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Abstract: In this study, an annular combustion chamber of a turbojet engine with a net trust
of 1650N is designed. Kerosene is considered as fuel in this study. The design consists of
evaluation of the reference quantities, calculation of the required dimensions, estimation of
air distribution and pressure drop, estimation of the number and diameter of air admission
holes, as well as aerodynamic considerations. The design process is accompanied by
Computational Fluid Dynamics (CFD) based on RANS simulation. Three-dimensional
simulation of the reacting process within the combustion chamber is carried out based on the
finite volume method. The RNG turbulent model and the finite rate/eddy dissipation
combustion model are considered in the present study. Finally, the (atmospheric test) AT rig
of the combustion chamber is explained. The Turbine Inlet Temperature (TIT) of combustion
chamber is measured at different operating conditions. The TIT values in the numerical
simulation and experimental measurement are 1191.1K and 1227 K, respectively, in the
design point. The SN and the angle of the RZ are equal to 0.9955 and 35.26 degree,
respectively. The temperature, velocity and pressure fields of RZ, air-fuel mixture,
combustion turbulence are then presented in image outputs and graphs. The results indicate
that the temperature distribution at the outlet of combustion chamber is relatively uniform.
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1 INTRODUCTION

The design of the annular combustion chamber is based
on different experimental and semi-experimental
relationships  [1-3]. Design  methodologies  of
combustion chamber have been developed for
aeroengine [4-5]. Different methods have been
employed for the combustion chamber design, each of
which may focus on one or more specific objectives [6-
8].

Amani et al [9] studied the optimization multi-objective
design in the combustion chamber of a gas turbine based
on air partitioning in different zones method. The
authors used the Computational Fluid Dynamics (CFD)
method and investigated the effect of air partitioning on
various parameters such as; maximum outlet
temperature and its uniformity and the combustion
chamber efficiency. In the final optimal design, these
parameters improved by 7%, 5%, and 6%, respectively.
Amani et al. [9] concluded that the improved results
were due to the flame length decreasing. It is a function
of the multiple central Recirculation Zone (RZ)
formation. Therefore, the RZ quality is directly related
to the swirling flow strength. Powerful swirling flow is
one of the basic requirements of diffusion flames in a gas
turbine combustion chamber for flame stability [10]. The
swirling flow creates a low-pressure central zone which
is named Central Recirculation Zone (CRZ). The CRZ
improves the fuel and air mixing [11-12]. The vortex
breakdown phenomenon is a type of powerful swirling
flow that it generates RZ [12]. It creates two rotational
flow zones which have negative axial velocity. One zone
is produced at the center of the combustion chamber and
adjacent to the main axis (IRZ) and the other is located
at the upper and lower corners of the combustion
chamber (ORZ) [13]. The swirling flow strength is
measured by the Swirler Number (SN). It is a
dimensionless parameter that measures the rotational
flow strength relative to the axial flow strength [14]. It
is expressed as follows in Equation (1) [1]:

SN = Zm 1)

DswGt

Gm, Gt and Dsw are axial flux of angular momentum,
axial thrust and swirler diameter, respectively in
Equation (1). The SN value varies between zero and one.
If it is greater than 0.6, the producing swirling flow will
be appropriate. Increasing the SN and trying to improve
its performance has been considered in various
researches [15-16].

There are few works in the literature related to the design
methodology focused on reacting flows with the
maximum value of SN. Therefore, in this study, design
of an annular combustion chamber with high SN
configuration is investigated. Therefore, in this study,
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design, numerical simulation and experimental
investigation of an annular combustion chamber with
kerosene as fuel and 1650N thrust in design point are
concluded. First, the design methodology is expressed
and the problem is raised. Second, the different
dimensions are calculated especially Geometry of the
Swirler (SW). Then, RANS turbulence model is
considered for air- fuel ratio, turbulent combustion and
RZ investigation. Finally, the Atmospheric Test (AT) rig
of the annular combustion chamber is explained and
different operating conditions are investigated.

