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Abstract: Solid propellant air turbo rocket (SPATR) is an air breathing propulsion system. A nur

merical model of performance and characteristics analysis for SPATR was presented and the corre

sponding computer program was written according to the operation characteristics of SPATR. The

influence on the SPAT R performance at design point caused by the gas generator exit parameters

and compressor pressure ratio had been computed and analyzed in detail. T he off design perform-

ance of SPATR a sea level and high altitude had also been computed. The performance of thrust

and specific im pulse for SPATR with different solid propellant~had\ been compared at/off design

points, and the off design performance comparison had“been madebetween fuek rich and-oxygerr

rich. T he computation results indicated that SPATR/operates within wide range of Mach number (0
~ 3) and altitude (0~ 12km), and SPATR possesses high specific thrust\(1 200N/ (‘kg/ s)) and
high specific impulse ( 7000 N/ (kg/s)) when fuet air_ratio of cembustor equals fuek-air ratio.
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Symbols

T total temperature

p total pressure

n pressure ratio

n efficiency

[eh specif ic heat at constant pressure
K ratio of specific heats

L. compressor power

Ly turbine power

w Mass flow
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~ N o= o=
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fuet air ratio

equivalent fuel air ratio
total enthalpy

thrust

specific thrust

specific impulse

velocity
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proper mixing ratio

Subscripts and station
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combustor

compressor

fuet rich gases

turbine

air

mixed gases of the fuel rich and the air
total parameters

far upstream or free stream
compressor inlet

turbine inlet

turbine exit

compressor exit

combustor inlet

combustor exit

CHEN Xiang (1973- ), Male, Lianyuan, Hunan, PhD candiadate, M ain research directions is aerospace propulsion theory and

engineering. E-mail: chenxiangclp73@ gmail. com



270

24

9 nozzle exit

Introduction

A schematic illustration of solid propellant
air- turbo-rocket (SPATR) is shown in Fig. 1.
As the figure shows, the turbine is driven solely
by the fuelrich gases with high temperature and
high pressure which result from fuekrich solid
propellant at gas generator, and compressor,
which raises the pressure of the air, is driven by
the turbine. T hese fuel-rich gases at turbine exit
mix with the compressor discharge air and burn
in a combustor. The hot gases enter the nozzle
and exhausted with high velocity finally in order
to produce the thrust. SPATR, which is a com-
bination of traditional Solid propellant rocket err
gine and ai-breathing turbine engine, offers an
array of characteristics, including a wide range
of flight Mach number(0~ 4. 3) and altitude (0~
30km) , high thrustweight ratio (20~ 40), spe
cific thrust (1 500~ 2000 N/( kg/s) ), thrust-
frontal area ratio( 5000~ 50000 N/ m*)_and high
specific impulse (6000~ 12000N/ (kgts))'™
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| Nozzle

Compressor
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Fig. 1 Schematic illustration of solid propellant
air- turho rocket (SPATR)

A schematic illustration of operational
modes for tactical missile equipped with SPATR
is given in Fig. 2.

Compared with ramjet, a booster engine is
not a must since SPATR has ability to accelerate
itself. Apart from it, specific impulse of SPATR
is higher than that of a rocket engine” . There
fore, SPATR is a promising power plant for tac
tical missile. During the development of compu
tational model for airturbo-rocket (ATR), a
thermodynamic model of ATR has been pro-

posed by K. L. Christensen'®”". Combustor fuel

air ratio (f) was selected as a cycle parameter of
thermodynamics in his model and thrust and spe-
cific impulse performance was analyzed in detail
based on thef. However, the quantitative anal-
ysis of SPATR performance by component pa-
rameters is insufficient in his paper. In this pa-
per, the quantitative analysis method is adopted
to study the change in SPATR performance re-
sulted from the change of component parame-
ters, such as compressor pressure ratio and gas
generator exit parameters. The off-design per
formance of SPAT R has been computed and ana-
lyzed in detail. The performances of thrust and
specific impulse for SPATR with different solid
propellant have been compared at offdesign
points, and offdesign performance, comparison
has been made between fuelrich and oxygerr
rich. The computation \results indicated that

SPATR meets the requirements of tactical mis-

sile.
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Fig.2 Schematic illustration of operational modes for

tactical missile equipped with SPATR

1 Thermodynamic model of SPATR

The balance equations that must be met for
a thermodynamic model of SPATR include: the
pow er balance between turbine and compressor,
static pressure balance at mixer inlet and mass
flow balance at nozzle inlet. These equations

may be listed respectively:

Le = Lr (1
psi = psi (2)
Wg: Wa"‘ WF (3)

Where
Lc= Wanath(eC— lj/rL
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Lt = WFchTA(l— e?lj 1,

