimum and most signif-
icant operating conditions, which would maintain the
most dominant similarity parameters and should be
kept constant when scaling the hybrid rocket motors.
These conditions are:

(1) Geometric similarity, mainly L ˙ dp, (in other
terms, the ratio of fuel grain length to port diam-
eter should remain constant).

(2) Same fuel and oxidizer combination.
(3) ṁox=dp = const or Gdp = const (namely, oxidizer

6ow rate should be proportional to the motor port
diameter).

It is to be noted that in establishing these mini-
mum requirements, it is assumed that in typical oper-
ating ranges, pressure e!ects are minor, and that high
combustion eDciency can be maintained by separate
means (e.g., ori1ce diaphragm or aft-mixing cham-
ber). These rules will ensure similarity of the major
phenomena and processes and will preserve equality of
O=F ratio, Prandtl and Mach numbers in di!erent-size
hybrid rocket motors.

One should also note that this analysis does not
account for a liquid phase behavior, which may be
relevant when a liquid (rather than gaseous) oxidizer
is applied. Elaboration on liquid phase aspects was
done by Gany [13]. However, as was stated in Ref.
[13], when properly designed, the residence time of
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the 6ow in the hybrid motor should be suDciently
long compared to the vaporization time. Hence, in
such cases, no speci1c account should be taken of the
liquid phase dynamics in the practical scaling rules.

4. Theoretical performance prediction resulting
from the model

Maintaining the above-mentioned operating condi-
tions, the theoretical performance characteristics of
the hybrid rocket motor would be as described herein.
Testing these results experimentally will validate the
similarity model.

4.1. Fuel regression rate

Regression rate of the fuel, which is one of the most
signi1cant internal ballistics parameter of hybrid rock-
ets, is generally assumed to be dominated by convec-
tive heat transfer to the wall q̇w and by the heat of
gasi1cation or vaporization Lv of the solid fuel (tak-
ing into account the sensible heat in addition to the
gasi1cation process) according to

ṙ = q̇w=(�sLv) (14)

with

q̇w = h(Tf − Tw); (15)

where Tf and Tw are 6ame and wall temperatures, re-
spectively. Substituting the heat transfer coeDcient h
from the de1nition of Nusselt number Nu, and using
Eq. (6) with a general exponent n of Reynolds num-
ber, one can show that, with equality of temperature
1eld and Nusselt number, the resulting regression rate
expression is

ṙ ˙ Gndn−1
p : (16)

Since Gdp is held constant in the similarity model,
then, when operating under similarity conditions, one
does not have to assume the most appropriate value of
n, nor does he have to have information on possible
variation along the grain or whether or not the bound-
ary layer is fully developed. The result is expected to
be

ṙdp = const: (17)

Namely, under similarity conditions the fuel regres-
sion rate is expected to be inversely proportional to

the combustor port diameter. In the literature [2–
6,14,15], it has been pointed out that at low pressures,
regression rate exhibits some pressure dependence.
However, at regular operating pressures typical in the
hybrid rockets, most investigators have not noticed
signi1cant pressure e!ects, and Eq. (17) is expected
to hold still valid.

4.2. Oxidizer/fuel ratio

The fuel 6ow rate in a hybrid motor is given by

ṁf = �sṙAb: (18)

As ṙ ˙ d−1
p , Eq. (17), and Ab ˙ d2

p (resulting from
the linear proportion of the fuel grain length with the
port diameter dp), one obtains

ṁf ˙ dp: (19)

De1ning the oxidizer/fuel ratio

O=F = ṁox=ṁf (20)

and combining the similarity requirement, ṁox=dp =
const:, with Eq. (20), indicate that O=F is expected
to remain constant under similarity conditions.

4.3. Motor thrust and speci6c impulse

Motor thrust, F , is given by

F = ṁue + (pe − pa)Ae = CFc∗ṁ: (21)

In geometrically similar hybrid motors employing
same oxidizer and fuel and with equal O=F and am-
bient conditions, ue and pa are equal in both model
and the prototype. In general, the 1rst right-hand side
(RHS) term of the above equation dominates the
thrust. Since

ṁ = ṁox + ṁf = ṁox(1 + O=F)=(O=F) (22)

and as O=F is expected to be constant, and ṁox is
assumed to be scaled in proportion to dp, approxi-
mately linear proportion between the thrust and motor
diameter is expected

F ˜̇ dp: (23)

While the product peAe in the second RHS term
of Eq. (21) is also proportional to dp, supporting
Eq. (23), the other product paAe is proportional to d2

p.
One may get some deviation from the linearity of
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Eq. (23), yielding somewhat lower thrust values than
predicted by Eq. (23) at increasing motor sizes.

