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Internal Ballistics Considerations of Nozzleless Rocket Motors
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The fundamentals of the internal ballistics of solid-propellant nozzleless rocket motors have been studied theoret-
ically and experimentally. Aimed at the major basic aspects, the theoretical analysis consisted of a quasi-steady-state
one-dimensional flow of a perfect gas in a constant-area port, assuming a uniform burning rate along the grain as a
result of the compensating effects of erosive and pressure-dependent burning contributions. The simplified analysis
has been found to be an excellent tool to exhibit fundamental characteristics. It revealed that the theoretical achiev-
able specific impulse in a nozzleless rocket cannot exceed approximately 86% of its value in an adapted-nozzle
rocket operating at the same average chamber pressure. An experimental parametric study using cylindrical pro-
pellant grains has demonstrated good agreement with the major parameters addressed in the theoretical analysis,
‘indicating that the assumption of a uniform burning rate is a realistic approximation.

Nomenclature
= burning area
= port cross-sectional area
= constant in the burning-rate law, Eq. (1); speed of sound
= constant, Eq. (4)
= thrust coefficient
= thrust coefficient of adapted nozzle
specific heat
characteristic velocity
= port diameter
motor thrust
frequency
standard gravity acceleration
enthalpy (per unit mass)
specific impulse
grain length
characteristic length
Mach number
mass
mass flow rate
= pressure exponent in burning-rate law, Eq. (1)
pressure
specific gas constant
propellant burning rate
= temperature
= time
= axial velocity
= distance along the grain
= function of y, Eq. (8)
= specific heat ratio
= diameter ratio
= density
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Subscripts

a = ambient

av = average

b = burning; burnout

e = exit plane

i = initial

max = maximum

N = nozzled

NL = nozzleless

D = propellant

t = total (stagnation) properties
0 = head-end conditions
Superscript

= average

Introduction

OZZLELESS solid rocket motors (NSRMs) are characterized

by the absence of a nozzle at the aft end of the motor. Their
solid-propellant grain is usually a cylindrical perforation (Fig. 1).
The simplicity, reliability, and cost effectiveness due to the avoid-
ance of a nozzle, the simple propellant configuration, and the re-
duced insulation requirements make the NSRM an attractive con-
cept in spite of its lower specific impulse (by about 20%) compared
to nozzled motors.! In addition, the elimination of the nozzle as-
sembly is used to increase the overall amount of propellant that,
in most instances, can compensate for the reduced performance.
Nozzleless solid-propellant motors seem to be of particular interest
for applications to integral-rocket-ramjet boosters because of their
better volumetric efficiency and the avoidance of ejectable nozzle
assembly.

Because of the specific operating regime, nozzleless rocket pro-
pellants are typically characterized by better mechanical properties
and higher burning rates.

Fundamental solutions of quasi-one-dimensional adiabatic flow
with mass addition in a constant-area duct have been employed
for performance calculations of cylindrical solid-propellant motors,
with some implications to nozzleless rocket motors.>~> Influences
due to departure from one dimensionality on the flowfield develop-
ment and choking conditions have been studied analytically. Glick
and Orr® and Glick” demonstrated that the radial profile of the axial
velocity leads to a choking plane with a nonuniform Mach number.
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Fig. 1 Schematic of a nozzleless solid-propellant motor.

In Refs. 6 and 7, it was concluded that two-dimensional effects
should yield a performance increment of about 4-5% over the one-
dimensional predictions. Later, experiments by Traineau et al.® and
an analysis by King® revealed a much smaller effect, less than
2%, apparently because the radial distribution of the axial veloc-
ity is flatter than previously expected. The more recent analysis
by Balakrishnan et al."® predicted some 3—4% improvement in the
vacuum specific impulse when assuming a frictionless, rotational
flow.

A database has been provided by a number of experimental
investigations,>''~'3 enabling the examination of different theoret-
ical assumptions and solutions.

