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Abstract 
 
 National Aerospace 
Laboratories, CSIR has 
recently established the 
Aero-propulsion Mach 3.6 
Tunnel for the experimental 
research on 'High Speed 
Combustors. It is a blow down 
type test facility and 
simulates the scramjet inlet 
conditions of Mach number and 
temperature corresponding to 
the flight Mach number of 6 
and altitude of 25 km. The 
flow conditions obtained at 
the test section are – Mach 
number 3.6, total temperature 
1700 K, pressure 18 bar, mass 
flow rates of 25 kg/s with 10 
seconds of test duration. The 
combustion driven heating 
method with upstream 
injection of replenishment 
oxygen has been adapted. The 
heating system consists of 
two combustors namely Pre-
Heater -01 and Pre-Heater -
02. Pre-heater -01 is an aero 
engine ‘can type’ combustor 
which heats air from 300 K to 
800 K. The liners and fuel 
injectors from time expired 
R-11 aero engine were 
modified to suit to the 
requirements. Pre-Heater-02 
is an ‘afterburner type’ 

combustion chamber developed 
for the facility, which heats 
the air from 800 K to 1700 K. 
This paper discusses about 
the development of the pre-
heaters and its performances. 
 

Nomenclature 
 

R1 Radiation from combustion          
product to liner. 
C1 Convection from combustion 
product to liner. 
R2 Radiation from liner to 
outer casing. 
C2 Convection from liner to 
annulus flow. 

 
Introduction 

 
 In the scramjet test 
facilities, air needs to be 
heated to high temperatures 
in the order of 1700 K to 
simulate the entry conditions 
required for experimental 
research and testing of 
scramjet combustors. The 
heating of the air can be 
achieved in many ways like 
electrical arc heating, 
pebble bed heating and 
combustion heating. Among 
them, the combustion heating 
seems to have more advantages 
than other type of heating 
systems because of the 
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simplicity. But it comes with 
an inherent limitation of 
depleted oxygen levels. 
Replenishment oxygen needs to 
be added in the stream to 
maintain the oxygen mole 
fraction to 21%. The choice 
of fuels for the vitiation 
heaters can be either 
Hydrogen or hydrocarbon 
fuels. Hydrocarbon based 
heaters are preferred over 
hydrogen because of the 
complexity and safety issues 
related to hydrogen handling. 
Also hydrogen heaters release 
higher amount of OH radicals 
in the stream which directly 
affect the research scramjet 
combustor performance. Hence 
Kerosene has been chosen as 
the fuel for pre heaters  
 

Test facility 
    
 The facility contains a 
high pressure air supply 
system which delivers the 
required air flow rate of 25 
kg/s at 20 bar to the heating 
system. An orifice meter for 
mass flow rate measurement 
has been installed in the 
flow line. The storage 
pressure of 200 bar has been 
regulated to the test section 
pressure of 18-20 bar through 
a control valve and a control 
system. A motorized gate has 
been positioned between 
storage vessels and the 
control valve for isolation. 
The replenishment oxygen is 
injected upstream of air 
heaters to maintain the 21% 
mole fraction after heating. 

The schematic of the facility 
is shown in the Fig 1.0. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Heating system 
 The heating system 
consists of two heaters 
namely pre-heater-01 and pre-
heater-02. Both utilizes the 
kerosene as the fuel and 
controlled by a closed loop 
control system for constant 
temperature. A dedicated 
kerosene supply system is 
available to pump up to 70 
bar of injection pressure. 
The pre-heater-01 heats the 
oxygen enriched air from 300 
K to 800 K. The pre-heater-02 
heats the air from 800 K to 
1700 K. The replenishment 
oxygen is injected upstream 
of pre-heaters to obtain the 
21% mole fraction even after 
heating the flow. The oxygen 
enriched flow through the 
pre-heaters makes the heater 
design more complex.  
 

Pre-Heater-01 
 

 The hot air supply 
system for semi free-jet is 
in two stages, as we have 

Fig 1.0: Schematic of the facility 
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discussed. Both the heating 
systems are vitiation type. 
The first stage of heating is 
achieved in ‘Liner’ based 
heater, which is a 
modification of gas turbine 
engine combustor. The liners 
(‘cans’) photo is shown in 
the fig 3. The combustor is 
designed to suit the mass 
flow requirement and high 
pressure application. The 
design is made such a way 
that the annular clearance 
between each liner and the 
duct maintained uniform and 
each Liner is arranged 120o 
apart.  
 The ducts were 
designed for PN 50 (Class 
300) pressure standard. 
Stress analysis was carried 
out by using SolidWorks 
application software to 
validate the design and 
maintained the factor of 
safety above 2, which is 
required for such 
applications. Stress 
distribution in one of the 
ducts is shown in fig 2. As 
the liners were made up of 
Nimonic material, they were 
cut by LASER and welded 
through TIG welding method by 
professionals. The sectorial 
shape was modified to give 
conical shape to the liner 
cans. Stiffeners were 
provided at both the ends to 
position the Liners perfectly 
in the duct with the 
predetermined clearance, as 
shown in the fig 3. 
 The pre-heater was 
made into two ducts for easy 
maintenance and assembly. 

