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ARTICLE INFO  The paper presents a new concept of the turbine engine in the area of pressure gain combustion (PGE). The 

engine works according to Humphrey’s cycle. Minor modification in construction has allowed power generation 

of 500 kW, 700 kW, 1000 kW, and 1800 kW. The concept successfully resolved the challenges related to the 
temporary opening and closing of the combustion chamber. The presented valve timing system has ensured 

effective gas flow and what stands behind it, an effective process of conversion of a high-pressure gas impulse 

into mechanical energy. Rotating combustion chambers enabled the application of an effective sealing system. 
The concept characterizes simple construction and potentially low power-to-weight coefficient. The CFD 

numerical analysis of the presented engine concept showed very promising effective efficiency and low specific 

fuel consumption. 
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1. Introduction 
The internal combustion engine industry is mature, but 

there is still a need and space for improving the perfor-

mance of internal combustion engines [1, 2]. A reduction of 

fuel consumption, while at the same time improving power 

to weight ratio of the engine for existing on-market engines 

may be already limited. New opportunities are sought in the 

PGE (Pressure Gained Combustion) area [3–7]. 

The piston engine and classical turboshaft engine have 

different benefits, therefore they have found different appli-

cations. Generally, the piston engine has an advantage over 

the turboshaft engine in effective efficiency, while the tur-

boshaft engine has an advantage over the piston engine in 

the power-to-mass ratio [7]. The paper presents the concept 

of a hybrid engine, as it has combined some of elements 

and benefits of both mentioned engines.  

The fundamental assumption of the presented concept 

of the engine is that it has a temporary closed isochoric 

combustion chamber that is supplied by external com-

pressed air. The first stage of compression is realized in the 

turbocharger, using the rest of the kinetic energy behind the 

turbine, and the second stage of compression is realized in 

the mechanical compressor. Secondly, a direct injection 

system is used. Next, the mechanical power is generated in 

the turbine. The concept of the engine was built to face the 

performance of turboshaft engines existing on the market.  

Mentioned above assumption enabled the realization of 

the Humphrey cycle, which theoretical thermodynamic 

cycle has about a 10% advantage over the Bryton-Joule 

cycle (in compression ratio 20) [8–10]. A realization of the 

Humphrey cycle required the use of the valve timing sys-

tem [6]. Its construction was the biggest challenge, as it had 

to deal with the realization of stages of the engine cycle like 

filling, isochoric, combustion, and exhaust. It had to ensure 

effective gas flow for variable thermal parameters (expan-

sion from high to low pressure) and during the idle period 

[8, 12, 13]. The valve timing system has to deal with partial 

turbine load. Moreover, the full tightness of the combustion 

chamber had to be ensured.  

The paper presents the concept of a turboshaft hybrid 

engine for different power applications (500 kW, 700 kW, 

1000 kW, and 1800 kW). The concepts differ in the volume 

of combustion chambers and the number of nozzles. They 

work at the same engine cycle parameters, using the same 

diameter of the turbine. 

2. 500 kW power hybrid engine concept 

2.1. Simulation model of the engine concept  

The simulation model of the engine for 500 kW power 

consists of:  

• six rotating combustion chambers (1300 rpm), with  

a single chamber volume of 0.4 dm3, 

• stationary inlet of fresh air and three different de Laval 

nozzles in a symmetrical arrangement. The nozzles cov-

ered 268 degrees of turbine circumference, 

• turbine with a rotational velocity of 35000 rpm and 

exhausted port. The turbine width was equal to 7.5 mm 

(Fig. 1). 

 

Fig. 1. Geometry model and numerical mesh–engine concept of 500 kW  
 power 

2.2. Principle of operation of the engine 

Rotating combustion chambers fulfilled the role of valve 

timing of the engine. A single-engine cycle consists of  
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a filling of the combustion chamber with fresh-compressed 

air, direct injection of fuel, isochoric combustion, and ex-

haust. It was realized during 60 degrees rotation of chambers. 

A pressure change for individual chambers and individ-

ual de Laval nozzles (convergent part) for 120 degrees of 

rotation of chambers presented is in Fig. 2. The nozzle_1 

worked in the pressure range 1.7–5.0 MPa, the nozzle_2 

worked in the pressure range 1.5–4.5 MPa, the nozzle_3 

worked in the pressure range 1.75–3.5 MPa and the noz-

zle_4 worked in pressure range 1.75–2.25 MPa (Fig. 2). 

