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Abstract--The development of endothermic fuels is important for 
providing efficient cooling to scramjet combustors operating at 
high Mach numbers. Generally the fuel itself can be used as coo-
lant for the engine elements. Since preheating the fuel is desirable 
before combustion, it can be circulated in heat transfer passages 
embedded inside the hot engine parts so that the excess heat of 
the engine is removed by the fuel and in the process the fuel is 
also regeneratively preheated to the desired temperature. Endo-
thermic fuels pertain to a class of fuels, which make use of cer-
tain endothermic reactions to provide an additional heat sink for 
cooling the engine hot end parts through embedded heat ex-
change devices. While traditional fuels use only the sensible heat 
of the fuels for cooling, endothermic fuels provide cooling 
through two routes, namely, the absorption of the sensible heat 
and through the use of endothermic reactions. At the Propulsion 
Division, NAL, the concept of endothermic cooling has been ex-
perimentally demonstrated using kerosene as the fuel and mole-
cular sieves as the cracking catalyst. A laboratory scale catalytic 
reactor was used for carrying out the catalytic reaction. A differ-
ence of 114 K was observed for endothermic cooling whereas the 
conventional method of cooling gave only 18 K. The details of 
this important experiment are described in this paper.   
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I. Introduction 

 High Mach number air breathing propulsion is stra-
tegically an important area and NAL’s interest and commit-
ment in this area are already known [1, 2]. As the air breathing 
engine propelled vehicle speeds increase, thermal problems 
multiply because of the effect of the increase in the stagnation 
temperature of the inlet air. For example, at Mach numbers 4 - 
8, the temperature of the hot parts of the scramjet combustor 
would increase from approximately around 1000 K to 4000 K. 
Indeed, thermal management of such large quantities of waste 
heat is an important design consideration for hypersonic ve-
hicles. Although thermal effects can be somewhat accommo-

dated by improved materials and passive cooling, sustained 
hypersonic flight in the atmosphere requires a substantial heat 
sink. The fuel itself can be used as a coolant for the engine 
elements. Since preheating of the fuel is desirable before 
combustion, it can be circulated in heat transfer passages em-
bedded inside the hot engine parts so that the excess heat of 
the engine is removed by the fuel and in the process the fuel is 
also regeneratively preheated to the desired temperature. For 
example, fuels such as liquid hydrogen, liquid ammonia and 
liquid methane can contribute cooling effects only through the 
absorption of sensible and latent heat. Hence, it is important to 
investigate the ways and possibilities of increasing the effec-
tive heat absorption capacity of the fuel so that the fuel can 
achieve even more efficient cooling. 

 Endothermic fuels pertain to a class of fuels, which 
make use of certain endothermic reactions to provide an addi-
tional heat sink for cooling the engine hot end parts through 
the embedded heat exchange devices.  While traditional fuels 
use only the sensible heat of the fuels for cooling, endother-
mic fuels provide cooling through two routes, namely, the 
absorption of the sensible heat and through the use of endo-
thermic reactions. The goal of endothermic fuel research has 
been to identify practical endothermic fuels with a high cool-
ing capability and performance and handling characteristics 
equivalent to those of current aircraft fuels. The deposit for-
mation rates of endothermic fuels should be sufficiently low 
for potential applications in high-speed aerospace vehicles. 
The products of the endothermic reactions should be gaseous, 
lighter hydrocarbon fuels with high heating values, short igni-
tion delay times, and rapid burning rates. The addition of hy-
drogen is known to enhance the kinetics of kerosene - air reac-
tions.  Hence, a specific goal will be to seek cracking reac-
tions which reduce liquid hydrocarbons to lighter hydrocar-
bons with the simultaneous release of hydrogen. In addition, 
the “waste heat” flowing as heat loss through the hot end parts 
and which is absorbed by the fuel could be regeneratively 
returned to the engine cycle, thus enhancing engine perfor-
mance. Research on endothermic fuels has to be carried out to 
determine how much cooling can be obtained in this way and 



 

 
 

how it can be utilized to significantly enhance the combustor 
performance. The development of endothermic fuels is a fron-
tier field of research in hypersonic air breathing propulsion. 
The Propulsion Division, NAL has taken up a comprehensive 
study of this subject and the concept of endothermic cooling 
has been experimentally demonstrated. The details of our in-
vestigations are described in this paper.  

