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Fig. 1 Firing test model of the Precooled turbojet engine (S-engine) 
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Abstract 
 

In this paper are described recent studies 
about variable nozzles, that are a rectangular type 
nozzle and an axisymmetric type nozzle, of the 
precooled turbojet engine (S-engine) which are 
developed for the demonstration of the key 
technologies for the propulsion system of the 
hypersonic airplane and the first stage propulsion of 
the TSTO space plane. For the rectangular nozzle, 
three types of C-shaped carbon/carbon composite 
cowls which includes subscale model of the precooled 
turbojet engine are fabricated and the fine attachment 
to the ramp is confirmed. For the firing of the S-
engine, stainless steel cowl with concrete heat 
insulator are fabricated and tested for 20 sec. 
Axisymmetric variable plug nozzle which is made of 
C/C material is fabricated and pressurized by the cold 
flow test. The axisymmetric plug nozzle can be 
operative up to 0.57 MPa of nozzle inlet pressure. 
 

Introduction 
 
Precooled turbojet engine (S-engine) 
 A precooled turbojet cycle is one of the most 
efficient propulsion system for the hypersonic airplane 
and the first stage propulsion system of the TSTO 
space plane.  As described in the JAXA’s long-term 

vision, the development of a Mach 5 demonstrator to 
verify the technologies on the Mach 5 vehicle is now 
carried out1). For the flight test of the Mach 5 
demonstrator, the small scale precooled turbojet 
engine “S-engine” is now under fabrication. S-engine 
has 224 mm x 225 mm of rectangular cross section, 
2.6m in overall length and about 140 kg in weight as 
shown in Fig. 1. Firing tests of the precooled turbojet 
engine were conducted in March 20072) and October 
2007 respectively. Performances of the engine 
components are verified by these firing tests.  Start-up 
sequences of the core engine and the precooler are 
also established successfully.  

Air and fuel flow of the S-engine is shown in 
Fig. 2. The S-engine consists of hypersonic variable 
intake, air precooler, core engine, afterburner, and 
variable nozzle. LH2 which is used as fuel and coolant 
flows through the precooler which is a shell and tube 
type heat exchanger. By the air precooling effect, the 
core engine and other rotational components can be 
operative under Mach 5 flight condition. In order to 
adopt the core engine to the incoming hypersonic air 
flow condition, the variable systems are applied to the 
hypersonic intake. Variable nozzle is also one of the 
most important components to control the air flow rate, 
thrust and pressure of the engine. 
 
Variable Nozzle Configuration 
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The designed afterburner fuel equivalence 
ratio and the combustion gas temperature of the 
afterburner are shown in Fig. 3. The precooler, whose 
cross section is 23 cm x 23 cm, is very small. 
Therefore, the heat exchange area of the precooler is 
limited and the engine equivalence ratio are higher 
than 1.4 to make enough heat exchange at the 
precooler. Then the regenerative cooling of the 
afterburner wall is applied to utilize the gaseous 
hydrogen which flows from the precooler. Nozzle area 
and pressure ratio for the S-engine are shown in Fig. 4. 
The throat area Ath_n changes from 23% to 47% of 
the intake capture area. Nozzle pressure ratio NPR 
also changes from 2 to 200. For the nozzle of the 
hypersonic air breathing engine like S-engine, control 
of the throat area Ath_n is required, in parallel with 
making large thrust for each NPR.  
 Nozzles for jet engines and rocket engines 
are defined in Fig. 53-5). The most simple and reliable 
nozzle systems do not have variable geometry. 
However, these nozzles can not control both Ath_n 
and NPR. Nozzles which apply the axisymmetric 
configuration are lighter than rectangular nozzles from 
the viewpoint of nozzle structure because the 
axisymmetric nozzle does not have corner where the 
stress concentration occur. Therefore, the nozzle for 
the jet engine uses the axisymmetric configuration 
with radius direction variable system. But for the S-
engine, if the radius direction variable system is 
introduced, the actuation system becomes too large 
and too heavy because the NPR of the S-engine is 
much higher than that of conventional jet engine. 
Therefore axis direction variable geometry is used for 
the nozzle of the S-engine. Rectangular type nozzle 
can make lighter variable system, because the pressure 
of the moving plug (or spike) can be optimized by 
back pressure easily. Therefore, the rectangular nozzle 
which has radius direction variable system and the 
axisymmetric nozzle which has axis direction variable 
system studied respectively. The present status of both 
variable nozzles is described from the next section.  
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Fig. 3 Afterburner fuel flow rate and combustion gas 
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Fig. 2 Flow diagram of the S-engine 
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Fig. 5 Definition of the Variable Nozzle 

