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Rotating combustion chambers as a key feature
of effective timing of turbine engine working
according to Humphrey cycle — CFD analysis
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Abstract. The paper presents a concept of a new turbine engine with the use of rotating isochoric combustion chambers. In contrast to
previously analyzed authors’ engine concepts, here rotating combustion chambers were used as a valve timing system. As a result, several
practical challenges could be overcome. An effective ceramic sealing system could be applied to the rotating combustion chambers. It can assure
full tightness regardless of thermal conditions and related deformations. The segment sealing elements working with ceramic counter-surface
can work as self-alignment because of the centrifugal force acting on them. The isochoric combustion process, gas expansion, and moment
generation were analyzed using the CFD tool (computational fluid dynamics). The investigated engine concept is characterized by big energy
efficiency and simple construction. Finally, further improvements in engine performance are discussed.
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1. INTRODUCTION

To improve the energy efficiency of a turbine engine the com-
bustion in a constant volume can be used instead of isobaric
combustion. It increases pressure during combustion which has
a positive impact. The theoretical thermodynamic Humphrey
cycle, which stands behind the idea, is more effective than
the Bryton—Joule cycle, based on which contemporary turbine
engines operate. For pressure ratio 18 the advantage of the
Humphrey cycle is 10% over the Bryton—Joule cycle [1-3].

The creation of a competitive turbine engine working accord-
ing to the Humphrey cycle requires the implementation of an
effective valve timing system [4—7]. Its role is temporary clos-
ing and opening of the combustion chambers. Secondly, it must
assure the effective conversion of an impulse of high-pressure
gas into mechanical energy. Thirdly, it must be integrated with
the pressure-tight sealing system of combustion chambers.

A lot of effort was undertaken by the authors to study dif-
ferent valve timing systems [8—12]. It is worth mentioning
pulse powered turbine engine concept with implemented ro-
tating valve timing system [11]. The operation of the engine
was controlled by a single-component rotating valve timing sys-
tem. Despite the pulse powering of the engine, the continuity of
gas flow in the nozzles was assured. Next, an effective expan-
sion of gas was ensured by the application of different pressure
nozzles.
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The paper presents a modified engine concept. Instead of
rotating nozzles, rotating combustion chambers were imple-
mented. It assured similar controlling of engine operation, but
such a configuration has several practical advantages:

e Because of rotating combustion chambers only two sets of
injection systems can be used.

e De Laval nozzles are stationary, so they are not loaded by
centrifugal force. Only heat and gas pressure affect them,
thus they can be made of ceramic materials.

e An effective ceramic sealing system can be applied to the
rotating combustion chambers. The segment sealing ele-
ments working with ceramic counter-surface can work as
self-alignment, because of centrifugal force acting on it.
A quite low rotational speed of chambers (1379 rpm) en-
sures low loading of single-segment element (4 N). This
allows a self-aligning seal to be operated without replace-
ment for the required service interval. The proposed system
of chamber sealing ensures full tightness regardless of ther-
mal conditions and related deformations.

e Instead of the axial turbine, the radial turbine was imple-
mented. It facilitated a smoother introduction of exhaust
gases to the turbine. A decrease in internal losses could be
achieved.

In Section 2 a geometry model of the engine is presented, to-
gether with the principle of operation and operation parameters.
The next section includes details regarding the CFD modeling
approach. Section 4 contains CFD results of filling, combustion,
and power generation stages. Finally, the most important advan-
tages of the presented engine concept are concluded. Moreover,
further possible improvements in engine performance are dis-
cussed.

© 2022 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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2. GEOMETRY MODEL AND PRINCIPLE OF OPERATION
OF PRESENTED ENGINE CONCEPT

The turbine engine concept presented in the paper consists of
six rotating combustion chambers (n = 1379 rpm), two dif-
ferent stationary de Laval nozzles in a symmetrical arrange-
ment, and a counter-rotating radial turbine (n = 42000 rpm)
(see Fig. 1 and Fig. 2). The rotating combustion chambers ful-
filled the role of engine timing. A constant velocity rotation
is required; thus the external driving system should be em-
ployed. During the rotation of chambers, a filling, isochoric
combustion, and expansion stages are realized. Each stage
lasted 0.00725 s. While in one chamber high-pressure gas is
being prepared, the second and third chamber is discharging.
The gas is expanded firstly by the high-pressure nozzle, and sec-
ondly by the low-pressure nozzle. The high-pressure nozzle has
a ratio of maximum to minimum cross-section area equal to 3.5
and the low-pressure nozzle has a ratio of maximum to mini-
mum cross-section area equal to 2. A high-velocity gas supplied
the turbine producing mechanical work. Full leak thickness was
assumed between components being in relative motion.