II. Literature information on the development of endo-
thermic fuels. 

Reports on the development of endothermic fuels 
have appeared in the literature as early as 1962 [3].   The de-
velopment of endothermic fuels has been reviewed [4,5,6].  
There are several types of endothermic reactions possible dur-
ing regenerative cooling.  Dehydrogenation, cracking (thermal 
or catalytic) and steam reforming are the most important reac-
tions that are being investigated as reported in the literature. A 
large number of such reactions have been reported by Lander 
and Nixon [4].  For example, naphthenic (cycloparaffin) fuels 
can be dehydrogenated to an aromatic and hydrogen. A classic 
example is the dehydrogenation of saturated ring compounds 
like methylcyclohexane and decalin to form aromatics and this 
has been successfully demonstrated by Nixon and coworkers 
[7] and Lipinski and White [8]. This reaction is shown to pro-
vide a heat sink of 2190 kJ/kg of fuel. Petley and Jones used 
the catalytic endothermic reaction of methylcyclohexane as a 
heat sink for the thermal management of a Mach 5 cruise air-
craft [9]. Huang, Sobel and Spadaccini demonstrated that hy-
drocarbons fuels such as JP-7, JP-8 + 100, and JP-10 can un-
dergo endothermic reactions and provide sufficient heat sink, 
and thus demonstrated the endothermic potential of these fuels 
for hypersonic scramjet cooling [10]. A high pressure bench 
scale reactor was used by them to determine the overall heat 
sinks, endothermic reforming products and coking rates for 
the fuels [10]. Sobel and Spadaccini carried out investigations 
on n-heptane and Exxon Norpar-12 (an inexpensive mixture 
of decane, undecane, dodecane and tridecane) to arrive at 
practical endothermic fuels with a high cooling capacity  and 
performance and handling characteristics very similar to cur-
rent aircraft fuels [11]. 

A survey of literature clearly reveals that a range of 
R & D routes exist for the development of endothermic fuels 
of different kinds. The most important routes for the develop-
ment of endothermic fuels are the catalytic cracking of the 
fuel, investigations on the enrichment of the cracked fuel with 
hydrogen molecules, thermal cracking of the fuel, and improv-
ing the thermal stability of the fuel by synthesis and by the use 
of additives. The engineering aspects of thermal management 
are also an integral part of the ongoing research on the devel-
opment of endothermic fuels. The present paper is concerned 
about experimentally observing the concept of endothermic 
cooling using the catalytic cracking reaction of kerosene as 
the endothermic reaction. 

III. Experimental details 

In order to carry out the catalytic cracking reaction, a 
high pressure, high temperature catalytic reactor was de-
signed, fabricated and installed by M/s High Tech Engineer-
ing, Pune. This reactor can heat kerosene upto 723K and 
maintain a pressure upto 10 atm. Fig.1 shows the photograph 
of the catalytic reactor.  

 

Fig.1. Laboratory Scale Catalytic Reactor 

This unit consists of one gas inlet and one liquid in-
let.  Fuel pump and mass flow controller precisely control the 
amount of the fluid which enters the reactor tube.  Fig 2 shows 
the schematic diagram of the catalytic reactor tube. This reac-
tor tube is entirely one of its kind and to the best of our know-
ledge, not generally available at other places in our country. 
While every other reactor is generally concerned only with the 
nature of the products formed and the percentage conversion 
of the reactants, we are interested not only in the above two 
parameters but also in the quantity of heat absorbed by the 
reactor to bring about the change. At the centre of the reactor 
tube is situated another inner tube. The temperature of the 
reactor tube is precisely measured by three thermocouples 
inserted at three different locations inside the thermo-well.  
The SCADA software automatically records the change in 
temperature observed by these three thermocouples. Another 
thermocouple is positioned close to the external skin of the 
reactor tube and the temperature of the reactor tube is main-
tained at the set value by sensing the skin temperature with the 
help of this thermocouple.   The reactor also consists of a pre-
heater. In this set of experiments, the preheater was main-
tained at 626 K, the nitrogen flow rate was maintained at 90 
ml/min, and the kerosene flow at 4.5 ml/min.  

The reactor tube is filled with the  properly activated 
cracking catalyst. In our investigation, sodium aluminum sili-
cate (molecular sieves, CAS. No. 63231-69-6) from M/s. 
Chemport India Pvt. Ltd was used as the cracking catalyst. 
The gas chromatographic measurements were made using a 
Thermofisher (Chemito) Gas chromatograph model GC 8610.             



 

 
 

        

        Fig.2 Schematic Flow diagram of the Catalytic Reactor 

Fig 2 shows the flow diagram of the catalytic reactor. 
The carrier gas is nitrogen and its flow is arbitrarily fixed at 
90 ml /min in this set of experiments. The catalytic reaction is 
a vapour phase reaction, and in order to ensure a uniform ga-
seous mixture, the temperature of the pre-heater is maintained 
at 626 K. The schematic diagram of the cross section of the 
reactor tube is shown in Fig 3. 