K- 1)/K K~ 1)/K
ec = Tfé“ . er = Tfr(rF F

According to the computation method in

8 e -

reference "', thrust, specific thrust and specific
impulse may be listed respectively:

Fo= VoWge+ (po— po)Ag— VoWa
VoWe+ (po— po)JAs— VoWa

Fs=
Wﬂ
ok 1+ f (po— po)As 1
Io = We= s Vot We I Vo

(4)
The computation method of off design per
formance of SPATR is very similar to that of
turbojet engine. It is selected as control law that
the Shaft speed equals a certain constant (n=
const) and compressor pressure ratio (Jc), tur
bine inlet total temperature ( Tw) and fuel-rich
gases flow (Wr) are regarded as independent var
iables, the three balance equations (1, 2, 3)will
form a nonlinear equations, as described as fok
low:
Eiv= Lrv- Lec= Ei(Te, Tu, Wr)=-0
Ex= psu— psi = E2(T, Tu, Wi)=_0
Es= We— WaeWr'= Es(Tc,Ta; Wr) = 0
(3)

The nonlinear equations are solved by the

multivariable NewtomrRaphson method-and the
ofFdesign performance of SPATR may be olbr
tained in terms of-the equations (5) after the de
sired tolerance onconvergence is met.

Note that the fuel-rich gases from the tur
bine are irrelevant to the air from the compressor
before being mixed, so the ratio of fuekrich ga
ses to the air in the combustor is regarded as a
fuelair ratio (i. e. bypass ratio). A ccording to

equation (1), the fuel air ratio is derived as fol

lows:

W  enlo Lec— 1/0
f= = ;FTZ (1= aJn (6)

As the equation (6) showed, combustor fur

el-air ratio of SPATR not only gives the ratio of
fuekrich gases to the air, but also presents a
functional relationship between the compressor
pressure ratio (Tc) and turbine pressure ratio

(). In terms of the equation (4), fuekair ratio

has an important influence on the thrust and spe-

cific impulse. If the propellant, oxidant and
mixture ratio between them are selected, the
proper mixing ratio (Lo) which meets the need
of fuelrich in theory will be obtained by the em-
pirical formula and fuektair ratio is an equivalent

fueltair ratio in the combustor, namely,
1

0o = 7

So= %

Where a is the residual air coefficient. Giv-

en f > fo, combustor will operate under the
condition of fueklrich, as discussed in detail at

the performance analysis of off-design points.

2 Thermodynamic cycle analysis at
design point

For the thermodynamiccycle analysis at de-

sign point, -the influence\of SPAT R /performance

caused by -the-total\pressure,\ total temperature

and flow of gas generator exit are analyzed in de-

tail. Table 1 presents ‘the design point parame-

ters of SPATR.

Table 1 __Design point parameters of SPATR

Design point parameters H=0,Ma=0
Compressor pressure ratio 4.0
Compressor efficiency 0.85
T urbine pressure ratio 4.5
Turbine efficiency 0.85
Turbine inlet total temperature/ K 1100
Shaft speed /(%) 100
Air flow/ (kg/s) 1.0
Combustor efficiency 0.75

Fig.3 shows that the variation of fuelrich
gases (Wr) at the gas generator exit has an obvr
ous influence on the SPATR performance when
air flow of engine remains a certain constant. As
the figure shows, with the increase of fuel-rich
gases ( Wr), the thrust increases and specific im-
pulse reduces at the same time under the condr
tion of /< fo. However, combustor operates

under the condition of fuel-rich given /> f o, and
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the increase of thrust is determined by the equiv-
alent fuelair ratio of combustor, but the de
crease of specific impulse is computed based on
equation (4). The change of thrust, which fuel-
rich gases flow equals 0. 16 kg/s, reflects the
variation from oxygerr rich to fuek rich. Consid
ering the compromise between thrust and specif
ic impulse, Wr at design point is appreciably less
than the one which the corresponding fueltair ra

tio equals equivalent fueklair ratio i order to

produce the preferable thrust ( and, specific
thrust) .
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by variation of fuel rich gases ( Wy)—at_the

Influence on the SPATR performance-caused

gas generator exit

Fig.4 illustrates\the variation of total pres
sure (pu) and total temperature ( T@) at gas

generator exit has an important influence on the
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Fig. 4

