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Abstract. The paper presents the concept of a turboshaft engine with the application of isochoric combustion, along with its technological design
and the selection of construction materials. The presented engine concept and construction design are based on a three-dimensional numerical
CFD analysis. The first stage of analysis concerned the development of the construction of the valve timing system itself. This simplified model
of the engine can be used for the experiential verification of the self-adjusting segmented ceramic sealing system, which is an integral part of the
presented engine concept. The second stage of analysis concerned the development of the construction of a prototype engine. To ensure high
engine efficiency, it was necessary to provide a high temperature of gas in combustion chambers, and at the same time limit heat losses. The
application of ceramics, as a construction material for chambers and nozzles, was a choice since it is resistant to high temperatures. To reduce
heat losses, the area of contact between hot engine components was limited. Moreover, the implementation of screens reduced heat transfer by
radiation. Finally, polishing the surfaces facilitated a reduction of radiation coefficients. The analysis conducted demonstrated that it is possible
to construct an engine with promising effective efficiency and ensure that materials work below permissible temperatures.
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1. INTRODUCTION
Despite the growing popularity of electromobility and hydrogen
drive, the demand for a competitive turboshaft engine with in-
ternal combustion is great. There are no real prospects now for
the next decade or two for using an alternative drive to the com-
bustion engine for heavy vehicles or turboprops, which require
efficient operation over long distances. The existing problems of
electric vehicles are worth noting [1,2]. Low electricity density
requires the construction of large and heavy batteries, which
prove to be questionable when it comes to use in flying objects.
The issue of hydrogen drive as a technology is at an early stage
of advancement, not to mention the infrastructure for refuel-
ing and hydrogen electrolysis plants, which in practice do not
exist [3, 4].

In contrast, the development of ecological fuel production
technology is promising. Shortly, it could replace classic hydro-
carbons used in combustion engines. Thanks to the newly devel-
oped method of synthesis of liquid hydrocarbons, it is possible
to easily process catalytically glycerol into suitable chemical
substances, which can be used as “ecological” fuel for com-
bustion engines. Synthesized hydrocarbons such as alkanes can
become an alternative to currently used fuels produced from
crude oil [5, 6].

To reduce environmental pollution generated by an aircraft
application, great hopes are placed on pressure gain combustion
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(PGC) [7–12], where the basic thermodynamic cycle can be en-
hanced. The pressure gain combustion process can be conducted
by combustion in a constant volume chamber or by detonating
combustion.

The paper presents the engine concept with isochoric com-
bustion and the results of CFD simulation of engine work and
its effective efficiency. The technological design and selection
of construction materials were conducted as a second step. The
thermal analysis and temperature distribution were used as pri-
mary tools. Three heat transfer modes were considered in the
simulation: conduction, convection, and radiation. In the first
stage, the engine timing system itself was constructed. This
simplified model of the engine would be used for experimental
verification of the proposed sealing system. In the second step,
the construction of the entire engine was developed, with the
research tool being a numerical simulation.

2. DESCRIPTION OF METHODOLOGY

The geometry model of the engine was developed step by step,
gradually removing its defects. The simulation model made it
possible to evaluate the engine performance and to introduce
resulting improvements. The 3D numerical analysis contained a
simulation of filling, direct injection of fuel, isochoric combus-
tion, expansion, and mechanical power generation in the turbine.
A transient set of Navier-Stokes equations, together with a com-
pressible, semi-ideal energy equation, species transport, and
reaction of combustion, was resolved. The thermal properties
of gas species (specific heat, thermal conductivity, viscosity)
were temperature dependent. The commercial ANSYS Fluent
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software was employed for analysis. The detailed numerical ap-
proach is given in the author’s previous papers [13, 14].

3. THE EFFICIENCY OF THE ENGINE CONCEPT WORKING
ACCORDING TO THE HUMPHREY CYCLE

Implementation of the isochoric combustion can increase the
efficiency of the thermodynamic cycle from 0.56 to 0.66 (see
a comparison of the Humphrey cycle versus the Bryton-Joule
cycle in Fig. 1). However, the realization of the Humphrey cycle
requires ensuring temporary closing and opening of combus-
tion chambers. The systematically developed engine concept
presented in the paper includes the timing system based on mu-
tually rotating elements [13,14] (see simulation model in Fig. 2
and its mesh in Fig. 3). The engine cycle consists of a fill-
ing of externally compressed fresh air, isochoric combustion,
and high-pressure exhaust. It was realized by the implementa-
tion of rotating combustion chambers, working together with a
stationary nozzle (see simulation model and results in Figs. 3
and 4). Due to the use of isochoric combustion, the pressure
value in the chamber reached 5.3 MPa, at a compression pres-
sure equal to 2.0 MPa (Fig. 5). The moment generated in turbine,
for symmetrically half of the engine, is presented in Fig. 6. The
effective efficiency of the engine evaluated by CFD simulation
reached 31.8% for 439.1 kW and 34.5% for 1000 kW [15]. The
results are extremely promising since its efficiency exceeds the
efficiency of classical turboshaft engines available in the mar-
ket, e.g., the PWD207D – 427 kW has an efficiency equal to