The intake air was compressed externally by the turbocharger
to p = 1.8 MPa (first stage) and by the mechanical compres-
sor (second stage). Between the first and second stages of com-
pression cooling of air from 436°C to 336°C was incorporated.

Turbine
n=42000 rpm

Intake of compressed
air (stationary)
p=1.8 MPa

Exhaust 0.1 Mpa
(stationary)

High pressure

6 rotating chambers
nozzle (stationary) 8

n=1379 rpm
V=0,675 L

Low pressure
nozzle (stationary) \

Fig. 2. Geometry model of the turbine engine concept — top view

The first stage was assumed in a turbocharger (from 0.1 to
0.35 MPa) [12,13]. An application of a turbocharger facilitated
better use of the kinetic energy of exhaust gas. The second stage
(from 0.35 to 1.8 MPa) was assumed in a mechanical compres-
sor. A detailed procedure of calculation for air compression pre-
sented is in [13].

3. CFD MODELLING APPROACH

3.1. CFD differential equations

A transient set of Navier—Stokes equations, together with
a compressible, semi-ideal, energy equation, species transport,
and reaction of combustion were resolved [13]. The thermal
properties of gas species (specific heat, thermal conductivity,
viscosity) were temperature dependent. The commercial AN-
SYS Fluent software was employed in the analysis.

3.2. Discretization of model

The 3D numerical simulation was performed using mesh con-
sisting of hexahedral elements in the entire domain (see sym-
metry half of the numerical model in Fig. 3 and Fig. 4). 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. An enhanced wall treatment option [14] was chosen to
ensure proper resolution of parameters in the boundary layer.

Fig. 3. Numerical mesh of simulation model of the engine
— general view

Fig. 4. Numerical mesh of simulation model of the engine — top view
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3.3. Description of boundary conditions

A constant rotation velocity of n = 1379 rpm was prescribed
for the combustion chambers and n = 42000 rpm for the tur-
bine. Rotating Mesh Motion [14] was prescribed for combus-
tion chambers and the turbine. The capability allows to include
a real object rotation and to consider the transient interaction of
neighboring volume meshes. Between two, in a relative motion
adjacent sliding surface, the Interface boundary condition was
applied [14]. It facilitates exchanging the calculated parameters
between different structure meshes. The turbulence was mod-
eled using two different turbulence models, Realizable k-& and
SSTk-w. The Pressure inlet with a value of 1.8 MPa was as-
signed to the intake of compressed air. The Pressure outlet with
a value of 0.1 MPa was assigned to the gas exhaust. A descrip-
tion of the boundary conditions is shown in Fig. 5.

mesh

i ressure H
rotating P interfaces

mesh Inlet

pressure

rotating outlet

mesh /

Fig. 5. Description of boundary conditions of the simulation model

4. CFD RESULTS

4.1. Filling of combustion chamber stage

The filling of the combustion chamber with fresh air was real-
ized simultaneously with discharging by the low-pressure noz-
zle. A properly designed shape of the chamber and an appro-
priate direction of fresh air inlet ensured effective filling which
was crucial in that concept. The filling at compression pressure
assured realizing the Humphrey cycle. The fresh, compressed
air almost did not mix with exhaust gas (Fig. 6). The fresh air
was pushing exhaust gas out of the combustion chamber. The
temperature distribution and oxygen mole fraction in the subse-
quent filling moments in the combustion chamber are presented
in Fig. 7. At the end of the filling average oxygen mole fraction
was equal to 0.1854.

4.2. Direct injection of fuel and combustion

A classic injection system was used, as in the auto-ignition en-
gine. The injectors were located on opposite sides of the central
point of rotating combustion chambers. The decan (C10H22)
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Fig. 7. Temperature distribution (left) and oxygen mole fraction
distribution (right) during the filling stage (symmetry plane)

was directly injected into combustion chambers at 40 angle de-
grees (Fig. 8). It allowed effective mixing and evaporation. The
spray was simulated using the Discrete Phase model [13]. The
combustion process was simulated using the Eddy Dissipation
model [14]. Analytical calculation of the portion of injected fuel
was based on simulation results. The amount of fresh gas that
filled the combustion chamber was equal to 0.00395 kg and the
final averaged oxygen mole fraction was equal to 0.1854. As-
suming excess air coefficient A = 1.6, the mass portion of the
injected fuel was equal to 0.000184 kg. A detailed procedure of
calculation for fuel demand can be found in [13]. The chemical
energy consumed for a single combustion cycle was equal to
8.208 kJ. The combustion process continued according to the
chemical reaction (1):

