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Abstract: So lid propellant air�t urbo�ro cket ( SPATR) is an a ir�breathing pr opulsion system. A nu�

mer ical model of perfo rmance and char acteristics analysis for SPATR was presented and the cor re�

sponding computer pr og ram w as wr itten acco rding to the operation character istics of SPATR. The

inf luence on the SPAT R perfo rmance at design po int caused by the gas gener ator ex it par ameters

and compresso r pressure rat io had been computed and analyzed in deta il. T he off�design perfo rm�

ance of SPATR at sea level and high alt itude had also been computed. The perfo rmance of thrust

and specific im pulse fo r SPAT R w ith different solid propellant had been compared at off�design

po ints, and t he off�design performance comparison had been made between fuel�rich and oxygen�

rich. T he computation results indicated that SPATR operates within w ide range of Mach number ( 0

~ 3) and altitude ( 0~ 12 km ) , and SPAT R possesses high specific thrust ( 1 200 N / ( kg/ s) ) and

high specific impulse ( 7000 N/ ( kg / s) ) w hen fuel�air ratio of combustor equals fuel�air ratio.
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Symbols

T � � to tal temperature

p to tal pressur e

� pressur e ratio

� efficiency

cp specif ic heat at constant pressur e

 r atio o f specific heats

Lc compressor power

LT turbine power

W Mass flow

f fuel�air rat io

f o equiv alent fuel�air ratio

H to tal enthalpy

Fn thrust

F s specif ic thrust

I sp specif ic impulse

V velocit y

Lo proper mix ing r atio

Subscripts and station

B � � combusto r

C compressor

F fuel�r ich gases

T turbine

a air

g mixed gases of the fuel�rich and the air

t to tal parameter s

0 far upstream o r fr ee str eam

2 compressor inlet

4 turbine inlet

5 turbine ex it

5! compressor exit

6 combusto r inlet

7 combusto r ex it
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9 nozzle exit

Introduction

� � A schemat ic illust rat ion of so lid propel lant

air�tur bo�rocket ( SPAT R) is show n in Fig. 1.

As the f igure show s, the turbine is driven so lely

by the fuel�rich gases w ith high temper ature and

high pr essure w hich r esult f rom fuel�r ich so lid

propellant at gas g enerato r, and compr essor,

w hich raises the pressure of the air, is driven by

the turbine. T hese fuel�rich gases at turbine exit

mix w ith the compressor discharge air and burn

in a combustor . T he ho t gases enter the nozzle

and exhausted w ith high velocity f inally in or der

to produce the thrust . SPAT R, w hich is a com�
binat ion of t radit ional Solid propellant ro cket en�
g ine and air�breathing turbine engine, of fers an

ar ray of characterist ics, including a w ide range

of f light Mach number( 0~ 4. 3) and altitude ( 0~

30km) , high thrust�weight ratio ( 20~ 40) , spe�
cific thrust ( 1 500 ~ 2 000 N/ ( kg / s) ) , thrust�
frontal area rat io( 5 000~ 50 000N/ m2 ) and high

specific impulse ( 6 000~ 12 000N/ ( kg/ s) )
[ 1�4]

.

Fig. 1� Schemat ic illust ration of solid pr opellant

air�turbo�r ocket ( SPATR )

A schemat ic illust ration of operat ional

modes for tact ical missile equipped w ith SPATR

is g iven in Fig. 2.

Compared w ith ramjet , a boo ster eng ine is

no t a must since SPATR has ability to acceler ate

itself. Apart f rom it , specif ic impulse of SPATR

is higher than that of a rocket engine[ 5] . There�
fore, SPAT R is a promising pow er plant for tac�
t ical missile. During the development of compu�
tat ional model for air�turbo�rocket ( AT R) , a

thermodynamic model o f ATR has been pro�
posed by K. L . Christensen[ 6�7] . Combustor fuel�

air ratio ( f ) was selected as a cycle parameter of

thermodynamics in his model and thrust and spe�
cific impulse per formance w as analyzed in detail

based on the f . How ever, the quantitativ e anal�
ysis of SPAT R perfo rmance by component pa�
rameters is insuff icient in his paper. In this pa�
per, the quant itat iv e analy sis method is adopted

to study the change in SPATR per formance re�
sulted from the change of component parame�
ters, such as compressor pressure rat io and gas

generator exit parameters. The of f�design per�
formance of SPAT R has been computed and ana�
lyzed in detail. The performances of thrust and

specific impulse for SPAT R w ith dif ferent so lid

propellant have been compared at o ff�design
points, and of f�design performance compar ison

has been made betw een fuel�rich and oxygen�
rich. T he computat ion results indicated that

SPATR meets the requirements o f tactical mis�
sile.

