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Gas Temperature Distribution in the Combustion

Chamber of a GTM400 MOD Turbojet Engine
Powered by JET A-1 Fuel and Hydrogen
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lukasz.brodzik@put.poznan.pl; Tel.: 48 61 665 2213

Abstract: Research on engine operation using hydrogen may enable appropriate optimization of
thrust and, therefore, performance related to its potential use in aircraft. It is particularly important
that the share of hydrogen in combustion affects the reduction of combustion products such as
carbon dioxide, carbon monoxide, nitrogen oxide, hydrocarbons and solid matter. This is in line
with the new requirements regarding the increased supply of sustainable aviation fuels (SAF) and
the related changes in emissions, i.e. reducing the harmful impact of exhaust gases on the
environment. The paper presents the results of measurements carried out in the GTM400 MOD
turbojet engine. Based on the research performed, the impact of hydrogen and aviation kerosene
combustion on selected engine parameters was presented. The paper shows changes in the
rotational speed and volume flow of JET A-1 fuel as a function of engine operation time. Changes
in temperature measured at the edge of the flame tube were also examined. The tests confirmed that
the combustion chamber works correctly in the selected area in the range of tested fuel mixtures.
After incorporating hydrogen into the combustion process, the consumption of traditional JET A-1
fuel was significantly reduced.
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1. Introduction

Exhaust gases from turbine jet engines can be divided into three groups. The first are natural
products of fuel combustion, i.e. CO2, H20 and NOx. The second group includes products of
inefficient combustion: CO, HC and soot. The third group are emissions related to fuel quality, i.e.
sulphides and residue particles such as metals. Harmful combustion products result from various
causes. Carbon monoxide is produced in the combustion chamber when there is a rich fuel-air
mixture. Too little oxygen leads to incomplete oxidation of carbon to carbon dioxide [1-3]. In the case
of hydrocarbons, the main causes include, among others: poor fuel atomization leading to incomplete
combustion, as well as too low combustion speed [4]. Nitrogen oxide may be formed in several ways,
i.e. as a result of the oxidation of atmospheric nitrogen in the combustion chamber behind the flame,
in the initial phase of oxidation of the combustion process of rich fuel-air mixtures with a low flame
temperature, and also as a result of the oxidation of nitrogen contained in the fuel [5-8]

Changes in emission intensity are introduced by new European Union regulations. The
RefuelEU initiative has emerged and is a key part of the EU's Fit for 55 package [9]. These regulations
are already partially in force. One of the requirements from 2025 is the use of a 2% admixture of
sustainable aviation fuels (SAF). The scope of these fuels includes certified biofuels, renewable fuels
of non-biological origin, including renewable hydrogen and aviation fuels with recycled coal [10]. By
2050, this admixture is expected to constitute 70%.

Hydrogen was used as an alternative fuel for testing in the co-combustion process. Hydrogen
fuel is called emission-free, which means that the only combustion products are water and steam,
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with trace amounts of nitrogen oxides. Compared to commonly used hydrocarbon fuels, it is
characterized by, among others, greater reactivity and diffusivity, high flame speeds, and wide
flammability limits. Compared to JET A-1 fuel (approx. 43 MJ/kg), it is characterized by a higher
specific energy value (120 MJ/kg) [11]. There are various works on the analysis of hydrogen
combustion in engines and its possible commercial application [12-17]. It is generally expected that
hydrogen can replace kerosene fuel in jet engines of large aircrafts. In the case of smaller machines,
due to their lower efficiency in this case, hydrogen fuel cells will be used [18,19].

Miniature turbojet engines are a convenient tool for research on the use of various fuels and
admixtures. This is due to the fact that their operating costs are much lower than those of normal
scale engines. In this type of turbojet engines, combustion chambers in an annular configuration are
most often used. There is quasi-reverse flow there. Some of the air behind the compressor moves
towards the return channel and is then mixed with fuel in the evaporator. In this way, an air-fuel
mixture is created and directed inside the combustion chamber, where it is ignited. The flame tube in
this engine model is made of Inconel 600. The safe operating limit of this material is considered to be
the range of 870 °C - 1230 °C [20].

The aim of the study was to check the impact of co-combustion of JET A-1 fuel and hydrogen on
the fuel consumption of the GTM400 MOD miniature turbojet engine. An additional goal was to
check the temperature distribution in a selected place of the combustion chamber depending on the
engine speed. The measuring point was located near the outer flame tube. This made it possible to
verify whether it was not overheating due to high gas temperature.

2. Research Method

Experimental tests were carried out on the GTM400 MOD turbojet engine from JETPOL. The
motor position is shown in Figure 1.

Figure 1. Engine test stand: 1 -GTM400 MOD engine, 2 — control and measurement equipment with
data acquisition and touch screen, 3 — external digital module for engine control, - 4 — power regulator,
5 — starter switch, 6 — hydrogen flow regulator, 7 — protective cover, 8 — platform with elements for
mounting the engine.