C1oHx + 15.50, = 10CO, + 1 1H,O0. (1)

The temperature was increasing as the combustion process
continued. The maximum temperature at the end combustion
stage reached 2800 K. The distribution of temperature at char-
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0.0065 s (0.004 s of combustion stage)

Fig. 8. Distribution of fuel mole fraction during the combustion

acteristic periods of the combustion stage is presented in Fig. 9.
The walls of the combustion chambers and the walls of nozzles
were cooled. A constant wall temperature of 1573 K was set in
the simulation model. For the state of the art of contemporary
ceramic materials, it seems a reasonable assumption [15].

CHAMBER_2
CHAMBER_2

2%, qi

2685.0
2570.0
24550
23400
22250
21100
1995.0
1880.0
1765.0
1650.0
1535.0
14200
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11900
1075.0
960.0

845.0

730.0

615.0

500.0

Fig. 9. Distribution of temperature during the isochoric combustion

0.0065 s (0.004 s of combustion stage)

The pressure and temperature of the gas in the combus-
tion chamber and nozzles was changing according to different
stages of the engine cycle (Fig. 10 and Fig. 11). The lowest
value of 1.5 MPa was at the beginning of the filling. The fill-
ing proceeded almost isobarically. The maximum value reached
5.2 MPa at the end of combustion. The increase in pressure is
similar to that obtained in [16] and [17]. The pressure in the
high-pressure nozzle has changed from 1.55 to 4.75 to MPa.
The pressure in the low-pressure nozzle has changed from 1.3 to
2.75 MPa. It is worth noticing here the undisputed advantage of
the engine working according to the Humphrey cycle. Namely,
the gas is expanded from higher averaged pressure than the

pressure of compression. In a classical turbine engine, work-
ing according to the Bryton—Joule cycle, the expansion takes
place from the pressure of compression. Higher stagnant pres-
sure assures higher kinetic energy of gas after expansion.

The lowest temperature 950 K was at the end of filling. The
maximum average temperature of 2360 K was at the end of the
combustion.
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Fig. 10. Change of pressure during the engine cycle
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Fig. 11. Change of temperature during the engine cycle

4.3. Torque and work generation

A high-pressure gas was expanding which caused the acceler-
ation in de Laval nozzles. The high velocity of gas (ranging
between 2 and 3 Mach) was supplying the turbine. As a result,
a mechanical moment was generated. The Mach number distri-
bution in different moments of discharging stage is presented in
Fig. 12.

The expansion of gas to low pressure (0.1 MPa) in de
Laval nozzles caused a significant decrease in the temperature
(Fig. 13). The temperature in the vicinity of blades ranges from
950 K to 1400 K (Fig. 14). Such a low temperature excludes the
need for the cooling of turbine blades. The supersonic shape of
the turbine blade assured appropriate pressure distribution on
both sides of the blade [18].

The torque generated in the turbine for the Realizablek-€
turbulence model changed from —68 to —170 Nm (Fig. 15).
The lowest value was obtained right before the opening of the
chamber with the nozzles. An arithmetically averaged torque
amounted to 127.6 Nm (for the symmetrical half of the engine).
The torque generated in the turbine for the SST k- turbulence

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 5, p. 143100, 2022
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0.004 s

Fig. 12. Distribution of Mach number (symmetry plane)
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Fig. 13. Distribution of pressure in nozzles and in the area of blades
(symmetry plane)
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model was very similar, which gives credibility to the obtained
results. The average value amounted to 127.5 Nm (Fig. 16).
Effective work produced in the turbine for one discharging
cycle (0.00725 s) was equal to 5.884 kJ. It was determined from
equation (2). The mechanical efficiency of the turbine was as-
sumed 0.95:
- Mavg I leycle

¢~ 9529 Mm> 2
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Fig. 16. Torque generated in turbine for 2 discharging engine cycles
— SST k- model

where: L, [kJ] - effective work, Maye [Nm] — averaged moment,
n [rpm] — rotational velocity, fycle [8] — cycle time of discharg-
ing, 9549 = 60/(2 - m - 1000) — dimensionless unit converter,
Nm = 0.95 — mechanical efficiency of the turbine.