 
Rectangular Variable Nozzle 

 
Design and fabrication of the rectangular nozzle 
ramp and variable mechanism 
 Drawing and picture of the rectangular 
nozzle is shown in Fig. 6 and 7. Its geometry is 23 cm 
in width and 88 cm in total length including transition 
duct from round to rectangular, afterburner injector, 
variable plug and external ramp. Throat area Ath_n is 
controlled by moving the pear-shape variable plug.  
The throat height changes from 10.5mm to 28 mm, 
and it depends on the design plug angle and motor 
stroke so that Ath_n can be changed easily. A heat 
generated by the combustion at the afterburner to the 
driving motor under the ramp is shielded by the 
regenerative ramp. In the regenerative cooling ramp, 
the gaseous hydrogen flows through 20 tubes which 
have 5.5 mm x 2.2 mm in cross section. Furthermore, 
the motor itself is cooled by helium gas which 
controls back pressure of the variable plug to reduce 
the driving force of the plug.   
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Fig. 6 Drawing of rectangular variable nozzle 

 

 
Fig. 7 Picture of the rectangular variable nozzle 

 
Fabrication of Carbon/Carbon material cowl  
 Fabrication of Sidewall and cowl which is 
made of Carbon/Carbon composite material is 
conducted. Ramp and cowl structure of the rectangular 
nozzle is shown in Fig. 8. The temperature of the ramp 
and motor does not become over 600 K because the 
ramp is cooled regeneratively. Therefore, the C/C 
structure has “C” shape. The sidewalls of the C/C 
material are fixed by the metal bolts. Drawing of the 
C-shaped C/C cowl is shown in Fig. 9. 

 
 

Fig. 8 Heat resistance structure of the rectangular 
nozzle (the nozzle cross section) 
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Fig. 9 Drawing of the C/C cowl 

 
 For the fabrication of the C-shape cowl, 
making the two sidewalls in parallel and rigid corner 
are the key technologies. The C/C cowl is fabricated 
by the PY method of the across corporation8) as shown 
in Fig. 10. Carbon fiber, which is attached to the 
graphite block, is along the cowl and the sidewall, so 
that that the shear stresses along the cowl and 
sidewalls are critical against fracture. By FEM 
analysis the rigidity at the corner is estimated as 
shown in Fig. 11. The highest stresses along the cowl 
and sidewall surface for each cowl thickness t are 
shown in Fig. 12. For this type of 2-D composite 
material, the shear stress is critical. We confirmed that 
the shear stress τxy becomes lower than 10 MPa, 
when the thickness of the cowl is 12 mm. 
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Fig. 10 Fabrication of the C/C cowl  

 
 

 
Fig.11 Shear stress around the corner of the cowl 
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Fig. 12 Highest stress of the cowl 

 
 Three types of the C-shape cowl is fabricated 
as shown in Fig. 13, 14 and 15 that is, 
1) full scale model (t=6mm) 
2)  1/2 scale model (t=8mm) 
3) full scale model (t=12mm)7). 
Presently, after these problems are cleared by 
fabricating 1) and 2) models, full scale model 3) is 
fabricated and confirmed fine attachment to the S-
engine. Weight of the full scale cowl 3) is 7.5 kg. 

 
 

 
Fig. 13 t=6mm full-scale C/C cowl model  

 
 

 
 

Fig. 14 1/2 Scale C/C cowl model 
 

 
Fig. 15 Full scale C/C cowl model 

 
 
Fabrication of metal cowl with concrete heat 
insulator and firing test of the S-engine 
 The metal cowl with concrete heat insulator 
is used as the cowl of the S-engine’s nozzle for the 
firing test of the S-engine, because the duration of the 
firing test is limited to few seconds. LC-17 (Asahi 
light caster corporation) is used as the insulator. 
Thickness of the insulator and material wall are 5 mm 
and 4 mm respectively. Cowl wall temperature 
prediction after an ignition of the afterburner is shown 
in Fig. 16. Initial temperature is ambient and 
afterburner combustion temperature is 2000 K. The 
temperature of the cowl will be lower than the metal 
melting temperature for 10~ 15 sec. The metal cowl 
with the insulator is attached to the S-engine as shown 
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in Fig. 17. Weight of the metal cowl with insulator is 
12.9 kg. 
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Fig. 16 Temperature History of the nozzle cowl 

 

 
Fig. 17 Fabrication of the metal cowl 

 (View from downstream of the cowl exit) 
 