One of the most significant phenomena in nozzleless rockets is
erosive burning causing enhancement of the propellant burning rate
in the case of high-speed crossflow in comparison to stagnant con-
ditions. Because the flow in a nozzleless motor accelerates from
practically zero velocity at the head end to sonic and sometimes su-
personic speeds at the exit zone, one expects that increasing erosive-
burning effects will be encountered for increasing distances along
the grain. The phenomena associated with the origin and effects
of erosive burning have been discussed and modeled in numerous
articles.'® "~ 19 [t is generally accepted that among the major factors
influencing the erosive burning are Mach number, Reynolds num-
ber, and turbulence intensity, and that these effects are much more
pronounced in nozzleless motors than in nozzled solid rockets.

Other influences that cannot readily be incorporated in a simple
analytical solution are grain deflection,?® two-phase flow effects,
and combustion efficiency.?! The former effect results from the di-
rect influence of grain deformation on the choking cross section,
whereas the latter are of concern in the case of propellants contain-
ing aluminum (or other metal) particle additives.

In our opinion, analytical studies would yield a good physical
insight on fundamental performance characteristics and influencing
parameters in nozzleless rockets. Unfortunately, this powerful tool
has not been fully exploited because such studies were replaced by
a technical approach in a relatively early stage. Precise prediction
requirements for engineering purposes have led to the development
of numerical codes on the internal ballistics of nozzleless rocket
motors,2'119-22-24 incorporating the different effects in empirical or
semi-empirical manners, with the major concern being the simula-
tion of the two main measurable parameters, namely, head pressure
and thrust vs time. Such programs usually involved a large number
of adjustable constants and parameters (Ref. 2 quotes as many as 15
parameters).

A one-dimensional analysis seems to account for the most in-
fluencing factors in a reasonable physical manner, highlighting the
fundamental nozzleless rocket performance characteristics. Because
turbulence and viscous effects play an essential role in the erosive-
burning phenomena, one may argue that the one-dimensional model
can be a better physical approximation than a rotational, inviscid
flow description. The one-dimensional analysis may also serve as
an excellent preliminary design tool, as well as for initial safety
assessment (prediction of peak pressure and thrust).

The objective of this investigation is to carry out an explicit one-
dimensional analysis of the internal ballistics of nozzleless rocket

motors and to relate and compare the analytical findings to system-
atic parametric results obtained from a parallel experimental effort.

Analysis

The analysis assumes a quasi-steady one-dimensional friction-
less gas flow in a constant-area duct with distributed mass addition
along the wall. As the chemical reaction (and heat release) in solid-
propellant combustion is accomplished within a very short distance
from the wall, one can consider the core flow as adiabatic and non-
viscous. The assumptions of constant physical gas properties, for
example, molecular weight, specific heat c,, and specific heat ra-
tio y, as well as quasi-steady flow along the combustor in spite of
the continuous regression of the propellant surface, provide a good
first-order approximation in solid-propellant motors.

Assuming that the flow properties are a function of the distance
along the combustor and are uniform at a cross section implies that
the flow attains Mach number of unity and choking conditions at the
end of the constant-area duct. As mentioned before, not accounting
for two-dimensional effects implies only second-order underesti-
mation of motor performance, generally within the inaccuracy in-
troduced by the other common assumptions.

The most significant physical approximation that is incorporated
in this model and that should make its predictions more realistic
than those of other analytical models is the view that the propellant
burning rate is practically uniform along the grain at any time in-
stance. In a way, this accounts for the erosive-burning phenomenon,
which is consistent with the physical trend of this effect, whose
magnitude increases in the downstream direction, compensating for
the decreasing pressure-dependent contribution of the burning rate.
The use of a uniform burning rate along the grain exhibits good
agreement (within few percent) with the experimental findings of
Nahon'! and Traineau and Kuentzmann,'? as well as with this study.
As a general rule, it seems to offer a good approximation for com-
mon grain geometries. Deviations from the simplified model may
be expected for very large diameter motors (due to smaller erosive
burning effects) or for very high L/D motors (due to higher grain
deflection and erosive-burning effects).