Using equation (3) the effective power of the engine reached

789.8 kW:
L,
N, = .
tcycle

3

Considering injected chemical energy of fuel, the engine ef-
fective efficiency reached 0.3584. It was calculated from equa-
tion (4):

L,

Echem

NE = ; “)

where: Ng [-] — engine energy efficiency.
The final calculated parameter was specific fuel consump-
tion. Based on equation (5), it amounted to 231.35 g/kWh:

_ ey, - 10003600
tcycle “Ne

; (&)

where: g [g/kWh] — specific fuel consumption.
A summary of calculated parameters of the presented engine
concept is presented in Table 1.
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Table 1
Calculation of important parameters of the presented engine concept

Parameter description

Value

The chemical energy of fuel

Echem = 16.417 KJ

Effective kinetic energy demand for turbocharger
(Mec = Nic - Nt = 0.85-0.85 = 0.7225)

LeC_turbospr =1.409 kJ

Effective demand for work in mechanical compressor
(Nes = Mis - NMus = 0.85-0.97 = 0.8245)

Loc mech = 1.914KJ

Effective work of turbine

Ler = [(255.2 Nm-42000 rpm-0.00725 5)/9549]-0.95 = 7.731 kJ

The kinetic energy of gas behind the turbine

Ei 7 =1.476 k]

Effective engine work

L,=7.731-1.409—-1.914+1.476 =5.884 k]

Effective engine power

N, = 5.884/0.00725s = 789.8 kW

The effective energy efficiency of the engine concept

Ne = 5.884/16.417 = 0.3584

Specific fuel consumption

g =2-0.000184-1000-3600/(0.00725 - 789.8) = 231.36 g/kWh

5. CONCLUSIONS

The paper presents a CFD analysis of mechanical power gen-
eration and effective energy efficiency evaluation for the new
turbine engine concept. It is a promising design as it is char-
acterized by the big effective energy efficiency of 35.8% and
low 231.36 g/kWh specific fuel consumption while maintain-
ing small engine dimensions and power.

It is worth comparing the results to the similar power tur-
boshaft classical turbine engines existing on the market. The
Pratt & Whitney Canada PT6C-67C (820 kW) has an effective
energy efficiency equal to 27.5% [19]. The second example is
the MTU Turbomeca Rolls-Royce MTR390 (958 kW), which
has an effective energy efficiency equal to 29.3% [19]. How-
ever, the comparison of engine parameters should be treated
with some caution. The presented efficiencies of engines of
well-known companies are brake parameters measured for real
engines. The presented parameters of the turbine engine con-
cept with rotating combustion chambers are the result of com-
puter simulation. Because of CFD modeling simplifications for
calculated parameters, an error margin is possible.

In contrast to previously analyzed authors’ engine concepts,
here rotating combustion chambers were used as a valve tim-
ing system. As a result, several practical challenges could be
overcome:

e Only two sets of injection systems could be used.

e De Laval nozzles are stationary, so they are not loaded by
centrifugal force. Only heat and gas pressure affect them,
thus they can be made of ceramic materials.

e An effective ceramic sealing system could be applied to
the rotating combustion chambers. The segment sealing el-
ements working with ceramic counter-surface can work as
self-alignment because of the centrifugal force acting on
them. The proposed system of seals ensures full chamber
tightness, regardless of thermal conditions and related de-
formations.

A significant advantage of the presented engine concept is
its simple and compact design. What stands behind it, is pos-

sible lower production costs, compared to similar engines with
isobaric combustion.

Further improvement of efficiency of engine concept should
be focused on the investigation of the influence of combustion
chamber volume and length of expansion stage. However, an
increase in the volume of the chamber in the current arrange-
ment must decrease its rotation velocity. In turn, a decrease in
the rotation velocity of chambers causes a higher generation
of losses during the opening of the chamber. Thus, another ar-
rangement of chambers should be proposed. The next improve-
ment could be achieved by the elimination of losses concerned
with partial turbine load [9]. The power of the engine had to in-
crease twice or three times, because of supplying the turbine on
its entire circumference. Finally, to assure better engine perfor-
mance, further improvement of the filling stage should be un-
dertaken. The higher the oxygen content after filling, the better.
The higher the oxygen content in the combustion chamber, the
higher the effective efficiency of the engine. The possibility of
a further increase in engine efficiency makes the concept very
promising. It is believed that the presented turbine engine con-
cept should develop based on the assumption of rotating com-
bustion chambers.
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