First part of the heater is a 
stepped duct of increased 
diameter from 12” to 14”. 
This part of the duct is 
housing for the fuel 
injectors and spark plug 
assemblies, as shown in the 
fig 4. The ducts are made of 
mild steel. The flanges were 
designed and fabricated as 
per ANSI B16.5 standard. The 
provision for the fuel 
injection, fuel injection 
housing, and spark plug 
assembly were made in-house 
at HSCTF workshop. 
 The second part of the 
pre-heater is a straight 
duct, in which the Liners 
assembly is fitted with 
suitable spacers to maintain 
the uniform radial clearance 
inside the duct. This duct is 
of 14” diameter and at the 
end of the duct stoppers were 
provided to arrest the 
movement of the Liner 
assembly in one direction, as 
shown the end view in the fig 
5. The flow direction of the 
air is restricted by a plate 
welded to the Liners 
assembly. This provision 
gives better mixing and 
cooling, by allowing air to 
pass through the holes of 
liner. These holes are 
designed for proper fuel air 
mixing and cooling of the 
liner. Liners assembly 
movement is arrested by fuel 
injectors and spark plug; in 
addition to these, flexible 
strips are placed inside the 
duct as shown in fig 6. The 
complete assembly work has 
been carried out in HSCTF, 
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workshop. These two parts of 
the pre-heater 01 assembled 
such a way that the fuel 
injector and spark plug 
positioned properly and can 
be maintained easily. After 
the successful completion of 
this assembly, pre-heater01 
was erected and tested. The 
Pre-heater 01 assembled to 
the test rig is shown in fig 
7. The pre-heater 01 was 
successfully tested with 
smooth ignition of fuel and 
achieved 900 K, shown in fig 
8.  
 

 
Fig 2: Stress distribution in the 

pre-heater 01 duct 
 

 
Fig 3: Three liner cans assembly  

Fig 4: Provision for fuel injectors 
and spark plugs 
 

 
Fig 5: End view of Pre-Heater 01 
 

     
Fig 6: Inner view of the Pre-Heater 
01  
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Fig 7: Test Rig with Pre-Heater 01 
 

 
Fig 8: Temperature (K) V/s Time (s) 

 
Fig 8 shows the Temperature 
Vs time. The pre-heater 01 
ignition took place at around 
10 sec to reach more than 
1000K and got stabilized at 
800 K. the temperature is 
maintained stable for the 
entire test duration of 8 
seconds. 

 
 
 

Pre-Heater-02 
  
 Pre-heater-02 is a 
aircraft afterburner type 
designed and developed at 
NAL. It has a four major 
parts namely outer casing, 
liner, V-gutter and fuel 
injection system. The outer 
casing is made of carbon 

steel and it is a pressure 
bearing member. The V-gutter 
is made of nimonic-C263 and 
works as a flame stabilizer. 
The liner is made of nimonic-
C263. Parts of Pre-Heater-02 
is shown in Fig 2.0 
   

Fuel injection system 
  
 The fuel injection system 
consists of two set of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Injectors made of SS304L 
material. One ring fuel 
injector is positioned inside 
the V-Gutter for cooling. 
Spray bars are positioned up 
stream of V-gutter for 
further fuel addition. In the 
total quantity of fuel added, 
1/3rd of the fuel is used for 
V-gutter cooling and 
remaining 2/3rd was injected 
through the upstream spray 
bars. The ring fuel injector 
and the spray bars have the 
plain orifices and relatively 
high injection differential 
pressure in the order of 20 
bar is used to get better 

Fig 2.0: Components of Pre-heater-02 
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atomization. The fuel 
injection system is fed by a 
fuel supply system which has 
a fuel pump, a set of control 
valves and a flow rate 
measuring device. 
 

Liner 
 

 Liner protects the out 
casing from the hot 
combustion gases. Since it 
has direct contact with 
combusting products it has 
very high amount of heat 
transfer through radiation 
and convection. Since the 
cooling air available for the 
liner is at 800 K, effective 
cooling technology has to be 
adopted to avoid any damage 
to the liner. Film cooling 
combined with effusion 
cooling has been implemented. 
The heat load to the liner 
has been estimated by one 
dimensional models given in 
the ref[1].  

 
Liner cooling methodology  

 
 The liner is heated by 
radiation and convection from 
the hot gases inside it. It 
is cooled by radiation to the 
outer casing and by 
convection to the annulus 
air. Under equilibrium 
conditions, the liner wall 
temperature is such that the 
heat transferred to the liner 
will be equal to heat left 
the liner. The model assumes 
only the radial variation of 
properties. All the 
properties are assumed to be 
constant around the 

circumference at any axial 
location. In steady state 
conditions heat balance 
equation can be written as 
follows. 
 