 
    Fig. 3 Schematic diagram of the cross section of the reactor 

  The experiment was conducted when the temperature 
of the thermocouple T2 reached 626 K.  Our first aim was to 
determine the rate of cooling of the reactor by sensible heat 
i.e., by the passage of nitrogen gas and a mixture of nitrogen 
and steam – a fluid where no endothermic reaction takes 
place.  

 

IV. Results and discussion 

 

Fig.4 (1) shows the variation in temperature with 
time when pure nitrogen gas at 90 ml/min and a mixture of 
nitrogen gas (90 ml/min) and steam (4.5 ml/min) were passed 
through the reactor. It is seen that when nitrogen gas alone is 
passed through the reactor bed, the temperature of T2 fell from 
626K to 610K, a fall by 16K. When nitrogen and water mix-
ture was passed through the system the temperature fall was  

 

 

 

 

 

 

 

 

 
Fig.4. Cooling of a hot body (the reactor tube itself) by ther-

modynamic and endothermic cooling 

from 626K to 608K, a fall by 18K (Fig 4 (2)). The heating of 
the reactor was temporarily switched off i.e., during the above 
period of measurement. The temperature of the reactor tube is 
once again heated and when T2 reaches 626K, the experiment 
of the next flow was carried out. 

Fig.4 (3) shows the results obtained when a mixture 
of nitrogen gas and kerosene is passed through the reactor 
tube. The pre-heater ensures that all the kerosene is present as 
a gas and a uniform mixture of gases enter the reactor tube. As 
the gases pass through the heated catalyst particles in the reac-
tor tube, the catalytic cracking reaction takes place. i.e., kero-
sene absorbs the heat from the catalyst particles and splits into 
smaller hydrocarbon molecules. Because of this heat absorp-
tion by kerosene, the temperature of thermocouple T2 drops 
from 626K to 512K, a drop by 114K. Such a drop in temp is 
due to the occurrence of the catalytic cracking reaction.  

IV. a.  The Mechanism of catalytic cracking reaction 

The catalytic cracking reaction can be viewed as a hy-
drocarbon conversion process, which, in a more or less step-
wise fashion, reduces the molecular weight of the molecules, 
which contact and react on the catalyst surface. The molecular 
weight reduction is caused by the formation of a carbenium 
ion. 

The catalyst used for cracking, namely the molecular 
sieves is a solid acid. The chemistry that occurs in the catalyt-
ic cracking process is a complex mixture of many reactions. 
The initial step is the generation of carbenium ions, which can 
then undergo a series of reactions/rearrangements generating 
the characteristic products of catalytic cracking. It is the car-
benium ion chemistry coupled with the unique pore geometry 
of catalyst   that makes catalytic cracking a preferred route for 
the process of preparing lighter hydrocarbons. The steps in-
volved are the following: 
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Table 1:  Variation of temperature with time for nitrogen flow, 
nitrogen plus water flow and nitrogen plus kerosene flow over 

the catalytic bed in the reactor 

R-CH2-CH=CH-CH2-R’ +  H+ →  R-CH2-C+H-CH2-CH2-R’   
---------- (1)                                  

(Carbenium ion generation)                                    

R-CH2-C+H-CH2-CH2-CH3 → R-CH2-CH=CH2+C+H2-CH3   

-------- (2)  

(Cracking of C-C bonds via β Scission)                                                             

R-CH2-C+H--CH2-CH2-CH3+R’H → R-CH2-CH2--CH2-CH2-
CH3 +R’+    ------- (3) 

                (Hydride transfer propagation reaction) 

The termination reaction involves proton transfer to 
the surface acid site, desorbing an olefin and regenerating the 
Bronsted acid site. In summary it is clear that the carbocations 
(namely the carbenium and carbonium ions) play the principal 
role in the catalytic cracking chemistry. The types of products 
that are formed depend on the number, strength, location and 
types of surface acid sites. Certain additives are also added to 
the primary cracking catalyst where the presence of the addi-
tive causes a beneficial change in operations or yield products, 
which are preferably required. 

 

IV (b)  Evidence for catalytic cracking – Gas                     
chromatographic investigations 

Gas chromatography can be used as an important di-
agnostic tool for monitoring the catalytic cracking process.    

The difference in the gas chromatograms (GC) of pure and 
cracked kerosene provides valuable information regarding the 
cracking process that has taken place. 