F ig . 2� Schematic illustrat ion of oper ational modes fo r

tactical m issile equipped w ith SPATR

1 � Thermodynamic model of SPATR

� � The balance equat ions that must be met fo r

a thermodynamic model of SPAT R include: the

pow er balance betw een tur bine and compr essor,

stat ic pressur e balance at mix er inlet and mass

flow balance at nozzle inlet . T hese equat ions

may be listed respect ively:

LC = L T ( 1)

p 5! = p 5 ( 2)

W g = W a + W F ( 3)

Where

L C = W a cp aT t2 eC - 1 / �C
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L T = W F cpFT t4 1- e
- 1
T �

T

eC = �
( 

a
- 1) /  

a
C , eT = �

( 
F
- 1) /  

F
T

According to the computat ion method in

reference
[ 8]
, thrust, specif ic thrust and specific

impulse may be listed respect ively:

Fn = V 9W g + ( p 9 - p 0) A 9 - V 0W a

Fs =
V 9W g + ( p 9 - p 0) A 9 - V 0W a

W a

I sp =
Fn

W F
=

1 + f
f

V 9 +
( p 9 - p 0) A 9

W F
-

1
f
V 0

( 4)

The computat ion method o f off�design per�
formance of SPAT R is very sim ilar to that of

turbojet engine. It is selected as contro l law that

the Shaf t speed equals a certain constant ( n =

const ) and compressor pressur e rat io ( �C ) , tur�
bine inlet total temper ature ( T t4 ) and fuel�rich
gases f low (W F) are regarded as independent var�
iables, the three balance equat ions ( 1, 2, 3) w ill

fo rm a nonlinear equations, as described as fo l�
low :

E1 = L T - L C = E1( �C , T t4 , W F ) = 0

E2 = p 5! - p 5 = E2 (�C , T t4 , W F ) = 0

E3 = W g - W a - WF = E3( �C , T t4 , W F ) = 0

( 5)

The nonlinear equat ions are so lved by the

mult iv ar iable New ton�Raphson method and the

of f�design performance of SPAT R may be ob�
tained in terms of the equat ions ( 5) after the de�
sired to lerance on converg ence is met .

Note that the fuel�rich gases from the tur�
bine ar e irrelevant to the air from the compresso r

before being mixed, so the r at io of fuel�rich ga�
ses to the air in the combustor is r eg ar ded as a

fuel�air r at io ( i. e. bypass rat io ) . A ccording to

equat ion ( 1) , the fuel�air rat io is derived as fo l�
low s:

f =
WF

W a
=

cp aT t2

cpFT t4

eC - 1 / �C
1- e

- 1
T �T

( 6)

As the equat ion ( 6) showed, combustor fu�
el�air rat io of SPATR not only g ives the r at io of

fuel�rich gases to the air, but also presents a

funct ional relat ionship betw een the compresso r

pressure r at io ( �C ) and tur bine pr essure rat io

( �T ) . In terms of the equat ion ( 4) , fuel�air rat io

has an important inf luence on the thrust and spe�
cific impulse. If the propellant, ox idant and

mix ture rat io betw een them are selected, the

proper mixing ratio ( L o ) w hich meets the need

of fuel�r ich in theory w ill be obtained by the em�
pirical fo rmula and fuel�air rat io is an equivalent

fuel�air r at io in the combustor, namely ,

f o =
1
!L o

( 7)

Where ! is the residual air co ef f icient . Giv�
en f > f o , combustor w ill operate under the

condit ion of fuel�r ich, as discussed in detail at

the perfo rmance analy sis of of f�design points.

2 � Thermodynamic cycle analysis at

design point

� � For the thermodynamic cycle analy sis at de�
sign point , the inf luence of SPAT R performance

caused by the total pressure, total temperature

and f low of gas g enerato r ex it ar e analy zed in de�
tail. Table 1 presents the design point parame�
ters of SPATR.