 

Fig. 2. Pressure change of the gas in chambers (C1, C2, C3) and nozzles  
 (N1, N2, N3, N4) for 120 degrees rotation of chambers (2 engine cycles) 

 

Figure 3 presents a change of oxygen content in indi-

vidual combustion chambers during its 60 degrees of rota-

tion. In chamber 1 combustion is being realized (C1-COM), 

in chamber 2 filling is being realized (C2-FIL) and in 

chamber 3 exhaust takes place (C3-EXH). Figure 4 presents 

the temperature distribution and Fig. 5 presents the pressure 

distribution at the same time of the cycle. The thermody-

namic parameters pulsated according to different cycle 

stages. The maximum oxygen content of 18.5% was after 

the filling, in turn, the minimum oxygen content of 6% was 

after combustion. The minimum temperature of 920 K was 

after filling and the maximum temperature of 2320 K was 

after combustion. The lowest pressure of 1.6 MPa was at 

the beginning of filling, in turn, the maximum pressure of 

5.3 MPa was at the end of combustion. 

 

Fig. 3. Change in oxygen content of the gas for 60 degrees of rotation of  

 chambers (1 engine cycle)  

 

Fig. 4. Change in temperature of the gas for 60 degrees of rotation of 
 chambers (1 engine cycle) 

 

Fig. 5. Change in pressure of the gas for 60 degrees of angle rotation of  

 chambers (1 engine cycle) 

 

The high-pressure gas accelerated in de Laval nozzles 

reaching max. value of 2.8 Mach (Fig. 6).  

 

Fig. 6. The Mach number distribution 

 

The kinetic energy of gas was transformed into mechan-

ical energy in the turbine. Pressure distribution around the 

blades presented is in Fig. 7. 

 

Fig. 7. The pressure distribution around the turbine blades 

 

The torque generated in the turbine was changing from 

a minimum value of 60 Nm to a maximum value of 120 

Nm (Fig. 8). The averaged torque was equal to 94 Nm for 

the symmetrical half of the engine.  
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Fig. 8. Torque generated in turbine for 120 degrees rotation of chamber  

 (2 engine cycles)  

2.3. Description of the simulation approach 

A transient set of Navier-Stokes equations, together 

with a compressible, semi-ideal, energy equation, species 

transport, and reaction of combustion were resolved. The 

thermal properties of gas species (specific heat, thermal 

conductivity, viscosity) were temperature-dependent. The 

commercial ANSYS Fluent software was employed in the 

analysis.  

The 3D numerical simulation was performed using 

mesh consisting of hexahedral elements in the entire do-

main. The first element in the vicinity of the walls had a 

size of 0.25 mm. The mesh was created to assure y plus in 

the range of 30–300 value. The total number of elements 

differed from case to case between 300–600 thousand. The 

realizable k-ε with enhanced wall treatment option was 

chosen to ensure proper resolution of parameters in the 

boundary layer. The Rotating Mesh Motion was prescribed 

for rotating combustion chambers and for the turbine. The 

directly injected Decan was simulated using the Discrete 

Phase model [13]. A combustion process was simulated 

using the Eddy Dissipation model [15]. The excess air coef-

ficient λ = 1.6 was assumed. The walls of the combustion 

chambers and walls of the nozzle were cooled. The temper-

ature of the walls was set to 1573 K. A perfect tightness of 

combustion chambers was assumed. More details regarding 

the simulation description can be found in [15]. 

2.4. Evaluation of the performance of the engine concept 

The 0.00012 kg of decan was injected into a single 

combustion chamber. The lower heat of combustion for 

decan was equal to 44240 kJ/kg. The 10.618 kJ of chemical 

energy of fuel was consumed for a single engine cycle. The 

kinetic energy of gas behind the turbine covered the energy 

demand for the turbocharger. An effective work produced 

by the turbine for one engine cycle (0.00769 s) was equal to 

5.036 kJ. It was determined from equation (1). The me-

chanical efficiency of the turbine was assumed 0.95. 