As far as the theoretical speci1c impulse is con-
cerned, it can be expressed by

Isp =
CFc∗

g
: (24)

For equal O=F , the theoretical characteristic velocity
does not change, i.e., c∗ = constant. Thus, Isp is sup-
posed to stay approximately the same

Isp ∼= const:; (25)

except for somewhat decreasing values for larger mo-
tors due to slight variation in CF resulting from vari-
ation in operating pressure.

4.4. Combustion e7ciency

If one preserves the similarity in both chemical and
mixing aspect, the combustion eDciency is expected
to be constant, while motor has to be scaled accord-
ing to the pdp scaling rule. However, it is believed
that this rigorous requirement may be relieved if good
combustion eDciency can be maintained by separate
means that are independent of scaling method. Partic-
ularly it is known that the use of an ori1ce plate and
a large enough aft-mixing-chamber can ensure satis-
factory combustion eDciency.

4.5. Burning time

As pointed out earlier, the fuel regression during the
burning process causes continuously increasing devi-
ation from the initial geometric proportions of the hy-
brid motor. Hence, the systems, which maintain simi-
larity conditions during the initial phase of motor op-
eration, may violate the scaling rules during the over-
all process. This problem cannot be avoided due to
the intrinsic behavior of the hybrid motor, but can be
minimized by either conducting short tests or by scal-
ing the motor operation time appropriately. As ṙ is
proportional to d−1

p and

dp = dpi + 2ṙtb; (26)

the test duration, tb is scaled according to

tb ˙ d2
p: (27)

Namely, the test duration should vary as square of the
respective port diameter, and this has to be adequately

taken into account when testing hybrid motors.
Note that Eq. (27) also indicates the overall burning
time of di!erent hybrid systems under similarity
conditions.

5. Experimental

A line sketch of the test facility with the motor
and its associated control units is illustrated in Fig.
2. In order to permit use of di!erent size motors,
the test facility is built as a modular unit. Poly-
methylmethacrylate (PMMA, PlexiglasJ) is used as
fuel-grain, and gaseous oxygen (GOX) is used as an
oxidizer in all the motors. The fuel grain is placed
between the oxygen 6ow-injector and the upstream
end of the aft-mixing-chamber. The other end of
the aft-mixing-chamber holds the nozzle assembly.
The ignition of the motor is achieved by injecting
a small amount of ethylene in the oxygen 6ow in-
jector for about 300 ms and igniting the resulting
oxygen-ethylene mixture using a spark plug. The
whole setup is mounted 1rmly on a 6exible thrust
stand. During the tests, the oxygen and ethylene 6ow
rates (measured by choked nozzle upstream pressures
and temperatures in the oxygen and ethylene supply
lines), motor and aft-mixing-chamber pressures, and
the thrust are continuously recorded.

Motors having initial port diameters of 7:5; 10; 15;
23; 34, and 40 mm (i.e., 1ve-fold diameter ratio,
approximately) and initial geometric proportions,
length-to-port diameter ratio, L=dp = 10, were tested.
The chamber pressure was always higher than 25 bar
in all the tests.

The overall fuel regression rate is calculated from
the overall mass loss and the burn time. In general, av-
erage values of the di!erent parameters recorded dur-
ing the motor operation, including the motor port di-
ameter, are used to represent the experimental results.
Motor test duration was scaled as per motor initial port
diameter and kept constant at a maximum value of
16 s for motors of initial port diameter higher than or
equal to 34 mm. This was a compromise between the
desire for the same relative 1nal port diameter, which
requires burn time in proportion to d2

p, and the neg-
ative aspects resulting from too long burn times and
relatively large variations from initial dimensions and
proportions.
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Fig. 2. Hybrid rocket test setup.