SPATR performance when both air flow of en-
gine ( W.) and fuelrich gases flow ( Wr) are a
certain constant. With the increase of pu, com-
bustor total pressure and nozzle inlet total pres-
sure increase respectively, which leads to the in-
crease of exhaust velocity in order to produce the
preferable thrust. Since the total pressure of
combustor increases, compressor pressure ratio
(Te) is inevitably rising properly to ensure the
static pressure balance at turbine exit. Howev-
er, the increase of Tt is needed to raise Ti to of-
fer sufficient power to drive the compressor, and
the increase of Thr leads to the decrease of com-
bustor total pressure. Given that shaft speed e
quals a certain constant according to equation
(1). Considering that fusually has'a range from
0.08 to 0.2kg/s and W is greater than Wr, the
gain of Jr-has'to be bigger than that of T¢ to en-
sure the-power balance, as a vesult, combustor
total pressure-increases at ‘the beginning, and
then reduces; thrust and specific impulse follows
the same pattern. T herefore the optimal pu4( see
Fig. 4(-a))-which’ensures Fu and [yas maximums
at the-same time existed given that Wa and Wr
are selected as design point parameters. The op-
timal pu is used as a gist to select turbine pres-
sure ratio at design point based on the constraint

equations (1, 2).
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Influence on the SPATR performance caused by the total pressure and total temperature at

gas generator exit at design point
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Fig. 4(b) gives that the variation of total
temperature ( Tw) at gas generator exit has an
important influence on the SPAT R performance.
The increase of T4 means the increase of energy
from solid propellant in the gas generator and
decrease of energy from solid propellant in the
combustor based on the energy analysis method.
When combustor efficiency at design point e
quals a certain constant, the increase of Twu is
useful to increase thrust and specific impulse,
but the gain is not obvious. Note that the pa
rameters determining the turbine power also ir
clude thermal parameters of fuekrich gas, such
as specific heat at constant pressure (¢r) and ra
tio of specific heats (kr). Wr is only related to
¢pr and kr when both turbine pressure ratio and
Tu equals constants. The combustor operates
under the condition of fuelrich because of the
increase of Wr from low c,r and kr, which not
only reduces the specific impulse of SPATR, but
also the application of solid propelant to
SPATR is greatly limited. Since higher-T leads
to a wide choice of types and mixture-ratio for
solid propellant, a“higher T is selected in theo
ry. However, fuelFrich gases of turbine inlet are
irrelevant to the air of compressor inlet-and pwis
bigger than psi, so how to ‘cool'the turbine is a
great challenge, and temperature limit of turbine

inlet is irrelevant-to flight” condition, it only de
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pends on the materials. Therefore the turbine
inlet total temperature of SPATR is less than
that of turbojet. Considering that the require-
ment of stability margin at design point, that 7=
1100K was used in this calculation.

SPATR performance is also determined by
the combination of turbine and compressor. Ac-
cording to equation (6), f is a function of Tir and
Te. Giventhat Tt is selected; f and T& are not ir
relevant any more. so the thermodynamic cycle
analysis of To were not carried out since Tt is not
an independent variable. Besides, according to
equation (1), a higher turbine pressure ratio at
design point is useful to the power balance, but
this means that multistage turbine are adopted
with the increase of volume, complexity and cost
for turbine. Considering that tactical missile
have strict limit for volume; complexity and
cost, thatturbine pressure ratio equals 4.5 and
corrésponding-efficiency equals 0. 85 were select-
ed in this paper.

Fig. 5(a) shows that the variation of com-
pressor-pressure-ratio ( &) at design point has
an important influence on the SPATR perform-
ance when both W.and Wr are constants. With
the increase of T, combustor total pressure and
nozzle inlet total pressure increase respectively,
which leads to the increase of exhaust velocity in

order to increase thrust and specific impulse if
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Fig.5 Influence of on the SPATR performance caused by variation of compressor pressure ratio

at design point
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turbine pressure ratio meets the requirement of
2). When

meets the change of equations (1), thrust ir

equations ( 1, Ty = const and Wr
creases and specific impulse reduces with the ir
crease of Wr. Compressor pressure ratio at de
sign point is selected according to the trend in
Fig.5(b). Considering the compromise between
thrust and specific impulse, a crosspoint of
thrust curve and specific impulse curve, which
Tc equals 4. 0, was selected as a design point.
The compressor pressure ratio in this paper was
determined by this method.

3 Peformance analysis at off- design
points of SPATR

According to thermodynamic cycle analysis
at design point of SPATR, the parameters at de
sign point are determined preliminary. These pa
rameters lists in table 1 are used as the initial
values to compute the offdesign performance of
SPATR.

Note that the compressor inlet total temper
ature (Tw> 800 K) would surpass the-allow able
value which is determined by, com pressor usually
made of Aluminum Alloy if Ma >\ 3. 0 at sea
level. However, compressor inlet temperature
limit is not taken into, account since thérmody-
namic cycle analysis of SPAT R is only computed
in theory in thiscpaper. Fig. 6( a) gives the off
design performance of SPATR when Ma= 0 and
H = Om. Given that Shaft speed equals a certain
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constant (n= const) is selected as control law,
with the increase of Mach number, gas flow and
air flow of turbine inlet increases monotonously,
and thrust reduces slightly when Ma< 0.5, but
it increases monotonously when Ma> 0. 5. On
the other hand, with the increase of Mach num-
ber, specific impulse reduces rapidly when M a<