 LeT =
Mavg⋅n⋅tcycle

9549
ηm (1) 

where: LeT [J] – effective turbine work, Mavg [Nm] – aver-

aged moment, n [rpm] – rotational velocity, tcycle [s] – cycle 

time of discharging, ηm = 0.95 – mechanical efficiency of 

turbine.  

The effective engine work was calculated form equation 

(2): 

 Le = LeT − LeC_mech  (2) 

where: Le [J] – effective engine work, LeC_mech [J] – effec-

tive work demand for mechanical compressor. 

Using equation (3) the effective power of the engine 

reached 462.6 kW.  

 Ne =
Le

tcycle
 (3) 

where: Le = LeT – LeC_mech [J] – effective engine work. 

Using equation (2) the effective power of the engine 

reached 462.6 kW.  

The engine effective efficiency reached 0.335. It was 

calculated from equation (4). 

 ηe =
Le

Echem
 (4) 

where: e [-] – engine energy efficiency. 

The specific fuel consumption was calculated form (5). 

It amounted to 242.9 g/kWh. 

 g =
mC10H22∙1000∙3600

tcycle∙Ne
 (5) 

where: g [g/kWh] – specific fuel consumption. 

Detailed values of calculated parameters of the present-

ed engine concept presented are in Table 1.  

 
Table 1. Calculation of performance parameters of engine concept for  

 500 kW power 

Parameter description Calculated value 

Chemical energy of fuel 
Echem = 0.00012 kg * 2  

* 44240 kJ/kg = 10.618 kJ 

Effective demand of energy 

for turbocharger 

ηeC = ηiC * ηT  
= 0.85*0.85*0.97 = 0.7 

LeC_turbospr = 0.769 kJ 

Effective demand of work 

for mechanical compressor  
ηeS = ηiS * ηmS  

= 0.85 * 0.97 = 0.83 

LeC_mech = 1.478 kJ 

Effective work generated  

by turbine 

LeT = [(188 Nm * 35000 rpm * 

0.00769 s)/9549] * 0.95 = 5.036 kJ 

The kinetic energy of gas 

behind the turbine 
Ek_T = 0.769 kJ 

Effective work generated  

by engine for single engine 
cycle 

Le = 5.036 – 1.478 = 3.558 kJ 

Effective engine power Ne = 3.558/0.00769 s = 462.6 kW 

The effective energy  

efficiency of the engine 
ηE = 3.558/10.618 = 0.335 

Specific fuel consumption 
g = 0.00012 * 2 * 1000 * 3600/ 

(0.00769 * 462.6) = 242.9 g/kWh 

3. 700 kW power hybrid engine concept 

3.1. Simulation model of the engine concept  

The simulation model of the engine for 700 kW power 

consists of:  

 six rotating combustion chambers at 1500 rpm, with  

a single chamber volume of 0.5 dm
3
, 
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 stationary inlet of fresh air and three different de Laval 

nozzles in a symmetrical arrangement. The nozzles cov-

ered 251 degrees of turbine circumference, 

 turbine with a rotational velocity of 35000 rpm and 

exhausted port. The turbine width was equal to 15 mm 

(Fig. 9).  

 

Fig. 9. Geometry model and mesh of the hybrid engine concept – 700 kW  
 power 

3.2. Evaluation of the performance of the engine concept 

The effective efficiency of the engine was equal to 

0.351 whereas specific fuel consumption reached 232.0 

g/kWh. A detailed calculation of the performance parame-

ters of the presented engine for 700 kW power presented is 

in Table 2.  

 

Table 2. Calculation of performance parameters of engine concept for  
 700 kW power 

Parameter description Calculated value 

Chemical energy of fuel 
Echem = 0.000148 kg * 2 * 

44240 kJ/kg = 13.095 kJ 

Effective demand of energy  

for turbocharger 

ηeC = ηiC * ηT = 0.85 * 0.85  

* 0.97 = 0.7 

LeC_turbospr = 1.134 KJ 

Effective demand of work  

for mechanical compressor 

ηeS = ηiS * ηmS = 0.85 * 0.97  
= 0.83 

LeC_mech = 1.988 kJ 

Effective work generated  

by turbine 

LeT = [(283.4 Nm * 35000 rpm 

* 0.00667s)/9549] * 0.95 = 6.58 
kJ 

The kinetic energy of gas behind 

the turbine 
Ek_T = 1.134 kJ 

Effective work generated by 

engine for single engine cycle 
Le = 6.58 – 1.988 = 4.593 kJ 

Effective engine power 
Ne = 4.593/0.00667 s  

= 688.5 kW 

The effective energy efficiency 

of the engine 
ηE = 4.593/13.095 = 0.351 

Specific fuel consumption 

g = 0.000148 * 2 * 1000 * 

3600/ (0.00667 * 688.5)  