2 DESIGN METHODOLOGY

The design methodology has been done based on the
initial design parameters. These are mostly the
compressor exit and turbine inlet constraints. “Table 1”
shows the initial parameters used for the design
methodology.

Table 1 Initial design parameters

Parameter Quantity
MFP (mass flow parameter), 0.017
APcc (total pressure loss) 6.5%
(fuel-air ratio) FAR 0.02
(turbine inlet temperature), K TIT 1190
(turbine inlet velocity), ms? Vriv 180

Myir, Ttotin aNd Protin are the inlet air mass flow rate in
kg/s, the inlet total temperature in K and the inlet total

. . T TS i .
pressure in KPa. The expression of —=—2°% js named

tot,in
Mass Parameter (MP). It can show the effect of inlet
parameters of combustion chamber in  one
nondimensional parameter [17]. Figure 1 shows the
design methodology of the annular combustion
chamber, especially in the SW section.
The combustion chamber type is selected based on the
inlet parameters such as temperature, pressure and air
mass flow rate. Reference area (Arer) and liner area (AL)
are then calculated. Air partitioning in the different
zones is done. The SW is designed and its SN is
calculated.
Reference area: The Aref has a direct effect on the
aerodynamics flow in the combustion chamber [1].
Figure 2 shows the Aref in an annular combustion
chamber.
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combustion chamber type selection

Reference area calculation

Liner diameter calculation

Alr partitioning in different zones
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Fig.1  Design methodology.

Fig.2  The reference area in an annular combustion
chamber.

The Aref is calculated based on Equation (2) [1]:

0.5

. 0.5 -1
R airTtot,in APce [ AP¢c
Ayey = [; (Paiosn)"™ s a8 ) ] @

Ptot,in Adref Ptot,in

AP, . .
The pressure loss factor (qi) is equal to 20 in annular
ref

combustion chamber [18]. R states the universal gas
constant.

AL is calculated based on Equation (3) [18]. Then liner
diameter (D.) is determined:

AL =074 ©)

Air partitioning: The key point for air partitioning in
different zone is equivalence ration (@) of CZ. The ¢ is
defined based on Equation (4) [2]:

— FARyeql

N FARstoich (4)
The FAR expression refers to fuel air ratio. The applied
fuel to the combustion chamber is kerosene, which is
estimated with 12 carbon atoms and 23 hydrogen atoms
[2]. The stoichiometric reactive mechanism follows
Equation (5) [2]:

47
C12H23 + 7(02 + 376N2) =1
12C0, + 2 H,0 + 2N, (5)

Based on Equation (5), the FARstwich is equal to 0.0688.
The maximum value of ¢ is 1.5 in CZ, so the air
partitioning of swirler and PZ is done based on this point
[19]. “Table 2” shows air partitioning in different zones
of combustion chamber in this research.

Table 2 The air partitioning in different zones
Zone %air mass flow rate
cz 20
Sz 12
Dz 68

Different zones: Pattern Factor (PF) is defined as the
maximum deviation of the temperature profile of the
engine in the worst operating conditions. PF varies
between 0.25 to 0.4 in aeroengine and should be
estimated in design process of combustion chamber [4].
PF is equal to 0.25 in this research. Liner length (L.) is
calculated based on Equation (6):
_DL

L= 0.052L 1 n(1-PF)

Aref

(6)

The Lpz, Lsz and Lpz are calculated based on Equation
(7) to (9), respectively [5]:

3

Lpz = 2 Dy )
1

Lgz = EDL (8)

Ly, = D, (3.83 —11.83PF + 13.4PF2) 9)

Holes: The holes total area follows as Equation (10)
[18]. CD is the hole discharge coefficient. It is estimated
based on holes type (plain or plunged) [1], [18]. In this
research, holes type is plunged and based on reference
[1], CD is equal to 0.76:
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APhole — 143'5m121018Tt0t,in (10)

. 2 272
Ptot,m Ptot,inCD Ahole,tot

3 SWIRLER DESIGN

The swirlers are divided into two types of axial and
radial. In the axial swirler, the blades have a constant
angle. Axial swirler has the simpler manufacturing
process than radial swirler and it produces less noise
which has a direct effect on the combustion stability [1].
In this study, the axial swirler is selected. “Table 3”
shows the range of swirler parameters [1]. Geometrical
parameters of an axial swirler are shown in “Fig. 3”.