Table 1� Design point parameters of SPATR

Design point par ameter s H = 0,Ma= 0

Compressor pr essure r atio 4. 0

Compresso r efficiency 0. 85

T urbine pressure rat io 4. 5

Turbine efficiency 0. 85

T urbine inlet tota l temperature/ K 1100

Shaft speed / ( % ) 100

A ir flow/ ( kg / s) 1. 0

Combusto r efficiency 0. 75

Fig. 3 show s that the variat ion o f fuel�rich
gases (W F ) at the gas generato r ex it has an obvi�
ous inf luence on the SPAT R perfo rmance when

air f low of eng ine remains a certain constant . As

the figure show s, with the increase of fuel�rich
gases ( WF ) , the thrust increases and specific im�
pulse r educes at the same time under the condi�
tion of f < f o . How ever, combusto r operates

under the condit ion of fuel�rich g iv en f > f o , and
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the increase of thrust is determined by the equiv�
alent fuel�air rat io o f combustor, but the de�
crease o f specific impulse is computed based on

equat ion ( 4) . T he change of thrust , w hich fuel�
rich gases flow equals 0. 16 kg / s, ref lects the

variat ion from oxygen�rich to fuel�rich. Consid�
ering the compromise betw een thrust and specif�
ic impulse, WF at design po int is appreciably less

than the one which the cor responding fuel�air ra�
t io equals equivalent fuel�air rat io in order to

produce the preferable thr ust ( and, specific

thrust ) .

F ig . 3 � Influence on the SPATR perfo rmance caused

by var iation o f fuel�rich gases ( W F ) at the

gas gener ator ex it

Fig.4 illust rates the variat ion of total pres�
sur e ( p t4 ) and total temperature ( T t4 ) at g as

generator ex it has an important inf luence on the

SPATR perfo rmance when both air f low of en�
g ine ( W a ) and fuel�rich gases flow ( WF ) are a

certain constant . With the increase o f p t4 , com�
bustor total pressure and nozzle inlet total pr es�
sure increase respect iv ely , w hich leads to the in�
crease of exhaust velocity in order to produce the

prefer able thrust . Since the total pr essure of

combusto r increases, compresso r pressur e rat io

( �C ) is inev itably rising properly to ensure the

stat ic pressur e balance at turbine exit . How ev�
er, the incr ease of �C is needed to raise �T to of�
fer suff icient pow er to drive the compresso r, and

the increase of �T leads to the decrease o f com�
bustor total pressure. Giv en that shaft speed e�
quals a certain constant acco rding to equat ion

( 1) . Considering that f usual ly has a range f rom

0. 08 to 0. 2 kg / s and W a is g reater than W F , the

gain of �T has to be bigg er than that of �C to en�
sure the pow er balance, as a r esult , combusto r

total pressur e increases at the beginning , and

then reduces; thrust and specific impulse follow s

the same pat tern. T herefore the opt imal p t4 ( see

Fig. 4( a) ) w hich ensures Fn and I spas maximums

at the same t ime ex isted g iv en that W a and W F

ar e selected as design point parameter s. The op�
t imal p t4 is used as a gist to select turbine pr es�
sure rat io at design point based on the const raint

equat ions ( 1, 2) .

F ig . 4 � Influence on the SPATR perfo rmance caused by the total pressur e and total temperature at

gas g ener ator ex it at design po int
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� � Fig. 4 ( b) gives that the var iat ion o f total

temperature ( T t4 ) at g as generator exit has an

impo rtant inf luence on the SPAT R perfo rmance.

The increase of T t4 means the increase o f energy

from solid propellant in the gas gener ator and

decrease of energy from so lid propellant in the

combustor based on the energy analysis method.