= 232.0 g/kWh 

 

4. 1000 kW power hybrid engine concept 

4.1. Simulation model of the engine concept 

The simulation model of the engine for 1000 kW power 

consists of:  

 six rotating combustion chambers (1300 rpm), with  

a single chamber volume of 0.8 dm
3
, 

 stationary inlet of fresh air and four different de Laval 

nozzles in a symmetrical arrangement. The nozzles cov-

ered 268 degrees of turbine circumference, 

 turbine with a rotational velocity of 35000 rpm and 

exhausted port. The turbine width was equal to 15 mm 

(Fig. 10).  

 

Fig. 10. Geometry model and mesh of the hybrid engine concept  

 – 1000 kW power 

4.2. Evaluation of the performance of the engine concept 

The effective efficiency of the engine was equal to 

0.362 whereas specific fuel consumption reached 224.6 

g/kWh. A detailed calculation of the performance parame-

ters of the presented engine for 1000 kW power presented 

is in Table 3.  

 
Table 3. Calculation of performance parameters of engine concept for  

 1000 kW power 

Parameter description Calculated value 

Chemical energy of fuel 
Echem = 0.00024 kg * 2  

* 44240 kJ/kg = 21.235 kJ 

Effective demand of energy  

for turbocharger  
ηeC = ηiC * ηT = 0.85 * 0.85 * 0.97 = 0.7 

LeC_turbospr = 1.704 KJ 

Effective demand of work  

for mechanical compressor  
ηeS = ηiS * ηmS = 0.85 * 0.97 = 0.83 

LeC_mech = 2.925 kJ 

Effective work generated  
by turbine 

LeT = [(396.0 Nm * 35000 

rpm * 0.00769 s)/9549] * 

0.95 = 10.618 kJ 

The kinetic energy of gas behind  

the turbine 
Ek_T = 1.704 kJ 

Effective work generated by engine  

for single engine cycle 

Le = 10.618 – 2.925  

= 7.693 kJ 

Effective engine power 
Ne = 7.693/0.00769 s 

= 1000.4 kW 

The effective energy efficiency  

of the engine 
ηE = 7.693/21.235 = 0.362 

Specific fuel consumption 

g = 0.00024 * 2 * 1000 * 

3600/(0.00769 * 1000.4) = 

224.6 g/kWh 
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5. 1800 kW power hybrid engine concept – variant 

with 8 chambers in two rows  

5.1. Simulation model of the engine concept  

The simulation model of the engine for 1800 kW power 

consists of:  

 eight rotating combustion chambers (1700 rpm), ar-

ranged in two rows with a single chamber volume of 1.8 

dm
3
. Such an arrangement enabled supplying the turbine 

on its entire circumference. 

 stationary inlet of fresh air and twelve different de Laval 

nozzles in a symmetrical arrangement. The nozzles cov-

ered 360 degrees of turbine circumference, 

 turbine with a rotational velocity of 35000 rpm and 

exhausted port. The turbine width was equal to 12 mm 

(Fig. 11).  

 

Fig. 11. Geometry model and mesh of the hybrid engine concept with  
 8 chambers – 1800 kW power 

 

A pressure change for individual chambers and individ-

ual de Laval nozzles for 180 degrees of rotation of cham-

bers presented is in Fig. 12. 

 

Fig. 12. Pressure change of the gas in chambers (C1, C2, C3, C4) and 
nozzles (N1-N12) for 180 degrees rotation of chambers (2 engine cycles) 

 

The torque generated in the turbine was changing from 

a minimum value of 590 Nm to a maximum value of 760 

Nm (Fig. 13). The average torque was equal to 683.5 Nm. 

 

Fig. 13. Torque generated in turbine for 180 degrees rotation of chamber 

 (2 engine cycles) 

5.2. Evaluation of the performance of the engine concept 

The effective efficiency of the engine was equal to 

0.367 whereas specific fuel consumption reached 220.1 

g/kWh. A detailed calculation of the performance parame-

ters of the presented engine for 1800 kW power presented 

is in Table 4.  