0.5, then it will increase to some extent. However,
specific impulse reduces rapidly when Ma > 2.0
because nozzle exit area (A9) is a certain con-
stant. When Ma > 3. 0, computation is ceases
since T reduces slightly. Fig. 6(b) presents the
off design performance of SPATR when Ma= 0. 8
and H= 12km. As shows in Fig 6, the trend in
change of (a) and (b) is similar. However, Te
and corresponding Wr_are reduced with the rise
of flight altitude:” Besides, specific/ impulse at
high altitude 15 bigger than that at sea level, but
thrust at-high altitude is \less-than that at sea
level. Obviously;. the computation was carried
out while Mach number equals 4. 0 since pe is
less than that at sea level.

The-performance comparison of thrust and
specifie-impulse for SPATR has been made be-
tween fuekrich and fuel-poor in Fig. 7. Fuetair
ratio of fuel-poor and fuekrich is given by 0. 087
and 0. 173 kg/s respectively. When Mach num-
ber is a certain constant, thrust of fuelrich is
more than that of oxygemrrich, but specific im-
pulse of fuetrich is less than that of oxygerr

rich. Actually, in order to obtain sufficient thrust to
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Fig.6 Off design performance of SPAT R
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Fig. 7 Off design performance comparison of SPATR between fuelt rich and oxygerr rich

meet the requirement of flight, the combustor of 2
SPATR usually operates under the condition of M
fuetrich, which is different from turbine emr s
gine. Nevertheless, specific impulse of SPATR o DL
is still more than that of rocket since its specific :ij 0
impulse is only 3000N/ (kg/ s) . é =l
The offdesign performance comparison—of 30
for SPATR with different solid propellant pres -
ents in Fig. 8. AP-based fuel rich_propellants By
were select as solid propellant and ‘their thermal ‘
parameters were listed in T able 2.
Table 2 Thermal parameters of solid propellant -
Parameters Propellant 1 Propellant- 2 105}
H,/(MJ/kg) 25.81 20. 14 3 100|
e (I (kg* K)) 2180.0 1863.0 é ool
K 1. 1142 1.2168 %
L 5. 251 5.998 é X
R/ (J/kg* K) 378.92 374.02 g 8
r 0. 1904 0.1667 2 wml
Given that design point parameters of 75t
SPATR are constants on the same flight condr a6l o L L
tion, the total energy of combustor is deter g 43 L0 Mlaj 20 25 30

mined only by the types of solid propellant ac

cording to the equation listed as follows:

H17:

He+

H 6+

HesWasf Ty
W a
HosfT
1+ f

Fig. 8

Off design performance comparison of SPATR

with different solid propellant
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As the equation shows, total energy of

combustor, thrust and specific impulse of

SPATR are determined by low heat value of sok
id propellant when mixture ratio of propellant
and oxidant is given in advance. Since thrust and
specific impulse is directly in proportion to the
low heat value, solid propellant with a higher
low heat value was selected to obtain a better
performance.

SPATR operates within a wide range of
Mach number (0~ 3) and altitude (0~ 12 km)
according to the above computation results and
analysis of design point and off-design points.
Once fuelair ratio of combustor is an equivalent

fuelair ratio, specific thrust has reached 1200
N/ (kg/ s) and specific impulse also has been 7000

N/ (kg/s) if solid propellant-2 is adopted. Even
though combustor operates under the condition of
fuetrich, specific impulse has reached 5 000 N/
(kg/s) (see Fig.7(b)), which is more than that
of a generic rocket engine. Note that medium-err
ergy solid propellant whose low_heat value is only
within the range from 18 t6 25MJ/ kgis_adopted
in the above calculation. ‘A ctually, thrust and spe
cific impulse ‘would \be increased rapidly, if highe
energy solid propellant whose low heat value-is
more than 40 MJ/kg is\applied to SPATR"

4 Condusions

T he performance of SPATR is determined by
solid propellant and performance of components of
engine. On the basisiof technologies of solid rock
et engine and turbine engine in existence, the cycle
parameters at design point and the parameters of
components for SPATR are selected reasonably in
order to obtain the preferable thrust and specific

impulse. The computation results of offdesign

points for SPATR indicated the selection of pa-
rameters is feasible and rational

Given that Shaft speed equals a certain con-
stant (n= const) is selected as control law, solid
propellant that produces the fuebrich gases with
preferable ¢,r and kr, high turbine inlet tempera-
ture, high turbine pressure ratio and efficiency are
chosen in order to increase the specific impulse of
SPATR at high Mach number or avoid the riclr
oxygen at low Mach number in this paper.

The improvement of solid propellant has an
important influence on performance of SPATR.
Actually solid propellant with high low heat value
achieves the preferable thrust and specific impulse

of SPATR.
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