The engine is characterized by the following technical parameters:

e  thrust: 15N -300 N;

e  rotational speed: 30000 rpm. — 81000 rpm;

e  mass air flow: 0,59 kg/s;

e fuel consumption: 0,82 kg/min;

e engine dimensions: diameter 15 cm, length 39 cm;
e  total mass: 2,9 kg.
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In addition, a hydrogen connection station from Linde Gaz Polska for testing was used for
testing. It consists of:

° control cabinet;

e  semi-automatic high pressure reduction panel type READLINE A200;
e  low pressure reducing panel type W40B;

e  hydrogen bottles;

e tubes, connections and hoses.

Technical hydrogen was used for the tests, the purity of which is 99.955%. It was taken from the
cylinder through hoses and directed to pressure reducers. The task of the READLINE A200 reduction
panel was to re-educate the pressure from 200 bar to 20 bar. Then the gas reached the second low
pressure reducer (W40B), where the pressure was reduced to 8 bar.

Additionally, the stand was equipped with the MCR-2000SLPM flowmeter from Alicat
Scientific. This device is designed to work with, among others, hydrogen. It was also placed in the
control cabinet. Hydrogen at reduced pressure was sent to the flowmeter, where its flow was
regulated. It was then directed to the engine through a flexible hose. There, together with JET A-1
fuel, hydrogen was injected into the evaporator. In the GTM400 MOD engine, the injectors are located
at the inlet to the evaporators. JET A-1 fuel and gaseous hydrogen were fed independently through
tubes with an internal diameter of 0.6 mm. JET A-1 fuel was injected at a pressure of 4 - 5 bar forced
by a gear pump. The location of the experiment and the hydrogen connection point are shown in
Figure 2.

A

Figure 2. Place of research: 1 - engine test stand, 2 - hydrogen connection station.

An S-type thermocouple was used to measure the temperature inside the combustion chamber,
the maximum operating temperature of which is 1600 °C. The sensor is 9 cm long. In addition to the
distance of the internal areas of the engine, the selection of the sensor length should take into account
the distance of its mounting, Figure 3. It consists of a sleeve, a nut and a screw.
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Figure 3. Thermocouple mounting location — marked with a red circle.

The nut was screwed onto a threaded sleeve permanently located in the engine housing. A screw
with a hollow hole for the sensor acted as its lock. The sleeve, nut and screw together form the sensor
mount, and their total length was 3.2 cm. The mounting was located 16.8 cm from the inlet. During
the tests, the sensor was inserted into the chamber at a distance of 0.28 cm from the inside of the flame
tube.

During the tests, the temperature varied in the range of 13.7 °C - 16.2 °C. The turbojet engine
was started twice. During the first start-up, the rotation speed was set to 40,000 rpm. During
operation, after adjusting the speed, the cylinder valve was opened and hydrogen was supplied to
the combustion chamber. The following flow rate values were set on the flowmeter: 25 I/min, 50 I/min.
and 93.4 I/min. During the second start-up, the rotation speed was set to 50,000 rpm. In this case, the
following hydrogen volume flows were used during operation: 50 I/min. and 93.4 1/min. As a result
of the hydrogen flow into the engine, the rotational speed increased. After the recorded increase in
rotational speed, it was reduced to the initial value, i.e. 40,000 rpm. (during first start-up) and 50,000
rpm. (during second launch).

3. Results

The tests took into account three parameters, i.e. rotational speed, flow rate, and temperature
near the inner edge of the flame tube. In the first period after starting the engine, it operated using
only aviation kerosene. Three stages are marked in the drawings below: stage 1 - the beginning of
hydrogen combustion, stage 2 - the peak of rotational speed (also on the graphs of other parameters),
and stage 3 - stabilization of fluctuations of the parameter in question. These are approximate points.

During the first start-up, hydrogen injection began after approximately 475 s, 744 s and 1029 s.
The hydrogen flow rate was increased each time. A larger amount of fuel mixture resulted in an
increase in rotational speed. The most dynamic increase was recorded for the largest flow, i.e. 93.4
l/min. The dynamics of the speed increase is more important in the analysis, not the speed value. The
second value is influenced by the human reaction time (better or worse depending on the moment)
and is less reliable. Changes in rotational speed for the first engine start are presented in Figure 4.
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Figure 4. Change of rotational speed as a function of time - speed stabilization for 40,000 rpm.

The appearance of hydrogen in the combustion chamber during engine operation is also
illustrated by the change in the flow rate of the JET A-1 fuel, Figure 5. Its values decrease
approximately successively by 45 ml/min, 98 ml/min and 167 ml/min. compared to the values where
combustion took place without hydrogen.
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Figure 5. Change of JET A-1 fuel flow rate as a function of time - speed stabilization for 40,000 rpm.