 
Table 4. Calculation of performance parameters of engine concept for 
 1800 kW power 

Parameter description Calculated value 

Chemical energy of fuel 
Echem = 0.000468 kg * 2  

* 44240 kJ/kg = 41.746 kJ 

Effective demand of energy  
for turbocharger  

ηeC = ηiC * ηT = 0.85 * 0.85 * 0.97  

= 0.7 

LeC_turbospr = 2.433 kJ 

Effective demand of work  
for mechanical compressor  

ηeS = ηiS * ηmS = 0.85 * 0.97 = 0.83 

LeC_mech = 5.687 kJ 

Effective work generated by turbine 
LeT = [(683.5 Nm * 35000 
rpm * 0.008824 s)/9549]  

* 0.95 = 21.000 kJ 

The kinetic energy of gas behind  
the turbine 

Ek_T = 2.433 kJ 

Effective work generated by engine 
for single engine cycle 

Le = 21.000 – 5.687  
= 15.313 kJ 

Effective engine power 
Ne = 15.404/0.008824 s  

= 1745.8 kW 

The effective energy efficiency  

of the engine 
ηE = 15.313/41.746 = 0.367 

Specific fuel consumption 
g = 0.000468 * 2 * 1000  

* 3600/(0.008824 * 1745.8)  

= 220.1 g/kWh 

6. 1800 kW power hybrid engine concept – variant 

with 6 chambers in two rows  

6.1. Simulation model of the engine concept  

The simulation model of the engine for 1800 kW power 

consists of:  
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 six rotating combustion chambers (1700 rpm), arranged 

in two rows with a single chamber volume of 2.5 dm
3
. 

The such arrangement enabled supplying the turbine on 

its entire circumference, 

 stationary inlet of fresh air and twelve different de Laval 

nozzles in a symmetrical arrangement. The nozzles cov-

ered 360 degrees of turbine circumference, 

 turbine with a rotational velocity of 35000 rpm and 

exhausted port. The turbine width was equal to 12 mm 

(Fig. 14). 

 

Fig. 14. Geometry model and mesh of the hybrid engine concept with  

 8 chambers – 1800 kW power 

 

A pressure change for individual chambers and individ-

ual de Laval nozzles for 240 degrees of rotation of cham-

bers presented is in (Fig. 15). Figure 16 presents a change 

of oxygen content in individual combustion chambers dur-

ing its 60 degrees of rotation. 

 

Fig. 15. Pressure change of the gas in chambers (C1, C2, C3) and nozzles 

 (N1-N12) for 240 degrees rotation of chambers (2 engine cycles) 

 

Fig. 16. Change in oxygen content of the gas for 120 degrees of rotation of 

 chambers (1 engine cycle) 

 

Mach distribution and pressure distribution on entire 

turbine circumference presented is in Fig. 17 and Fig. 18. 

The torque generated in the turbine was changing from a 

minimum value of 610 Nm to a maximum value of 750 Nm 

(Fig. 19). The average torque was equal to 698.0 Nm. 

 

Fig. 17. Mach number distribution in nozzles and turbine 

 

Fig. 18. Pressure distribution in nozzles and turbine  

 

Fig. 19. Torque generated in turbine for 240 degrees rotation of chamber 

 (2 engine cycles) 
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6.2. Evaluation of the performance of the engine concept 

The effective efficiency of the engine was equal to 0.37 

whereas specific fuel consumption reached 219.9 g/kWh 

(Table 5). 

 
Table 5. Calculation of performance parameters of engine concept for 

 1800 kW power  

Parameter description Calculated value 

Chemical energy of fuel 
Echem = 0.000638 kg * 2  

* 44240 kJ/kg = 56.467 kJ 

Effective demand of energy for turbo-

charger  

ηeC = ηiC * ηT = 0.85 * 0.85 * 0.97  

= 0.7 

LeC_turbospr = 3.285 kJ 

Effective demand of work for me-

chanical compressor  

ηeS = ηiS * ηmS = 0.85 * 0.97 = 0.83 

LeC_mech = 7.697 kJ 

Effective work generated by turbine 
LeT = [(698.0 Nm * 35000 

rpm * 0.01177 s)/9549]  
* 0.95 = 28.594 kJ 

The kinetic energy of gas behind 
the turbine 

Ek_T = 3.285 kJ 

Effective work generated by engine  
for single engine cycle 

Le = 28.594 – 7.697  
= 20.897 kJ 

Effective engine power 
Ne = 20.897/0.01177 s  

= 1776.2 kW 

The effective energy efficiency  

of the engine 

ηE = 20.897/56.467  

= 0.370 

Specific fuel consumption 
g = 2 * 0.000638 * 1000  

* 3600/(0.01177 * 1776.2) 