Fig. 1. Comparison of Humphrey cycle vs. Bryton-Joule Cycle for T-
s coordinate system (top picture) and p-v coordinate system (bottom

picture)

Fig. 2. Simulation model of turboshaft engine concept with – 500 kW
(general and top view)

Fig. 3. Numerical mesh of the CFD simulation model of the engine

Fig. 4. Change in oxygen content of the gas for 60 degrees of rotation
of chambers (one engine cycle)
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25.1% and the MTR390 – 958 kW has an efficiency equal to
29.3% [16]. An effective realization of the Humphrey cycle was
ensured by:
• Exhaust the remaining part of the gas from the combustion

chambers and almost isobaric filling (Fig. 5).
• The continuity of gas flow in the nozzles and the turbine

despite the pulsating character of the engine.
• The expansion of gas in different pressure nozzles.
• The setting of the nozzles at different angles according to

the turbine.
• The implementation of a turbocharger, using the rest of the

kinetic energy behind the main turbine.

Fig. 5. Pressure changes in combustion chambers and nozzles for two
engine cycles (C1, C2, C3 – chambers, N1–N4 – nozzles)

Fig. 6. Turbine torque change for two engine cycles

It is worth mentioning the simplicity of the presented en-
gine concept. It consists of a two-stage compression (turbo-
compressor and centrifugal compressor (Fig. 7). Only two sets
of high-pressure injection systems are required. The power is
generated in a one-stage turbine. Moreover, the injection sys-
tem and turbochargers universally available in the automotive
market can be adopted [17, 18]. The points 4–6 on the diagram
(Fig. 7) were analyzed by CFD analysis, using the simulation
model shown in Fig. 2. The remaining points were calculated
analytically, based on CFD results.

Fig. 7. Diagram of an engine with isochoric combustion

4. THE CONCEPT OF CONSTRUCTION OF THE VALVE
TIMING SYSTEM

An integral part of the presented engine concept is a self-
adjusting segmented ceramic sealing system [19, 20]. It con-
sists of combustion chambers, segment-sealing elements, and
casing. They are made from the same Si3N4 ceramic material,
withstanding high temperatures (1300◦C) [21] and with a low
thermal expansion (3.2 · 10−6/◦C). The sealing system is based
on centrifugal force coming from the rotation of combustion
chambers. As a result, it can adapt to the size of the changing
gap that occurs between chambers and the counter-surface of the
casing. It can ensure thickness, regardless of thermal conditions
and related deformations.

The proposed sealing system is a critical point in the de-
sign of an engine with isochoric combustion chambers. Effec-
tive tightness is key to the successful implementation of the
Humphrey thermodynamic cycle. The technological details of
self-adjusting segmented ceramic sealing systems will be pre-
sented in another paper.

The model of the valve timing system shown in Fig. 8 is suf-
ficient for experimental verification of the sealing system [22].
It consists of six combustion chambers driven by an electric
motor, a single power supply system (inlet, injector, exhaust,
measuring sensors, spark plug), a sealing system, body, base,
bearing housing, and bearing.

The parameters for experimental verifications are as follows:
• Achieving a pressure increase in the chambers of at least 2.5

times the compression pressure.
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Fig. 8. Geometry model of valve timing system of engine for experi-
mental verification of sealing system

• Achieving a small resistance torque of the seals, generat-
ing no more than 2–3% of losses concerning the generated
turbine work.

• Achieving the durability of the seals of 600–800 hours of
work without the need for replacement.

The main objective of the research was the construction de-
sign of a valve timing system and the selection of construc-
tion materials. After several modifications, the model shown in
Fig. 9 was obtained. There are visible materials and the ther-
mal conductivities of components. The strategy in building the
construction was to maintain high temperature in combustion
chambers and, at the same time, reduce heat loss and lower the
external surface temperature. It is worth mentioning the follow-
ing implemented steps:
• Reduction of conduction heat transfer by limiting the contact

area of the ceramic chambers with the shaft, the ceramic
casing with the cast iron casing, and the cast iron casing
with the cast iron body.

• Reducing radiative heat transfer by the implementation of
screens.

• Reducing radiative heat transfer by polishing the surfaces
(reduction of the emissivity factor).