Table 3 The required design range parameters of the axial

swirler [19]
Zone Range

Angle of vane 30-60 degree
Thickness of vane 0.7-1.5 mm

Vane number 8-16

Swirlelr0 rngessure 3-4% AP,

Shape factor 1.3

Z

Fig.3  Geometrical parameters of an axial swirler.

Where, Dsw, Dhup and 0 are the swirler diameter, swirler
hub diameter and the vane angle, respectively. C and S
are the vane characteristics which are named chord and
vane space, respectively. Z is the annular space length
and it is formed by the swirler hub diameter and the
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swirler diameter [1]. The required design range
parameters of the axial swirler is presented in “Table.3”.
The most important parameter in SW design is the
pressure loss estimation [1], [19]. The pressure loss is
estimated at 3% of the inlet total pressure to the
combustion chamber in this study. The flow area of the
swirler is calculated based on Equation (11) [19]:

—1 (A _1 (gir)?
Asw = AfeKsw (—Psva Ksw (—I.nalr) +

dre msw

(%)) (cos oyt .

Depending on the swirler flow area, the value of the
swirler diameter and the swirler hub diameter are
calculated [19]. The Dsw/Dn varies between 1.5-3. It is
especially estimated based on existence space for swirler
geometry. It is equal to 2 in this research. The Dsw and
Dy are calculated by Equation (12) [19]. n and & are the
number and the thickness of swirler vane:

Asw == (D& — D}) — 0.5n8(Dsy — Dy, (12)

The SN is calculated using Equation (13) [1] and it is
equal to 0.9955:

3
1_[Dhub]
D
SN =2 sw

= 77211&’] 0
1— hub
Dsw (13)

The magic circles define the RZ. Magic circles are
located inside the liner. These circles can capture the RZ
flow in the liner length and angle of RZ that are other
important factors for checking the CZ which are
calculated based on Equation (14) and Equation (15)
[20].

Lpz = 2 Dgy, (14)

1 —D, (D, — 2Dsy)
Orz-COS 5 > >
2D{ — 4D Dgy, + 4Dy, — 8D Lgz + 16L%,
(D? — 4D, Dy, + 4D%,, — 8D, L, + 161%,)
2D? — 4D, Dgy, + 4D2,, — 8D, L, + 161%,

(15)

The schematic of the RZ is indicated in “Fig 4”:
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Fig.4  The magic circles in an annular combustion
chamber.

The angle of the RZ is 35.26 degree based on the
Equation (15). It is important to estimate the
compatibility of atomizer and swirler in the co-flow
combustion chamber because of the atomizer
limitations.

4 GEOMETRICAL MODEL

Figure 5 shows the annular combustion chamber of a
turbojet engine in this research. It is designed based on
the methodology which is completely explained in
previous parts. It has 12 hollow cone atomizers. There is
one row hole in PZ, SZ and DZ. It is notable that one
row of cooling holes is located in DZ and their diameter
is 0.6mm. The cooling holes are shown in “Fig. 5”. In
other words, it is a guarantee to ensure proper cooling in
DZz.

—. .
2 # O ° % gs
S w—p . HIE
2 * ° =
* o
dilution +/
holes cooling
holes
Fig.5  The annular combustion chamber and the cooling
holes in DZ.

It is necessary to study the reactive flow of combustion
chamber. Quality of RZ formation and its details are
investigated at RANS study. Numerical simulation has
been done in ANSYS FLUENT. The RNG turbulent
model and the finite rate/eddy dissipation combustion
model have been used for simulation. The main
assumptions of present work are listed as follows: 1) The
fluid flow is incompressible, transient, three-
dimensional, and turbulent. 2) Properties of the fluid
flow are assumed to be constant. 3) The gravitational
acceleration effects are neglected.

Figure 6 shows the SW geometry of annular combustion
chamber.