When combustor ef ficiency at design point e�
quals a certain constant , the increase o f T t4 is

useful to increase thrust and specific impulse,

but the gain is not obv ious. Note that the pa�
r ameters determining the turbine pow er also in�
clude thermal parameters o f fuel�rich gas, such

as specif ic heat at constant pressure ( cpF ) and ra�
t io of specif ic heats ( kF ) . W F is only related to

cpF and kF when bo th turbine pr essure rat io and

T t4 equals constants. The combustor operates

under the condition of fuel�rich because of the

increase of W F from low c pF and kF , w hich not

only r educes the specif ic impulse o f SPA TR, but

also the applicat ion of solid pr opellant to

SPATR is gr eat ly lim ited. Since higher T t4 leads

to a w ide cho ice of types and mixture r at io fo r

solid propel lant , a higher T t4 is selected in theo�
r y. How ever, fuel�rich gases of turbine inlet are

irrelev ant to the air o f compresso r inlet and p t4 is

big ger than p t5! , so how to coo l the turbine is a

great challenge, and temperature limit of turbine

inlet is irrelevant to f light condit ion, it o nly de�

pends on the materials. Therefor e the turbine

inlet total temperatur e of SPATR is less than

that o f turbojet. Considering that the require�
ment of stability margin at design point , that T t4 =

1100K was used in this calculat ion.

SPATR performance is also determ ined by

the combinat ion of turbine and compressor. Ac�
cording to equation ( 6) , f is a funct ion of �T and

�C . Given that �C is selected; f and �T ar e not ir�
relevant any more. so the thermodynamic cycle

analysis of �T wer e not carried out since �T is not

an independent variable. Besides, according to

equat ion ( 1) , a higher tur bine pressure rat io at

design point is useful to the pow er balance, but

this means that mult istage turbine are adopted

w ith the increase of volume, complex ity and co st

fo r turbine. Considering that tact ical missile

have st rict limit for vo lume, complexity and

cost , that turbine pressure rat io equals 4. 5 and

cor responding eff iciency equals 0. 85 w ere select�
ed in this paper.

Fig. 5( a ) show s that the variat ion o f com�
pressor pressure ratio ( �C ) at design point has

an impo rtant influence on the SPATR perform�
ance w hen bo th W a and W F ar e constants. With

the increase o f �C , combusto r total pressur e and

no zzle inlet total pressure increase respectively,

w hich leads to the increase of exhaust velocity in

or der to incr ease th rust and specific impulse if

F ig . 5� I nfluence of on the SPATR perfo rmance caused by variation of compresso r pressur e ratio

at design point

273



航 � 空 � 动 � 力 � 学 � 报 第 24 卷

turbine pr essure rat io meets the requirement of

equat ions ( 1, 2) . When �T = const and W F

meets the change of equat ions ( 1 ) , thrust in�
creases and specif ic impulse reduces with the in�
crease of W F . Compr essor pressure rat io at de�
sign point is selected acco rding to the t rend in

Fig. 5( b) . Consider ing the compromise betw een

thrust and specif ic impulse, a crosspoint of

thrust curve and specif ic impulse curve, w hich

�C equals 4. 0, w as selected as a design point.

The compresso r pressure rat io in this paper w as

determ ined by this method.

3 � Performance analysis at off�design
points of SPATR

� � According to thermodynamic cycle analysis

at design point of SPAT R, the parameters at de�
sign point are determined pr elim inary. T hese pa�
r ameters list s in table 1 ar e used as the init ial

values to compute the o ff�design performance of

SPATR.

Note that the compresso r inlet total temper�
ature ( T t2> 800 K) w ould surpass the al low able

value w hich is determined by compr essor usually

made of Alum inum Allo y if Ma > 3. 0 at sea

lev el. How ever, compr essor inlet temper ature

limit is not taken into account since thermody�
namic cycle analy sis of SPAT R is only computed

in theory in this paper. F ig. 6( a) gives the of f�
design performance o f SPATR when Ma= 0 and

H = 0m. Given that Shaft speed equals a certain

constant ( n = const ) is selected as control law,

w ith the increase of M ach number, gas flow and

air flow of turbine inlet increases monotonously,

and thrust reduces slightly w hen Ma< 0. 5, but

it increases mono tonously w hen Ma> 0. 5. On

the o ther hand, with the increase o f Mach num�
ber, specific impulse r educes rapidly w hen Ma<

0. 5, then it w ill increase to some extent. How ever,

specific impulse reduces rapidly w hen Ma > 2. 0

because nozzle exit ar ea ( A 9 ) is a certain con�
stant . When Ma > 3. 0, computat ion is ceases

since �C reduces slight ly. F ig. 6( b) presents the

off�design performance of SPATR when Ma = 0. 8

and H = 12 km. As show s in Fig 6, the t rend in

change of ( a) and ( b) is similar. How ever, T t2

and corresponding W F are reduced w ith the rise

of flig ht altitude. Besides, specif ic impulse at

high alt itude is big ger than that at sea lev el, but

thrust at high alt itude is less than that at sea

lev el. Obv iously, the computat ion w as carried

out w hile M ach number equals 4. 0 since p t2 is

less than that at sea level.