The instantaneous burning rate 7 is, thus, represented by its value
at the head end, which is a function of the head-end pressure po
alone, because there is no crossflow there:

F = ap; ey

The governing one-dimensional conservation equations of mass,
momentum, and energy in the constant area port are, respectively:
dm = A, d(pu), —dp = d(pu?), and dh + udu =0. Assuming a
perfect gas implies the equation of state p=pRT and the specific
heat expression ¢, =y R/(y — 1), where R is the specific gas con-
stant. One can readily show that, when using the choking condition
M =1 at the downstream end of the motor (exit plane, indexed e),
the following relationships can be obtained:

T.=2Ty/(y + 1), T.=To @

pe=po/y+ 1,  pe=3lr +1/2" Pp=Cp 3
As expected, the total (stagnation) temperature remains constant
along the entire motor as a result of the constant total enthalpy.
However, the constant C

C =;ly + /2770 @)

which is very close to 0.8 (within £1%) for typical values of y,
demonstrates stagnation pressure loss of some 20% along the grain.
This loss results from the nonisentropic conditions associated with
mass addition at increasing entropy levels (due to the decreasing
pressure) along the grain. The head-end pressure is the highest
pressure in the motor at any moment, whereas, in general, head-
end properties represent stagnation conditions because of the zero
flow velocity.
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By the integrating of the mass and momentum equations along the
grain, and by the using of the boundary conditions = =0and p = po
at the head end (x = 0), one obtains (see elaboration by Price?)

1
{14y [1 = Giy?]}
(1+y)

p/po= ®)

where p and 1 are, respectively, the static pressure and mass flow
rate at some axial distance along the grain and m, is the overall mass
flow rate at the exit plane, which is considered the choking location
(M, =1). Because, according to our assumption, the instantaneous
burning rate 7 is uniform along the grain, then the relative mass flow
rate at any axial location is equal to its relative distance along the
grain; hence,

[1+y[l—(x/L)2]%]
(I+7v)

p/po= ©)

Interestingly, from their tests Traineau et al.® concluded that pressure
ratio can be predicted more accurately by one-dimensional than by
two-dimensional calculations if viscous and irreversibility effects
are not accounted for.

The energetic performance of the combustion chamber can be
expressed by the commonly used characteristic velocity c*, whose
thermodynamic expression remains as in nozzled rockets

¢ =1/T{/RT M

where Ty is the constant stagnation temperature in the chamber and
T is defined as

[ = 712/ + DI+ 2 =D ®)

However, the application of c¢* to mass flow rate calculations should
be related to the aft-end total pressure

m= pwA,/c* 9)

where A ,, the port cross section, also represents the throat (or chok-
ing) and exit cross sections. When using the measurable head-end
pressure pg (p. or p;, are not regularly measured quantities), one
finds that

m = CpoA,/c* (10)

Because the burning area is A, = 7 DL and the throat area is equal
to the port area A, = 7 D?/4, the burning-to-throat area ratio is

Ap/A, =4L/D am

When using the assumption of a uniform instantaneous burning rate
f [Eq. (1)], as well as the steady-state approximation, the instanta-
neous head pressure is

po = [ppac*@L/CD)V' ™" = pu(Dy/D) ™" (12)

which is higher by a factor of (1/C)!/=", for example, by 56% for
n =0.5, than the chamber pressure of a nozzled rocket with a simi-
lar burning-to-throat area ratio. Equation (12) reveals that the head
pressure po o< (L/D)"/!=™_ For a similar port diameter, it is always
higher for larger grain lengths. Notice that, for a given motor, the
maximum pressure p, is always obtained at the beginning of the
combustion (and, of course, at the motor head end, i.e., pmax = poi)
and it would be higher for smaller initial port diameters D;.

The burning rate, which can be calculated from Eqs. (1) and (12),
is also maximal at the beginning. It decreases with the increase in
port diameter according to

F = #(Dy/ DY (3)

The time dependence of the port diameter can be expressed by
dD
5 =% (14)

When using Eq. (13) for the instantaneous burning rate and inte-

grating over the range of port diameters from D; (at # =0) t0 Diax
(at t =1,,), the overall burning time can be shown to be

tp = [(1 = m)D; /28] (Dynan/ D)V~ — 1] (15)

The average head pressure p,, defined as

1
Pav = T ./ Po dr (16)
13 0

depends on propellant properties (p,, a, ¢*, and n), as well as on
geometric parameters (D;, Dyax, and L),

o Va-n
(1 dppac " Li/a-m ln (Dimax/ Di)
P = 1-a/\T ¢ ' T _ Dil/(l -

_ (1 ta Doax/ Di)
_POI(l—n)[(D,mx/D’.)l/(l—n)_1:| )]