Fig. 3. Actual test conditions showing approximately constant
ṁox=dp over the range of port diameters for each of the two test
series.

6. Results and discussion

Two test series, namely, Series I at approximately
constant value of ṁox=dp = 1:5 (±10%) g=s mm, and
Series II at ṁox=dp = 0:8 (±10%) g=s mm, were car-
ried out, as shown in Fig. 3. Fig. 4 represents the the-
oretical and experimental variations of the regression
rate with motor port diameter. The test results agree
very well with the theoretical prediction of ṙ ˙ d−1

p ,
[Eq. (17)], validating the similarity model. In Fig. 5,
experimental results of overall oxidizer/fuel (O=F)
ratio vs. motor port diameter are shown for the two
test series. The stoichiometric O=F ratio for GOX/

Fig. 4. Regression rate variation with combustor port diameter in
Series I & II.

PMMA system is 1.92. One can see that in all the
cases the motor operates at O=F values higher than
the stoichiometric value. In each of the test series the
oxidizer/fuel ratio seems to be fairly constant within
the typical experimental spread, particularly for the
larger average port diameters (¿15 mm). The theo-
retical model does not only predict this result, but it
actually ful1lls important similarity conditions. The
motors with smaller port diameters (¡15 mm) have
increased values of O=F ratio than those of larger
port diameters (¿15 mm). This may be attributed
to the relatively large change in L=D ratio from its
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Fig. 5. Experimental results of oxidizer/fuel ratio vs. combustor
port diameter.

Fig. 6. Motor thrust variation with port diameter for Series I
(ṁox=dp = 1:5).

initial value in smaller port diameter motors, leading
to somewhat smaller average L=D ratios and, hence,
under-predicted fuel 6ow rates implying higher O=F
ratios in these cases. One can also note, that in the av-
erage, the O=F ratio in the second test series (which
is of the smaller oxygen 6ow rate) tends to be some-
what (by about 20%) lower than in the 1rst test series.
This behavior agrees with the typical fuel regression
rate correlation of approximately ṙ ˙ ṁ0:8.

The variation of motor thrust with port diameter is
presented in Figs. 6 for Series I and in Fig. 7 for Series
II. Both 1gures show almost linear approximation for
the entire range as predicted by Eq. (23). Comparing
the experimental values of the thrust with the theoret-
ical values, one can see a similar trend. However, the

Fig. 7. Motor thrust variation with port diameter for Series II
(ṁox=dp = 0:8).

Fig. 8. Variation of combustion eDciency with combustor port
diameter.

experimental values are lower because of the lower
experimental values of the characteristic velocity, c∗,
as indicated by the combustion eDciency data, as well
as because of 6ow losses, lowering the CF values.

Combustion eDciency, �, is de1ned in terms of the
ratio between the experimental and theoretical [16]
values of combustor’s characteristic velocity c∗. The
test results are summarized in Fig. 8 revealing pretty
constant combustion eDciency (typically of the order
of 80–90%) for the entire range in both the series.
Somewhat lower values of � were obtained in certain
tests particularly for the smaller port diameters. These
results may be attributed to the higher relative heat
losses in the smaller motors.
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7. Conclusions

A comprehensive analysis taking account of rel-
evant processes and e!ects has been carried out
in order to de1ne the similarity rules under which
laboratory-size hybrid rocket motors should be tested
in order to get results that can simulate a full-scale
motor. The most signi1cant scaling rules are the
following: (1) maintaining geometric similarity, (2)
using same oxidizer and fuel combination, (3) scaling
ṁox in proportion to dp (resulting in Gdp = const). In
order to verify the similarity model and its resulting
scaling rules, tests were conducted on laboratory-size
PMMA/GOX hybrid rocket motors. The results
demonstrated good agreement between the theoretical
prediction and the tests of key operating parameters,
such as fuel regression rate, O=F ratio, and thrust.
Furthermore, the test results not only verify the sim-
ilarity model and its resulting scaling rules, but also
point out that main processes and e!ects have indeed
been adequately taken into account in the theoretical
similarity analysis. The overall fundamental result
of this study indicates the important role that testing
according to the appropriate similarity conditions can
play in the development of hybrid motors.
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