R1+C1 = R2+C2 = Conduction  

In gas turbine 
combustors and afterburners 
considerable portion of heat 
transfer happens through 
radiation. In fact combustors 
using film cooling, the only 
mode of heat transfer can 
happen is through radiation. 
The combustion products in 
such combustors have two 
portions of radiation. The 
first one is the non luminous 
radiation and second one is 
the luminous radiation. The 
non luminous radiation from 
the hydro carbon combustion 
product is mainly from CO2 
and H2O. When hydro carbon 
fuel is burned in the 
combustion chambers, soot 
particles are formed. The 
size of the soot particles at 
the atmospheric working 
pressure is small and will 
radiate negligible amount of 
heat energy. When working 
pressure becomes higher, the 
soot particles grow in size 
and glows in visible spectrum 
at higher temperature. This 
is called as luminous 
radiation. The amount of 
energy radiated because of 
the glowing soot particle is 
much higher. 

In the liner, two ways 
of convection heat transfer 
occurs, the first is from hot 
gases to the liner and second 
one is from liner to annulus 
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cooling air. As discussed 
earlier, major heat transfer 
occurs from hot gases to 
liner through radiation. 
Liner cooling needs to be 
done through external 
convection incase of non film 
cooled liner and through 
external and internal 
convection in film cooled 
liner. Film cooling technique 
is essentially injecting 
relatively cold air axially 
close to inner surface of the 
liner. It provides air 
blanket for the liner from 
the hot gases. The film 
cooling air not only isolates 
the heat transferred through 
convection from hot gases to 
liner, also it removes the 
heat from the liner by 
convection. The cool film is 
gradually destroyed by 
turbulent mixing with the hot 
gas stream. So it is 
necessary to provide a 
succession of slots. The 
distance to which the air 
film diffuses with hot gases 
and looses its effectiveness 
can be improved by 
introducing very small jets 
of coolant air perpendicular 
to air film. This is called 
effusion cooling. Film 
cooling combined with 
effusion cooling has given 
much improved cooling 
efficiency. The method used 
for designing the liner 
cooling has been in detail in 
the. The details of designing 
cooling technology have been 
well reported in the Ref[1] 
in detail. The authors have 
followed the Ref[1] for the 

cooling configuration of the 
liner. 

 
V-Gutter 

 
 In the Pre-heater -2, V-
gutter is used as a flame 
stabilizer and it makes ~30% 
blockage to the flow. It has 
a central ring gutter and 
four radial pedals. The ring 
fuel injector is housed 
inside the ring portion of 
the gutter. Because of the 
very high heat load, the fuel 
impingement cooling has been 
adopted for the V-gutter 
cooling. When fuel is passed 
through the ring injector, 
fuel comes as small jets 
through plain orifices,   
impinges on the V-gutter 
inner surfaces and  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
evaporates. This method has 
two advantages. The first one 
is the effective cooling of 
V-gutter and second is the 
fuel is evaporated and mixed 
with the main stream which 
improves the combustion 
efficiency. The V-gutter is 
coated with Thermal barrier 

Fig 3.0: Integrated to the Test Rig 
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coating to reduce the 
convection heat transfer.  
 

Heat transfer design 
 
 The V-gutter has to work 
in very harsh environment 
because of the Oxygen 
enrichment, resulting in very 
high combustion zone 
temperature and oxidization 
of the V-gutter at high 
temperatures. The high 
operating pressures, unlike 
conventional afterburners, 
makes radiation heat transfer 
rate much higher resulting in 
cooling related problems.  
 The main mode of heat 
transfer to the V-Gutter is 
through the convection at the 
outer surface from the 
approaching gases and at 
inner surface through the 
gases in wake region. The 
radiation mode of heat 
transfer also exists in the 
wake side of the gutter. The 
convection heat transfer can 
be calculated by 
approximating the V-gutter as 
the two flat plates arranged 
in V-shape. With this 
assumption flat plate 
convection heat transfer 
correlation is used from the 
Ref[3]. The convection heat 
transfer through wake region 
can be estimated using the 
equation given Ref[2]. The 
radiation heat transfer can 
be estimated like the 
procedure followed in the 
liner design and Ref[4]. The 
total heat coming to the V-
gutter can be estimated by 
adding all the heats. Based 

on the total heat load, the 
amount of fuel to be injected 
through the ring injector for 
the V-gutter cooling has been 
worked out. It has been found 
that the 1/3rd of the total 
fuel flow rate has to be used 
for V-Gutter cooling. Fig 3.0 
shows the assembled view of 
Pre-heater-02. 
 
Experimental Qualification 

 
 The Pre-heater-02 has been 
qualified for the 
temperature, flow rate and 
the pressure. The sequence of 
operation is as follows. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Low air flow rate is 
allowed in the rig (~4 
kg/s) 

•  Pre-heater-01 is ignited 
•  Temperature and flow 

rates are brought to 
required value of 800 K 
and 25 kg/s. 

•  Pre-Heater-02 is ignited 
•  Pre-heater-02 temperature 

is boosted to 1700 K. 
 

Fig 4.0: Total temperature 
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Fig 4.0 & Fig 5.0 show the 
total temperature and total 
pressure data obtained 
through one of the 
qualification trials. From 
the figures it is clear that 
the end of 22nd second the 
required parameters are 
achieved. The effective test 
duration of ~10s are 
available after the steady 
state achievement.  
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