Equation (17) shows that p,, o L'~ just as are the instantaneous
and the maximum pressures. However, the dependence of p,, on D;
and Dy, is a more complex one, revealing different behavior. The
ratio between the average and maximum pressures (Pumax = Po;) 18
independent of both L and propellant properties (except ). It does,
however, decrease monotonically with increasing the ratio Dyax/ D,

Puv _ 1 &‘/(Dmnx/Di) (18)
Pmax B l—n (Dmux/Di)l/(l -1
Note that the burning-rate coefficient a has the same effect as the
propellant length L on both pyax and py,. On the other hand, a lower
value of n implies smaller variations in pressure during burning and
a higher ratio of pu/pma. Such a situation is desirable from the
structural design standpoint and, as a general rule, would result in a
better motor performance for the same pinax-

Because of the specific configuration, the thrust of an NSRM can
be determined simply from

F = (po— pa)Ap = poAp — PaAp (19

In terms of internal-ballistics parameters, Eq. (19) can be expressed
as follows:

F = (ppac*4L /)" ™" (x/a) DU -2/ =D — p, (/4 D?

= po(r/4)D}/ " pU-A=1 _ p (7 /4) D? (20)

Equation (20) implies that forn = 1 the first thrust term is constant.
For n < % it increases with time dzun'ng burning (as D increases),
whereas for n > % it decreases with time. The second term, how-
ever, always increases with time, that is, with increasing D, for any
nonzero p,. At the beginning its magnitude is very small compared
to the main thrust term. However, toward the end of the motor op-
eration it may increase substantially and cannot be neglected.

A constant thrust (neutral operation) throughout the burning is an
exact mathematical solution for n = % only when p, =0 (vacuum
operation). However, for any nonzero p,, a close to neutral opera-
tion would generally be characterized by n < %, yielding an initial
increase of thrust with time followed by a monotonic decrease after
attaining a peak value.

The instantaneous specific impulse is defined as

Isp = F/m80 (21)

When substituting Egs. (10) and (19) in Eq. (21), the instantaneous
specific impulse can be expressed by common specific characteris-
tics,

Ip = (c*/ Cgo)l1 — (Pa/ P)] = Crc*/80 @2)
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where the instantaneous thrust coefficient is
Cr=(1/O)1 - (pa/ po)] (23)

Equation (23) shows that at any instant the thrust coefficient
Cr <1/C (the equality is valid for vacuum operation). With C
constant and equal to approximately 0.8 [Eq. (4)], Cr of an NSRM
is always lower than about 1.25 (compared to typical values of the
order of 1.5-1.6 for nozzled rockets). Note that when Cr is related
to the head-end pressure, it is expressed as

Cr = F/(CpoA,) @9

Because the operating conditions of a nozzleless motor vary con-
tinuously, the mean specific impulse based on the total impulse and
the overall propellant mass consumed is of interest:

. [P Fd [PFd
ISP = . = (25)
8o fo mdr m,go
where m, is the overall propellant mass
m, = (wp,L/4)(D%,, — D?) (26)

When transforming from time to port diameter variations [see

Eq. (15)]
dt = [1/2!",- D:'/(l—")]D"/“‘") dbD @n

and integrating from D; to Dy,,,, one obtains after algebraic arrange-
ment

I = c* Pa 2—2n (Dmpax/D;)B-2/0-m _ 1
P Cgo P 3 —2n (Dmax/Di)2 1

] (28)

The corresponding average thrust coefficient that is derived from
Cr = Ipgo/c" 29)
is
C : {1 P 2=2n (Dua/D)C72N0-W
(Dpax/Di)? ~ 1

i 32 ] G0

For performance evaluation, it is often advisable to compare the
average specific impulse achievable in a nozzleless rocket to the
corresponding specific impulse of an adapted nozzle rocket oper-
ating at a constant chamber pressure equal to the nozzleless motor
average head pressure p,,. It is easy to see that

Ionu/Ipn = Crnn/Coy @1

Generally, Cy. is expressed by

C; =2y /& = DI[1 = e/ Py -D7]  (32)

where p, is the exit pressure, which is equal to the ambient
pressure (p, = p,) in the case of the adapted nozzle, and p, is
the stagnation chamber pressure. By the using of p.= p,, and
Pe/ Pe = (Pe/ Pmax) (Pmax/ Pav), One obtains for the nozzled rocket