Fig.6  The swirler geometry.

5 GOVERNING EQUATIONS

The 3D flow is assumed to be incompressible and
turbulent. The continuity and the momentum Equations
are presented with (17) to (18) respectively [21]:

a a _
7t + a_xl (pui) =0 (17)

oP i) ou; , Ouj 2 ou; 0 ———
o | (G 22— 2, 2 |+ (i) 18)

ox; ax]' ax]' ax; 34 6_x]

The energy and the species transport Equations are
modelled as follows Equation (18) and Equation (19)
[22]:

a 0
a(pE) + 6_xl-(ui(pE +P)) =

i (0 o [(2 00 2 2w

Bx]- [keff (Bx]) + ul#eff [(6x]- + 6xi) 361] 6x]- ] + Sr
(18)

0 0

3¢ (Pu) +a_xj(puiuj) =
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ap d (aui ouj 2. Ay

a 7
Tt o | (5 5t =20 5)] + % (o) 09)

Fuel Ci12H23 has been placed in the fuel database of the
CFD software (FLUENT) which is named kerosene. Its
reaction mechanism in the reaction mechanism database
of this software is one step reaction mechanism and it is
expressed in Equation (5) [23-24]. The activation energy
is 1.257 *10° J/mole.

6 NUMERICAL SIMULATION

A 30-degree cross-section is investigated, because of the
symmetry of the combustion chamber. Generation of the
unstructured hexahedral grid is done based on ICEM
software. The SN approximately is equal to one. So, the
grid must be generated as fine as possible. The grid
structure of the combustion chamber is shown in “Fig.
7”. In this research, accurate resolution of the boundary
layer greatly affects the accuracy of the results, because
the geometry of the swirler is complex and there are
many vorticities with various dimensions in the
combustion chamber. Figure 8 shows the boundary layer
on the swirler vanes.

. ar
TNESAVAY,
A IS Ve
B COAY R Ty

g 0 k-

% A gl e 1Y e
»%i.f‘f!?“‘!ii’i’jfﬁ44"A
LA\ AN

Fig. 7  Grid in the basic design.

Fig.8  Grid details in swirl vane.
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The boundary conditions include mass flow rate at the
inlet and static pressure at the outlet of combustion
chamber. In addition, periodic boundary condition is
employed at the symmetry planes. The atomizer is
hollow cone type which is produced with average
droplet diameter of 20 micrometres. Fluent software is
employed to simulate this problem based on the finite
volume method in the cell center, the flow is considered
to be unsteady and incompressible [24]. The PISO
method is used for Pressure and velocity coupling. The
convergence criterion relative error for the Equation of
mass conservation and for other Equations are 10~ and
10, respectively.

7 GRID STUDY

Three grids with the grid size of 1.52 million, 1.97
million and 2.66 million cells are used to achieve the
grid independent results. The average temperature of 7
different cross-sections of the combustion chamber are
compared in “Fig. 9”.

1300

1200

1100

Z

L (L L N L L L O L B

8

Mean Temperature (K)

600

—&—— 1.9million
—8—— 2.2million
——p—— 2.6million

| 1 1L o e
1 2 3 4 5 6 7
Plane No
Fig.9  Average temperature in different transverse planes
versus the number of cells.

Based on “Fig.9”, the temperature is between 5 K and 27
K in the identical design. Eventually the grid with 2.2
million cells was used to simulate the problem. Besides
grid independency, the time step study must be done in
the numerical solution. The basic design simulation was
done at three-time steps of 1 x 10 sec, 1 x 10 % sec and
1 x 10 7 sec. The results showed that the difference of
average total temperature in all three-time steps is about
5 K, but the run time with a small time-step, has
significantly increased. So, for the simulation of the
three proposed designs, the time step of 1 x 10° sec was
used. The boundary conditions are mass flow at the inlet
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and static pressure at the outlet. Periodic condition is
used at the symmetry faces.

8 EXPERIMENTAL SET UP

Figuree 10 shows experimental setup of the combustion
chamber in present study. The blue trace of “Fig.10” is
only used in cold flow test for measuring total pressure.