• Enhancing the heat transfer from external surfaces by the
implementation of ribs.

Fig. 9. Construction of valve timing system – selection of materials

The CFD thermal steady state analysis was conducted using
ANSYS Fluent software [23] with a mesh consisting of 204 783
hexahedral elements (see Fig. 9).

The structure was heated by a boundary condition of tem-
perature equal to 1300◦C. The value was assigned to the inner
surface of the chambers. The structure was cooled by forced air
movement from the fan. The ambient temperature was equal to

20◦C, and the heat transfer coefficient was equal to 75 W/m2K,
which corresponded to an air velocity of 15 m/s, blown from
the cooling fan (Fig. 10). The resulting temperature of the iron
cast was below 1100◦C [24], which fulfils the requirements for
this material. The temperature of the external body and ends
of the shaft was below 250◦C (see temperature distribution of
construction in Fig. 11), which allows for the shaft bearing. The
heat flux of construction cooling was equal to 5340 W. It was
4.3% of fuel chemical energy.

Fig. 10. Numerical mesh of thermal model of valve timing system
(orange – solids, pink – air)

Fig. 11. Temperature distribution of the construction of the valve timing
system

5. THE CONCEPT OF THE ENGINE CONSTRUCTION

The presented engine construction has two shafts. The first is
responsible for driving the chambers. The second shaft is joined
with a turbine; thus, it receives mechanical power (see Fig. 12).
The engine needs to be sealed in two locations. The ceramic
sealing of combustion chambers and labyrinthine sealing of
the turbine are visible. The labyrinth seals can be successfully
used in a rotating turbine [25, 26], where the pressure is much
lower than in the combustion chambers. For combustion cham-
bers, original ceramic sealing systems were developed, but it is
not discussed in detail here.

The CFD thermal analysis of engine construction was con-
ducted step by step [27, 28]. Combustion chambers were built
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Fig. 12. Geometry model of the construction of the engine prototype

based on knowledge gained from previous analyses of the con-
struction of the valve timing system. Firstly, only the nozzles
were added to the simulation model. The body, made previously
of cast iron, was changed to aluminum alloy. It has high thermal
conductivity, providing a more uniform temperature. After pol-
ishing its surface, an extremely low emissivity factor equal to
𝜀 = 0.05 could be obtained (Fig. 13). The maximal temperature
equal to 1300◦C was set as the boundary condition for the in-
ternal surface of combustion chambers and internal surface of
nozzles. The external forced convection with heat transfer coef-
ficient equal to 75 W/m2K and external temperature 20◦C was
assumed (Fig. 13). The resulting temperature distribution of
construction with nozzles is presented in Fig. 14. The heat flux
of cooling chambers was equal to 8016 W, whereas the heat
flux of cooling of nozzles was equal to 1796 W. Only heat flux
of cooling of chambers met the requirements. The heat flux of
cooling, obtained with the simulation model of engine operation
presented in Section 3 (Fig. 2), was as follows: for chambers, it
was equal to 8140 W, and for nozzles, it was equal to 24 363 W
(see Fig. 15). The conclusion was that cooling flux of nozzles
should be intensified.

Fig. 13. Construction of engine – selection of materials

Fig. 14. Temperature distribution of construction with nozzles

Fig. 15. Change of heat flux for wall temperature of chambers set
to 𝑇 = 1300◦C, wall temperature of nozzles set to 𝑇 = 1300◦C and

𝑇 = 1550◦C

The first solution to this problem was the implementation
of the ribs around nozzles, providing intensified zonal cooling.
This caused the enhanced cooling of nozzles up to 15 200 W
(see temperature distribution of the model with zonal ribs in
Fig. 16).

Fig. 16. Temperature distribution of engine construction with nozzles
and zonal ribs

The second solution was making the nozzles with material
resistant to higher temperatures, e.g., Al2O3 has a maximum
working temperature of 1550◦C [29] or even 1650◦C [30]. This
remedy lowered the required cooling heat flux to 11 181 W
(Fig. 15). In that case, the nozzles should be divided into two
elements. The internal casing (3–4 mm) should be made of
SiN4, whereas the external part of the nozzles should be made
of Al2O3 (see Fig. 17). The second option is the entire nozzle
made of Al2O3. The choice of the variant will depend on the size
of the real deformation and its influence on sealing effectiveness.
It is worth mentioning that Si3N4 has a low thermal expansion
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coefficient (3.2 ·10−6/◦C), whereas Al2O3 has a bigger thermal
expansion coefficient (8 · 10−6/◦C). The temperature distribu-
tion for 1550◦C prescribed to the internal surface of nozzles is
presented in Fig. 19. The heat flux of nozzles cooling was equal
to 10 050 W, which was close to the heat flux obtained with
simulation model of engine operation (Fig. 2), which was equal
to 11 181 W (Fig. 15). The nozzles may be a single cylindrical
element (variant 1), or the nozzles may consist of two elements
inserted from above (variant 2) (Fig. 17). From the point of view
of assembly, the better choice is the insertion of nozzles from
above, which is shown in Fig. 18.