2y

!
Al/(—n) _ [
. (&,(1_,1).@,“/0.) 1
Pmax l-7“(Dmax/Dx)
(33)

It is straightforward to show that the ratio between the nozzleless
Cr and the nozzled Cj gets its extreme values for the following

conditions: The lowest ratio is associated with infinitesimally small
ambient-to-maximum pressure ratio, that is, either vacuum opera-
tion or extremely high initial chamber pressure,

min(Cr/C}) for (Pa/Prmax) > 0 (34)

Note that the minimum ratio is obtained when both Cr and Cy get

their maximum values,
Cr=TV2y/(y = 1)
min(Cr/C3) = /¥*—1/y 39)

For illustration, the corresponding numerical values for y = 1.2 are

Cr=1/C,

Cr = 1.24, Cy =2.25, min(Cr /C}) = 0.55

The highest ratio will be achieved for the lowest operational pres-
sure and for an infinitesimally thin web. If one presumes that the
minimum chamber pressure during the entire operation time should
ensure choking conditions, then

max(Cr/C3)  for  (Dmax/Di)—>1, Pa = Poi = Pmax

Pmax = ()’ + 1)pa (36)

In this maximum-ratio case, however, both Cr and C% attain their
minimum values, namely, both nozzleless and nozzled rockets ex-
hibit their poorest performance,

(Y—l)/V%
- 1 y 2y 1
Cr==-—2_ c=r/2|1-(—
F=c v+1 F y—lli (y+1) :l

Cr _ y—1n
max — =
C¢ [ w+D{1 -1/ +D)r-vr)

Again, fory =1.2,

(37

Cr = 0.68, Cy =0.79, max Cr/Cy = 0.86
Note that common operating conditions, e.g., Pmax/pa =100,
Diax/Di =3, and n = 0.5, imply Cr ratio of approximately 0.8.

The range of obtainable Cr/C} ratios (which is equivalent to
the range of relative I, values), as is shown here, demonstrates
the great significance of an analytical investigation, which clearly
indicates the operational range and can avoid erroneous speculations
and extrapolations. For instance, the extrapolated values of relative
specific impulse of 90-92%, which are predicted by Ref. 2, are far
beyond the possible theoretical limit of 86% that results from the
present analysis.

Experimental

A test program was aimed at a parametric study of the influence of
design factors on the motor performance to examine the theoretical
analysis and to enhance the database.

In general, tests were performed with a propellant grain hav-
ing a straight circular port. Regularly, the grain outer-to-inner-
diameter ratio is limited to 3-3.5. Application of a stress-relief-
liner (SRL) technology enabled the extension of the grain outer-
to-inner-diameter ratio to values otherwise prohibited by thermal
stresses, when compared to regular liner technology. The propellant
grain was restriction free at both fore and aft ends. The propel-
lant used was a nonmetallized hydroxyl-terminated-polybutadiene
(HTPB)-based formulation containing 84.5% ammonium perchlo-
rate (AP) oxidizer of a trimodal particle distribution (180/8/2u).
The propellant exhibited a relatively high bumning rate (30 mm/s
at 10 MPa) with a pressure exponent of approximately 0.5 and
y = 1.2. The motor casing consisted of a thick-walled steel tube
with an inner diameter of 103 mm and a variable length. Ignition
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was accomplished by a pyrotechnic igniter consisting of 6 grams of
a boron/potassium-nitrate (BPN) powder located within a cavity in
the forward closure.

Continuous measurements of the static pressure within the pro-
pellant port during burning in different cross sections along the grain
were conducted in a number of tests through radial holes in the pro-
pellant web, using a special technique. The holes were formed by
7.8-mm pins that were inserted radially into the combustion cham-
ber before the propellant casting process. After casting and curing,
the pins were withdrawn, thus forming ports passing through the
web. The inner surfaces of the ports were coated by a 2.1-mm-thick
cast liner layer, leaving holes with a 3.6-mm diam. Other ports along
the motor case (nonprotruding into the grain) were used to detect
pressure jumps, indicating local web burnout. Head-end pressure
and motor thrust were the two main motor performance variables
measured. All pressure and thrust measurements were carried out by
BLH strain-gauge transducers with an accuracy of £1%. A comput-
erized data acquisition and processing system with sampling rates
between 400 and 3000 samples/s was applied.