Butterfly valve

Combustion
chamber

/

Monitor

Pressure
\_  transducer /

valve

Electrical )

C

Fig. 10 Experimental setup of combustion chamber test rig
in the present study.

This set up includes air system, fuel system and
measuring equipment required. Note that the test rig is
equipped with a butterfly valve that provides the
conditions for atmospheric and pressurized experiment.
A twin fan is used to supply air, which has a nominal
speed of 3000 rpm. Fuel mass flow rate is also measured
with an electric motor and solenoid valve. The output
signal is transmitted to Data Acquisition (DA) and then
the fuel mass flow rate is read. Two elements are used to
start the combustion. These elements use electricity with
a voltage of 30 V and 4.5 A current.

Figure 11 shows the combustion chamber test rig and the
section model in the present study. The measuring
equipment are installed in the inlet and outlet of the
section model.

The pitot tube is used to measure total pressure and static
pressure. Total temperature is measured at the inlet and
outlet of the combustion chamber with thermocouples
which are K type and B type, respectively.

The data acquisition system (DAQ) includes an
electronic board for secure signal transmission to
multipurpose cards. They have 16 analog input channels
that can convert analog data to digital data. It should be
noted that other parameters required for engine testing
are considered in the DAQ.

Main frame Combustion chamber

o

R Fuel manifold
Fig. 11  The combustion chamber test rig and section model

in present study.

“Table 4” shows the atmospheric test condition.

Table 4 Atmospheric test conditions

Zone Range
PO(kPa) 101.7
TO(K) 288-310
Air mass flow rate (Kg/s) 0-1.2
Fuel mass flow rate (Kg/s) 0-0.03

The experimental procedure is divided into cold flow
test and hot flow test. The pressure loss in cold flow test
and average outlet total temperature of the combustion
chamber are measured in hot flow test. The inlet
conditions of the combustion chamber for the ATR
should be set to those MFP values which have the same
value as the engine case under elevated pressure
conditions. MFP for both cases are:

i s TO'S-
MFPengine = al;m .tot,m (21)
tot,in
ri‘lair atm Tt%?atm
MFPrjp = ——— 22
Rl Ptot,atm ( )

The fuel mass flow rates for ATR is calculated based on
Equation (23):

Mfatm = MajramFAR (23)
Experimental investigation is performed for different

operating conditions of the annular combustion chamber
based on “Table 5”.
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Table 5 Different operating conditions for comparison
experimental and numerical results

Table 7 Comparison of experimental measurements and
numerical estimation of TIT values at different operating

Case Number (C.N) MP FAR conditions.
C.N TIT-Exp | TIT-CFD | ATIT(K) | Error%
1 0.1206 0.0125 1 760 769.77 9.77 1.28
2 0.1397 0.0178 2 955 949.53 5.47 0.57
3 675 666.85 8.15 1.20

3 0.1642 0.0092 4 855 862.62 7.62 0.89
4 0.1736 0.0145 5 666 645.60 20.4 3.06
5 01754 0.0085 6 745 749,52 452 0.60
6 0.2004 0.0123

The pressure loss is calculated by the use of Equation

(24). Py, and Py o, are inlet and outlet total pressure in 10 RESULT

cold flow, respectively.

PO,out - PO,in

PO,in (24)
X 100‘

APCf% =

9 VALIDATION AND VERIFICATION

Numerical simulation for 6 different cases of table 6 was
done based on method of section 4. The error percentage
of cold pressure loss and TIT are based on Equation (25)
and (26), respectively.

AP, % — AP, %
Error% = 0,exp /0 0O,CFD 0
ApO,(%Xp /0 (25)
X 100
TITyyn — TIT, 26
Error% = |—=2_— » 100 (20)
TITeXp

The results of cold pressure loss and TIT were shown in
“Table 6” and “Table 77, respectively.