Fig. 17. Construction of nozzles made with two different ceramic
materials

Fig. 18. Engine components assembly steps

The final simulation model, in addition to the nozzles, also
contained the rotating shaft of the turbine and additional heat
flux coming from the cooling of these components. The speed of
the shaft was equal to 35 000 rpm. The air in the cavity between
the shaft and the aluminum body had a velocity in the range
of 100–799 m/s. The velocity distribution of air is presented in
Fig. 20.

Fig. 19. Temperature distribution for nozzles at a temperature
of 1550◦C

Fig. 20. Velocity distribution of air in cavity

Outstanding cooling properties of the aluminum body were
observed, despite it being closed in the shaft. The reason for this
was the extremely high velocity of air, which intensified heat
transfer by convection. The temperature of the aluminum body
on both sides of the chambers was almost the same (see Fig. 21).
This means that the cooling performance on both sides of the
engine was similar.

The maximum temperature of the cast iron casing and screen
was around the permissible operating temperature of 1100◦C.
The outer body made of an aluminum alloy reached a maximum
temperature of about 400◦C, which is close to the permissible
temperature for this material [31–33].

The heat flux of the cooling turbine reached 7140 W, which
matched the model in Fig. 2. The sum heat flux from combustion
chambers, nozzles, and the turbine was equal to 3.84% of the
chemical energy of fuel (see Table 1).
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Fig. 21. Temperature distribution of engine construction with nozzles
and turbine shaft

Table 1
Comparison of cooling heat flux results for the CFD model of engine

operation and the CFD model of structure cooling

Part of
the engine

CFD model
of engine
operation

Heat flux [W]

CFD model
of construction

cooling
Heat flux [W]

Ratio of cooling
flux to engine

chemical energy

Chambers 16 280 16 032 1.18%

Nozzles 22 362 20 100 1.62%

Turbine 14 400 14 280 1.043%

SUM 53 042 50 412 3.84%

The intensification of cooling would be further increased by
the installation of additional ribs on nozzles, which is shown in
Fig. 22.

Fig. 22. Concept of construction of a turboshaft engine with additional
cooling ribs of the nozzle

6. CONCLUSIONS
The paper presents a turboshaft engine concept (500 kW) using
isochoric combustion. Its effective efficiency of 0.318 is incred-
ibly promising. It achieves better results than comparable power
commercial turboshaft engines currently on the market [16].

It is worth mentioning the simplicity of the presented en-
gine concept. It consists of a two-stage compression (turbo-
compressor and centrifugal compressor). Only two sets of high-
pressure injection systems are required. The power is generated
in a one-stage turbine. Moreover, the injection system and tur-
bochargers available in the automotive market can be adopted.

The conducted thermal analysis of the concept of construction
and selection of materials showed that it is possible to design
an engine with low thermal losses and with a compact design.
To reduce heat loss, the following actions were conducted:
• The use of ceramic materials with high working tempera-

tures.
• Reducing conduction heat transfer by limiting the contact

area of the ceramic chambers with the shaft, the ceramic
casing with the cast iron casing, and the cast iron casing
with the cast iron body.

• Reducing radiative heat transfer by the implementation of
screens.

• Reducing radiative heat transfer by polishing the surfaces
(reduction of the emissivity factor).

The heat losses obtained with the simulation model of en-
gine operation (Section 3) matched the thermal construction
simulation model (Section 5). The sum heat flux of cooling of
combustion chambers, nozzles, and turbines was equal to 3.84%
of the chemical energy of fuel, which is extremely low value.

The proposed self-adjusting segmented ceramic sealing sys-
tem is a critical point in the design of an engine with the applica-
tion of isochoric combustion chambers. Thus, the next primary
step should be experimental verification of the sealing system. It
could be done using the concept of the construction of the valve
timing system, developed in Section 4. This is an optimal design
since it allows the tightness of combustion chambers with the
required lowest possible costs.

Full tightness of seals is key to successfully implementing
isochoric combustion in the presented engine concept. Success-
ful verification of the sealing system may open the door to the
construction of this type of engine.

The concept of construction of the engine, presented in Sec-
tion 5, ensured that materials could work below permissible
temperatures. The analysis conducted in the paper using two
different CFD models demonstrated that it was possible to con-
struct this kind of engine with promising high efficiency.
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