Several geometric grain design parameters were systematically
varied to investigate their effects on motor performance. Motor case
inner diameter, equal to the propellant maximum diameter Dy,
was kept constant (103 mm) during this study. The effect of motor
length-to-diameter ratio L/ Dy,x Was investigated by firing motors
with different ratios (3.5, 4.5, 5, 6, 7, 10.5, 11.5, and 12.5). The
effect of the grain loading factor A, defined as the grain outer-to-
inner-diameter ratio D,/ D;, was studied in test firings of motors
with four different nominal inner grain diameters (17.3, 20.8, 26.0,
and 38.4 mm) that correspond to A of approximately 6, 5, 4, and 2.7,
respectively, for most of the L/ Dy, ratios. Actual inner diameters
could be larger than the nominal values by as much as 5% due to
propeliant shrinkage during curing.

The effect of an aft-end cone geometry (initial expansion ratio
and divergence half-angle) on motor performance was investigated
by a limited number of firing tests.

Most of the firing tests were performed at ambient temperatures of
25 4 5°C. Motor performance temperature sensitivity was studied
by additional tests conducted at conditioning temperatures of —10°C
and +65°C.

Results and Discussion

The validity of the assumption of a uniform burning rate along
the grain was directly tested by determining the local web burnout
instants along the motor from pressure jumps detected by pressure
transducers connected to the inner case surface on exposure to the
chamber conditions (Fig. 2). The burning time of the head-end sec-
tion was found to be shorter by approximately 10% than that of the
downstream section, indicating that the average burning rate at the
head end was higher by the same order. This is a relatively small
deviation from the uniform burning-rate assumption, particularly
when taking into account that the burning time is much affected by
the low burning rate at the latest stage (when 7 is relatively low). For
this propellant, if the burning rate were only pressure dependent, the
burning rate at the head end would be about 50% higher [i.e., ratio
of (¥ + 1)"] than in the downstream section.
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The usefulness of the one-dimensional analysis for the prediction
of main flow properties in the nozzleless motor can be demonstrated
from the experimental results of the variation of static pressure to
head-end pressure ratio along the grain. The agreement with the one-
dimensional theory, which assumes a uniform burning rate along the
grain [Eq. (6)], is very good (Fig. 3), as is also indicated by Ref. 8.
In fact, with the typical spread of motor test results, it would be
impractical to detect second-order effects (such as two-dimensional
influences).

Figure 4 shows test results of the maximum pressure (Pmax = Poi)
vs the length-to-initial-port-diameter ratio for different motor ge-
ometries ranging for p. from 1.5 to 35 MPa and for L/D; from
15 to 75. As predicted by the theory [Eq. (12)], the test results
were very well correlated by a straight line on a log-log plot with
a slope of 2.1, indicating a pressure exponent of 0.52, in an ex-
cellent agreement with the independently measured value of n (in a
strand burner). Figure 4 points out and supports the following: First,
the quasi-steady-state assumption leading to the instantaneous pres-
sure calculation is generally correct. Second, one-dimensional flow
with choking conditions at the downstream end is a reasonable de-
scription. Third, the assumption of a uniform burning rate along
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the grain, which can be described by a constant exponent of the
head-end pressure, is a good physical approximation (resulting, as
stated before, from the compensating effects of pressure and erosive
burning contributions). If the burning-rate behavior along the grain
was different, Fig. 4 would exhibit a different dependence.

The substantial decrease in head-end pressure during typical noz-
zleless motor operations is shown in Fig. 5 for a range of motor
lengths (527-1083 mm) and initial port diameters (17.3-38.4 mm)
by presenting the burnout-to-initial-head-pressure ratio. The exper-
imental results are in agreement with the theory [Eq. (12)], predict-
ing pos/ Poi = (Drmax/ Di)~/1~" with no effect of motor length. The
theoretical line is drawn for n =0.5.