 Second firing test of the S-engine is 
conducted at Noshiro Test Center of JAXA in October 
2007. Picture of the firing test is shown in Fig. 18. 
Because the fuel equivalence ratio is higher than 
stoichiometric condition, large frame can be seen from 
the exhaust of the nozzle. A rotational speed history of 
the S-engine firing test is shown in Fig. 19. The 
regenerative cooling is done for 20 seconds after the 
engine rotational speed become stable (90 ~ 110 sec). 
The nozzle ramp, plug and metal cowl with insulator 
are not damaged after the 2 times of the afterburner 
operation. Heat transfer ratio of the regenerative 
cooling wall is shown in Fig. 20. Design value of the 
heat transfer ratio of the ramp surface is 471 W/m2K, 
which agreed well with the test result.  
 
 

 
Fig. 18 Firing test of the Precooled turbojet engine 
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Fig. 19 Engine rotational speed 
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Fig. 20 Heat transfer coefficient of the nozzle ramp 
wall 
 
 

Axisymmetric Variable Plug Nozzle 
 
Design and fabrication of the axisymmetric plug 
nozzle  

Ramp 

Cowl 
Insulator 
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 Isometric view of the axisymmetric plug 
nozzle is shown in Fig. 21. Size of the cowl is 220 mm 
in outside diameter and 170 mm in inside diameter. 
The plug nozzle consists of 4 parts that are a fixed 
cowl, variable cowl, strut and plug. The variable cowl 
can slide in axial direction. The fixed cowl is attached 
to the wind tunnel attachment by the cowl support 
panel that consists of capper. The variable cowl which 
is supported by the cowl support can move in axis 
direction. The plug is supported by the eight struts. 
FEM analysis result is shown in Fig. 22. Even though 
stress becomes high at the tip of the variable cowl 
where the throat of the nozzle is located, there are 
enough safety margins in the structure strength.  

 
Wind Tunnel AttachmentWind Tunnel Attachment PlugPlug

Variable Cowl Variable Cowl 
(Pre(Pre--Fixed)Fixed)

Fixed CowlFixed Cowl

Cowl SupportCowl Support

StrutStrut

Wind Tunnel AttachmentWind Tunnel Attachment PlugPlug

Variable Cowl Variable Cowl 
(Pre(Pre--Fixed)Fixed)

Fixed CowlFixed Cowl

Cowl SupportCowl Support

StrutStrut

 
Fig. 21 Isometric view of the C/C plug nozzle 

 
 

Cowl

Plug

0 100µS  
Fig. 22 Circumferential strain of the C/C plug nozzle 
 
Pressure-resistant test  
 In order to confirm pressure resistant 
characteristics of the plug nozzle, cold flow test of the 
nozzle is conducted. Photograph of the C/C plug 
nozzle on the University of Tokyo Kashiwa 
Hypersonic and High Temperature Wind Tunnel test 
section is shown in Fig. 23. In this test facility, up to 1 
kg/s of high temperature air can be supplied to the 
engine. Pressure, temperature and air flow rate history 
are shown in Fig. 24. Approximately 0.55 kg/s of air 
is supplied to the nozzle for approximately 190 
seconds. During these seconds, the nozzle pressure 
was 0.57 MPa. Design of the actuation mechanism for 
the axisymmetric plug is further issues for the 
realization of this plug nozzle.  
 
 

 
Fig. 23 C/C plug nozzle test model 
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Fig. 24 Pressure and temperature of the C/C plug 
nozzle 
 

Conclusion 
 
 Two types of variable nozzle for S-engine are 
fabricated and tested in this study. As results, 
followings are obtained. 
- The area of the nozzle throat and NPR changes 

widely. Therefore, conventional nozzle 
configuration is not adequate. Variable 
mechanism is necessary. 

Rectangular Nozzle 
- Radius direction variable rectangular type nozzle 

and axis direction variable axisymmetric plug 
nozzle are appropriate for the S-engine 

- C-shaped Carbon/Carbon composite cowl are 
fabricated successfully. Fine attachment of the 
cowl to the ramp is confirmed. 

- If the firing duration is limited within 10 to 20 
seconds. The material cowl which has a concrete 
insulator is adequate. 

Axisymmetric Nozzle 
- The axisymmetric plug nozzle can be operative 

up to 0.57 MPa of nozzle inlet pressure. 
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Nomenclature 

Ac: Intake Capture Area (=14100 [mm2]) 
Ath_n:  Nozzle throat Area 
ER:  Equivalence Ratio 
Tc:  Afterburner combustion gas temperature 
NPR:  Nozzle Pressure Ratio 
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