 
  Kerosene is a distillate fraction of crude petroleum 
that distils in the range of approximately 478 K to 533 K and 
kerosene contains a very large number of hydrocarbons and 
other organic compounds in much smaller amounts. As kero-
sene passes through the GC column the individual compo-
nents separate into different groups and each group leaves the 
column at different times. Each peak corresponds to the pres-
ence of a group of substances.  Hydrocarbons with smaller 
chain length are the first to leave the column and they give 
rise to the first peak in the GC. The retention time of this peak 
will be the smallest. Their peak height and area will be pro-
portional to their respective concentration in the original kero-
sene.  For example, in the case of the GC of pure kerosene, it 
was observed that the first peak appears at a retention time of 
0.460 minutes and the relative concentration of these sub-
stances in kerosene is evaluated to be 0.6%. The next set of 
hydrocarbons with a relatively longer chain length gives rise 
to the appearance of the second peak with a retention time of 
0.593 minutes and a relative population of 3.7%. In the same 
way, as the chain length of the hydrocarbon increases, the 
retention time of their GC peaks will also increase and their 
peak height and area will be a measure of their relative con-
centration in kerosene. 

 
 In the case of catalytic cracking the longer chain 

length hydrocarbons will be converted into smaller chain 
length hydrocarbons. Therefore when the GC of cracked kero-
sene is recorded, depending upon the extent of cracking, there 
should be an increase in the population of shorter-retention-
time peaks and there should also be a decrease in the popula-
tion of the longer-retention-time-peaks. Hence by careful 
comparison of the GCs of the cracked and uncracked kerosene 
samples, valuable information can be obtained regarding the 
extent of cracking.  

 

 
Fig. 5  Gas chromatograms of (1) cracked and 

(2) uncracked kerosene fractions 
 
Fig 5 (2) shows the GCs of a kerosene fraction 

wherein no catalytic cracking was performed and Fig. 5 (1) 

Time 
(min) 

T2 Temperature (K) 
Nitrogen 

Alone 
Nitrogen 
& Water  

Nitrogen & 
Kerosene 

1 626 626 626 
2 626 628 626 
3 626 629 626 
4 628 630 625 
5 632 631 606 
6 633 631 598 
7 632 630 591 
8 631 629 573 
9 630 628 553 
10 629 627 549 
11 628 625 536 
12 626 624 532 
13 624 622 532 
14 622 620 525 
15 620 618 523 
16 618 616 520 
17 616 614 511 
18 614 612 511 
19 612 611 512 
20 610 608 512 



 

 
 

that of the cracked kerosene sample. It is seen that the peak 
areas in the residence time range of 0-1 min show an increase 
in the case of the cracked kerosene fraction. Quantitatively 
this result is summarized in Table 2.  
 
            Peak areas for each retention time

Peak No 1 2 3 4 5 

Retention 

 Time (min) 

0.523/ 

0.520 

0.650/ 

0.647 

0.720/ 

0.723 

0.920/ 

0.923 

1.06/ 

1.06 

Uncracked  

Kerosene (mV.s) 

19.4 79.8 153.8 407.6 501.9

Cracked  

Kerosene (mV.s) 

114.- 326.4 465.5 917.2 766.3

 
Table 2. Comparison of peak areas of GC in the retention                         

time 0-1 min 

A look at the data in the table clearly reveals that the 
peak areas of each of the 5 peaks have considerably increased 
in the case of the cracked kerosene. Since the peak area is 
proportional to concentration in GC, the concentrations of the 
substances responsible for the occurrence of these peaks has 
considerably increased in the case of the kerosene sample 
passing through the cracking catalyst. This is a definite proof 
for the occurrence of the catalytic cracking reaction. 

4.3. Endothermicity of the cracking reaction 

The catalytic cracking reaction is a vapour phase 
reaction. The specific heat of kerosene vapour is 1.6 kJ/kg.K 
that of nitrogen gas is 1.054 kJ/kg.K and that of the catalyst is 
≈ 1.42 kJ/kg.K. As kerosene passes through the catalytic bed, 
the temperature of the thermocouple T2, positioned at the cen-
ter of the reactor tube falls from 626 K to 512 K. For the expe-
rimental conditions employed, the endothermic cooling is 
evaluated to be 0.82 kJ. On the other hand when a non endo-
thermic fluid like water passes through the catalytic bed, the 
cooling observed was  just 0.006 kJ.     

 

 

V. Concluding Remarks 

 Endothermic cooling using catalytic cracking reac-
tion has been practically demonstrated using a Laboratory 
scale catalytic reactor and a cracking catalyst and the details 
of this investigation are described in this communication. 
However, some more important parameters like influence of 
flow rate and residence time, wall heat flux rate etc have to be 
studied and catalytic cracking core designed and fabricated. 
When this catalytic cracking core is integrated with the scram-
jet combustor, it will provide an efficient cooling for the com-
bustor. The work is in progress. 
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