The strong effect of motor length on initial head pressure (ac-
cording to 1/1 — n exponent), as predicted by Eq. (12), is shown in
Fig. 6, with the initial port diameter as a parameter (whose influence
is according to —1/1 — n power).

Having both py. and p,, the same dependence on the grain
length, that is, relative to L'/4~" [see Egs. (12) and (17)}, should
yield a linear proportion between p,, and py,, for each value of D;,
independently of L, where the proportionality factor is only a func-
tion of the diameter ratio (and n). Figure 7 reveals this behavior for a
variety of tests, covering grain lengths from 370 to 1200 mm, in ex-
cellent agreement with theoretical lines drawn for n = 0.5. Increas-
 ing the average pressure by increasing the grain length L implies
- the same relative increase in the maximum pressure ppax.
~ Equations (12) and (17) reveal that when decreasing D; both
Pmax and p,, increase. However, whereas pn.x is proportional
to D; /(=" and, hence, rapidly increases with decreasing the initial
diameter, p,, is approximately relative to fn(1/ D;) for small values
of D; and a fixed value of Dy, and thus, its growth with decreasing
D is very moderate. This trend is generally shown in Fig. 7, showing
larger slopes in the p,, VS ppax plot for larger D; values. The ratio
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Pav/ Prmax that is expressed by Eq. (18) reveals a mere dependence on
Dinax/ D; with no effect of propellant properties or length. Figure 8
shows good agreement between the experimental results and this
theoretical prediction. Figure 8 also shows that if the increase of av-
erage pressure is accomplished via decreasing the initial diameter
(to increase overall performance and propellant loading fraction)
one pays a penalty of a much higher undesirable increase in the
maximum pressure (and, consequently, a decrease in p,y/ pmax), im-
plying a thicker and heavier motor case. On the other hand, a thinner
propellant web, that is, smaller D,/ D;, would result in a larger
Dav/ Pmax Tati0, but in lower p,, (as well as p,,,) than for a smaller
D; and inlower propellant loading fraction and overall performance.

Asimplied by Eq. (28), the specific impulse approaches an asymp-
totic value when increasing pug.. or p,. It can be proven that the
increase of motor pressure by increasing the grain length (and simi-
larly by increasing the burning-rate coefficient a) has a more benefi-
cial effect on increasing the specific impulse than the same increase
in pressure via decreasing the initial port diameter. Lowering the
pressure exponent n has an even better influence.

The ratio between the measured specific impulse in different
nozzleless firing tests and the theoretical specific impulse of an
adapted-nozzle rocket operating at a chamber pressure equal to p,,
is shown in Fig. 9. The practical ratios obtained lie between 0.73
and 0.82. Possible unchoked operating conditions toward the end
of the combustion in low p,, cases might have caused some reduc-
tion in the actual specific impulse. As stated before, the maximum
theoretical specific impulse ratio cannot exceed 0.86.

A commonly used method to enhance the delivered specific im-
pulse is the tapering of the motor aft end, which acts for part of
the burning time as an expansion cone and improves kinetic energy
recovery. The effect of aft-end geometry was investigated by testing
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motors with various cone lengths and expansion angles (Fig. 10).
The overall motor length and inner diameter were kept constant. The
results obtained show, however, that motor efficiency decreased as
cone length increased. This is explained by the reduction of motor
average pressure (because of smaller effective burning area) leading
to higher I, losses. An exit cone may improve the performance of
nozzleless motors, where the reduction of burning area by the ex-
pansion cone is insignificant relative to the overall burning area. In
the motors tested this condition was not valid.

From the analysis of the results obtained from tests at three dif-
ferent conditioning temperatures and two motor lengths, it became
evident that nozzleless motors are less temperature sensitive than
the nozzled motors. Results from this study indicate temperature
sensitivity of the motor pressure to be 0.15-0.20%/K, whereas data
obtained from nozzled motor firings with an identical propellant
formulation revealed a sensitivity factor of 0.3%/K. This result is in
good agreement with data obtained by other investigators.>!' The
mechanism for this phenomenon is associated with the change of
grain inner bore diameter due to pressure stresses (grain deflec-
tion) and that the bore diameter determines the choking cross sec-
tion. Because the propellant modulus of elasticity decreases with
temperature, larger deformations of the inner bore diameter (larger
throat area) occur at high conditioning temperatures, compensating
for the increase in burning rate due to temperature effect. At low
conditioning temperatures, the increased propellant stiffness results
in a smaller deformation of the grain port, reducing the relative tem-
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Fig. 11 Instability detected during motor firing.

perature effect on the burning rate. Also note that grain deformation
may be particularly noticeable at the initial burning stage, causing
enlargement of the bore and consequently some decrease in the ac-
tual pyu and an apparent increase in thrust when calculated on the
basis of the measured head pressure and initial nominal bore diam-
eter. This was recognized in the tests, but was not accounted for in
the model.