The performance comparison of thrust and

specific impulse for SPAT R has been made be�
tw een fuel�rich and fuel�poor in Fig . 7. Fuel�air
ratio of fuel�poor and fuel�rich is given by 0. 087

and 0. 173 kg / s respect iv ely . When M ach num�
ber is a certain constant , thrust of fuel�rich is

more than that of ox ygen�rich, but specif ic im�
pulse o f fuel�rich is less than that of o xygen�
rich. Actually, in order to obtain sufficient thrust to

F ig . 6� Off�design per formance of SPAT R
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Fig. 7� Off�design per formance compa rison of SPATR between fuel�rich and oxygen�r ich

meet the requirement of flig ht , the combusto r of

SPATR usually operates under the condit ion of

fuel�rich, w hich is different f rom turbine en�
g ine. Nevertheless, specific impulse of SPATR

is st ill more than that of rocket since its specific

impulse is only 3 000N/ ( kg/ s) .

The of f�design performance comparison of

fo r SPAT R w ith different solid propel lant pres�
ents in Fig. 8. AP�based fuel�rich propellants

w ere select as solid propellant and their thermal

parameter s w ere listed in T able 2.

Table 2 � Thermal parameters of solid propellant

Parameter s Pr opellant�1 P ropellant�2

H v / ( M J/ kg) 25. 81 20. 14

cp / ( J/ ( kg ∀ K) ) 2180. 0 1 863. 0

K 1. 1142 1. 2168

L 5. 251 5. 998

R/ ( J/ kg ∀ K) 378. 92 374. 02

f 0. 1904 0. 1667

� � Given that design point parameters of

SPATR are constants on the same f light condi�
t ion, the total energ y of combustor is deter�
mined only by the types o f solid propellant ac�
cording to the equation listed as follow s:

H t7 = H t6 +
H v ∀W a ∀ f ∀ �B

W g
=

H t6 +
H v ∀ f ∀ �B

1 + f
( 8)

F ig. 8� Off�design per formance comparison o f SPATR

w ith different solid pr opellant
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As the equat ion show s, total energy of

combustor , thrust and specif ic impulse of

SPATR are determined by low heat value of so l�
id propellant when mix ture ratio of propel lant

and ox idant is given in advance. Since thrust and

specific impulse is direct ly in propor tion to the

low heat value, solid propellant with a higher

low heat v alue w as selected to obtain a bet ter

performance.

SPATR operates w ithin a w ide range of

Mach number ( 0~ 3) and alt itude ( 0~ 12 km)

acco rding to the above computation results and

analysis of design point and o ff�design points.

Once fuel�air r at io of combustor is an equivalent

fuel�air ratio, specific thrust has r eached 1 200

N/ ( kg/ s) and specif ic impulse also has been 7000

N/ ( kg/ s) if solid propellant�2 is adopted. Even

though combustor operates under the condition of

fuel�rich, 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�en�
ergy solid propellant w hose low heat v alue is only

within the range from 18 to 25M J/ kg is adopted

in the above calculation. Actually, thrust and spe�
cific impulse w ould be increased rapidly, if high�
energy solid propellant w hose low heat value is

more than 40MJ/ kg is applied to SPATR.

4 � Conclusions

� � T he performance of SPATR is determined by

solid propellant and performance of components of

engine. On the basisi of technologies of solid rock�
et eng ine and turbine engine in ex istence, 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. T he computat ion results of of f�design

points for SPATR indicated the select ion of pa�
rameters is feasible and rat ional.

Given that Shaf t speed equals a certain con�
stant ( n= const ) is selected as control law, solid

propellant that produces the fuel�rich gases w ith

preferable cpF and kF, high turbine inlet tempera�
ture, high turbine pressure ratio and eff iciency are

chosen in order to increase the specific impulse of

SPA TR at high M ach number or avoid the rich�
oxygen at low Mach number in this paper.

The improvement of solid propellant has an

important inf luence on performance of SPA TR.

Actually solid propellant w ith high low heat v alue

achieves the preferable thrust and specific impulse

of SPAT R.
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