= 219.9 g/kWh 

7. Conclusions 
The paper presents a CFD analysis of the hybrid con-

cept of turboshaft engine. A small modification in construc-

tion enabled its application for 500 kW, 700 kW, 1000 kW, 

and 1800 kW of power.  

In all presented variants of the engine, the Humphrey 

thermodynamic cycle was realized. A temporarily closed 

combustion chamber assumption forced pulsating character 

of engine work. The proposed valve timing system reduced 

losses concerned with pulsating character to a minimum. 

The valve timing system aimed to come to the continuous 

power supply as closely as it was possible. A valve timing 

system ensured effective gas flow despite of idle period that 

appeared in the engine cycle (during combustion). It en-

sured continuous expansion in different de Laval nozzles 

and supplied the turbine on its entire circumference (for the 

engine concept of 1800 kW power).  

A presented hybrid concept of a turboshaft engine is  

a promising design as it is characterized by the significant 

effective energy efficiency of 37.0% and low 219.9 g/kWh 

specific fuel consumption, with a potential small power-to-

mass ratio. It has simple construction thus possibly lower 

production costs, compared to similar engines with isobaric 

combustion. It has some of the components used in piston 

engines like fuel injection systems and turbochargers, but 

there is no need for crankshaft [16]. An effective ceramic 

sealing system could be applied to the rotating combustion 

chambers. The segment sealing elements working with 

ceramic counter-surface can work as self-alignment be-

cause of the centrifugal force acting on them. The proposed 

system of seals ensures full chamber tightness, regardless of 

thermal conditions and related deformations. 

It is worth comparing the results of the simulation to the 

performance parameters of turboshaft classical engines 

existing on the market. The hybrid engine concept has 

higher effective efficiency and lowers specific fuel concep-

tion for all presented power units. The highest advantage 

was for the smallest power (500 kW). The effective effi-

ciency advantage was 33.5% and the percentage reduction 

of specific fuel consumption was 25.7% (Table 6).  

The comparison however should be treated with some 

caution because of simulation simplification and connected 

with it margin error. The CFD analysis did not include 

thermal radiation phenomena. The simulation was done on 

intermediate mesh with no mesh sensitivity study. For bet-

ter accuracy also more sophisticated combustion model 

could be required. Nevertheless, the greatest value of the 

research is the unique final engine concept that can effi-

ciently realize the Humphrey cycle. It was systematically 

developed by studying many different constructions that are 

summarized in [6, 8, 12–14].  

 
Table 6. Performance parameters comparison of turboshaft engines [17] and hybrid engine concept 

The hybrid concept of turboshaft engine Turboshaft engines existing on the market 
Percentage advantage 

in efficiency 
Percentage reduction of 

specific fuel consumption 

463 kW 

ηe = 33.5%, g = 242.9 g/kWh 

427 kW PWD207D 

ηe = 25.1%, g = 327 g/kWh 
33.5% 25.7% 

689 kW 

ηe = 35.1%, g = 232 g/kWh 

820 kW – PT6C-67C 

ηe = 27.5%, g = 298 g/kWh 
27.6% 22.1% 

1000 kW 

ηe = 36.2%, g = 224.6 g/kWh 

958 kW – MTR390 

ηe = 29.3%, g = 280 g/kWh 
23.5% 19.8% 

1719 kW 

ηe = 36.6%, g = 220.1 g/kWh 

1799 kW – RTM322 

ηe = 32.1%, g = 255 g/kWh 
14.0% 13.7% 

1780 kW 

ηe = 37.0%, g = 219.9 g/kWh 

1799 kW – RTM322 

ηe = 32.1%, g = 255 g/kWh 
15.3% 13.8% 
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