The share of hydrogen influenced temperature changes at the edge of the glow tube in different
ways. The results are presented in Figure 6. The smallest hydrogen stream causes a slight decrease in
the temperature at the measurement point from 677 °C to 663 °C. Increasing the hydrogen stream to
50 I/min increases the temperature to 738 °C. However, after the rotational speed stabilizes, the
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temperature continues to rise and increases further to 748 °C. The subsequent increase in the
hydrogen stream causes the temperature to increase to 758 °C.

800
790 ,
280 -—temperature (combustion
770 | chamber)
760 | -—stage 1 - 25 |/min
750
740 [ «stage 1 - 25 |/min
__ 730 |
Q
o, 720 .
= stage 1 - 251/min
£ 710 g /
=
E 700 ) I/mi
2 690 ! —-stage 2 - 50 |/min
£ 680
* 670 —=—stage 2 - 50 I/min
660
il --stage 2 - 50 I/min
640
630 .
BB -s-stage 3 - 93,4 |/min
610
600 -e-stage 3 - 93,4 |/min
400 500 600 700 800 900 1000 1100 1200 1300 1400

time [s]

Figure 6. Temperature change as a function of time - speed stabilization for 40,000 rpm.

During the second start-up, hydrogen injection began after approximately 1240 s and 1400 s.
Similarly to the previous stage of the research, there is a noticeable increase in rotational speed when
hydrogen injection into the combustion chamber begins. However, it can be seen that when
comparing all mixtures, the values of changes in rotational speeds are smaller, Figure 7.

60000

58000

56000
__ 54000
E .
o -e-rotational speed
— 52000
5 ——stage 2 - 50 |/min
(]
2 50000 A . stage 2-501/min
g —-stage 2 - 50 |/min
-= 48000 .
E —-stage 3-93,4 |/min
2 46000 -=-stage 3-93,4 |/min

—-stage 3-93,4 |/min

44000

42000

40000

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

time [s]

Figure 7. Change of rotational speed as a function of time - speed stabilization for 50,000 rpm.

During engine operation, hydrogen combustion also affects changes in the flow rate of the JET
A-1 fuel, Figure 8. Its values decrease by approximately 100 ml/min and 185 ml/min in relation to the
values where the combustion took place without hydrogen.
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Figure 8. Change of rotational speed as a function of time - speed stabilization for 50,000 rpm.

After increasing the rotational speed, hydrogen combustion caused an increase in temperature
at the inner edge of the flame tube. In the case of hydrogen dosing with a stream of 50 1/min, the
temperature increased from 627 °C to 698 °C. Later it increased further to 732 °C and then decreased
to 710 °C. In the case of hydrogen dosing with a stream of 93.4 1/min, an increase in temperature to
796 °C was observed. It can be considered that it was later stabilized and no significant changes were
observed. Temperature changes are shown in Figure 9.
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Figure 9. Temperature change as a function of time - speed stabilization for 50,000 rpm.
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4. Discussion

The analysis showed how the JET A-1 fuel consumption changes when hydrogen is burned in
selected amounts at the same time. For the same conditions, a control measurement of a selected place
at the edge of the flame tube in the combustion chamber was also carried out.

During the first engine start-up, the test showed that hydrogen injection in the amount of 25
I/min., 50 I/min. and 93.4 1./min resulted in a reduction of the JET A-1 fuel flow to 87.0%, 71.6% and
51.6% in relation to the combustion of clean aviation fuel. It follows that the adopted hydrogen
streams cover 13%, 28.4% and 48.4% of the energy demand for the JET A-1 fuel to operate at a speed
of 40,000 rpm. During the second engine start, hydrogen injection at a rate of 50 I/min. and 93.4 1./min
resulted in a reduction of the JET A-1 fuel flow to 78.3% and 59.8% in relation to the combustion of
clean aviation fuel. It follows that the adopted hydrogen streams cover 21.7% and 40.2% of the energy
demand for the JET A-1 fuel to operate at a speed of 50,000 rpm.

The measurement analysis also confirmed that mixing both fuels in the combustion process
leads to an increase in temperatures in the combustion chamber. For the highest hydrogen share, this
increase was approximately 80 °C for 40,000 rpm and almost 180 °C for 50,000 rpm. Considering that
this is the area around the edge of the flame tube, the temperature change can be considered
significant. However, the temperature does not exceed the permissible values for Inconel 600
material.

It is worth extending the research by taking measurements in other places of the combustion
chamber, as well as increasing the probing depth. Additionally, it is worth examining the impact of
co-combustion of hydrogen and JET A-1 fuel on the temperatures at the outlet from the combustion
chamber. This would allow for a better assessment of the possible higher thermomechanical load on
the guide vanes and turbine rotor.
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