Low-frequency (about 35-Hz) pressure oscillations were ob-
served during the final combustion stages of some firing tests (see
Fig. 11). This phenomenon, which has also been observed by other
investigators,'! is usually referred to as L* (bulk) instability. How-
ever, our observations reveal that the oscillation frequency obtained
is much lower (approximately by an order of magnitude) than the
classical L*-instability frequency, that is expressed by the inverse
of the residence time,

fr =T2c/L? (38)

and is similarly far from any motor acoustic instability mode. L*,
which is defined as the ratio between the combustor volume and
throat area, is actually the motor length in the case of a nozzleless
rocket. In the present tests instability was observed only for motor
lengths less than 630 mm and for pressure levels below 0.3 MPa
(on average 0.26 MPa). It was also found that increased propel-
lant conditioning temperature (65°C) caused stable combustion in
motors that otherwise exhibited unstable operation. A similar effect
was caused by the addition of a high-expansion-ratio exit cone when
maintaining the same chamber pressure. On the other hand, reduced
burning-rate propellants generated instability in motors that showed
stable operation with the regular propellant. It is suspected that these
observations indicate that the main trigger for pressure oscillations is
the interaction between the port flow and the ambient atmosphere at
unstable choking conditions, when the aft-end pressure becomes too
low and the operating regime is close to atransition tounchoked flow.

Conclusions

The usefulness of analytical modeling of the internal ballis-
tics of nozzleless solid-propellant rocket motors for revealing the
fundamental operating characteristics has been demonstrated. The
quasi-steady-state one-dimensional analysis of the port flow has
yielded closed-form expressions for major operating parameters.
One very significant conclusion resulting from the analysis is that
the maximum theoretical obtainable specific impulse of a nozzle-
less motor (with no exit cone) is limited to approximately 86% of
its value in an adapted-nozzle rocket operating at the same average
chamber pressure. This theoretical finding contradicts speculated
and extrapolated values as high as 92% quoted in the literature on
the basis of empirical correlations.

Other main results that exhibit good agreement between the the-
oretical analysis and data from a parallel experimental effort follow.

The simplified assumption of a uniform overall burning rate along
the propellant grain is a realistic first-order physical approximation
accounting for the compensating contribution of erosive burning to
the decreasing pressure-dependent burning rate contribution in the
downstream section due to reduced local pressure.

Within the experimental spread, a one-dimensional flow analysis
describes well the pressure ratio along the port, when assuming
M, =1
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The average-to-maximum pressure ratio is independent of grain
length and propellant properties including the burning-rate coeffi-
cient a. Increasing L and a is a reasonable way to increase average
pressure and specific impulse. Decreasing » may be even a better
way because it increases puy/ Pmax. However, increasing the diam-
eter ratio Dp,,x/D; implies a penalty of reducing p.v/pmax (in a
well-predicted manner), although it enables higher propellant load-
ing fractions.

Forming an exit cone at the aft end of the grain may improve
the motor performance only if the loss of effective burning area is
relatively small. L/ Dy, of 4.7 was found to be too small, causing
a decrease in performance when using an exit cone.

Because of the strong coupling between bore diameter and inter-
nal ballistics, temperature sensitivity of chamber pressure in noz-
zleless motors was found to be smaller than for nozzled rockets due
to grain deformation. Grain deformation may also have a noticeable
effect on the initial pressure and thrust.

Finally, low-frequency combustion instability seems to be trig-
gered by unstable choking conditions, when the motor pressure
drops to a low value close to transition to unchoked flow condi-
tions. Note that the observed frequency does not correspond to that
of the so-called L* (bulk) instability.
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