Table 6 Comparison of the numerical analysis with the
experimental results of pressure drop of non-reacting flow in

percentage
(C.N) Apé);g/o_ AF&%S/O_ Error%
1 0.2262 0.2321 2.6235
2 0.2298 0.2778 3.8726
3 0.8517 0.8276 2.8314
4 0.1942 1.0360 47624
5 1.7373 1.8157 45127
6 1.9183 1.8825 2.0602
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Figure 12 shows the pattern formation of IRZ and ORZ.
The high quality of IRZ and ORZ shows that swirler
creates powerful swirling flow.

ORZ

. IRZ

Fig. 12 The pattern formation of IRZ and ORZ.

Figure 13 illustrates the position of the three plates
which are located at the first, center and end of the RZ.
The total temperature contour at three plans are shown
in “Fig. 13”.

Casimg

Lirmer

Planl

Plan2 Planz

Fig. 13 The position of the three plates at the first, center
and end of the RZ.
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The total temperature contour at (a) the first plane, (b)
the central plane, (c) the end plane based on “Fig. 13”
are shown in “Fig. 14”. The average total temperature of
the core are 1004K, 1011K and 1023K, respectively.
Average total temperature at the RZ is approximately
constant. The strong swirling flow is created in the
annular combustion chamber, because of the difference
of 19K from the first to the end of the RZ. The maximum
total temperature at the are 2344K, 2313K and 2352K,
respectively. The quality of the temperature distribution
in the RZ is an important point. It indirectly refers to the
fuel-air mixing quality. Comparison of the temperature
contours in “Fig. 14” shows that the temperature
uniformity is gradually improved in RZ.

Total Temperature (]

R N

w
ST

otal Temperature ' Total Temperatur K1

£ oS &
o? %‘;\«\@ \@ ,’ b;:‘;bm 8 c

~ "
' — _—

&
@ d@ @:”“’n“?w" @’& .,;; \@ Q{» @ a®

) \
w w

Fig. 14 The total temperature contour at: (a): the first plane,
(b): the central plane, and (c): the end plane based on “Fig.
137,

The comparison of air partitioning in design and CFD
results is shown in “Table 8.

Table 8 The comparison of air partitioning in 1DD and CFD
results

Air mass flow

Air mass flow

1416K, the combustion chamber is made of Hastelloy
alloy [25].
It is defined based on Equation (27) [1]:

PF

_ Ttot,max,out B Ttot,ave,out (27)

Ttot,ave,out - Ttot,in

In Equation (44)! Ttot,max,out: Ttot,ave,outr and Ttot,in
represent the maximum total outlet temperature, the
average total outlet temperature, and the inlet total
temperature of the combustion chamber, respectively.
PF quantity is 0.31.

Total Temperature [K]

Fig. 15 The Contour of outlet total temperature.

The pressure loss is calculated based on Equation (28)
[1]. Pyin and Py oyt are inlet and outlet total pressure.

P, —Py;
APY% = =222 % 100 (28)

0,in

The pressure loss is 6.70% based on CFD result and
Equation (28). The error percent between the amount of
pressure loss in design and CFD result is 1.07%.

0,
Zone rate% in design | rate% in CFD Error%
¢z 20 19.82 0.90 11 CONCLUSIONS
SZ 12 11.74 2.16
Dz 68 68.44 0.64 In this study, an annular combustion chamber of a

Figure 15 shows the total outlet temperature of
combustion chamber. The average and maximum output
temperature are 1191.7K and 1416K, respectively. The
formation of the hot core at the center of the combustion
chamber section is remarkable. Although the
temperature in the vicinity of the inner liner has reached

turbojet engine with 1650N thrust and kerosene as fuel
to achieve the SN was investigated. The key following
results were obtained and conclusions should state
concisely the most important propositions of the paper
as well as the author’s views of the practical implications
of the results.

© 2021 IAU, Majlesi Branch
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1- SN is equal to 0.9955 in design process. It indicates
the design methodology of combustion chamber is
appropriate to achieve the maximum SN. The ORZ and
IRZ formation in CFD results verified that the SW
geometry design is compatible with others section of
combustion chamber.

2- The maximum total temperature at the first, center and
the end of RZ are 2344K, 2313K and 2352K,
respectively. The temperature distribution of RZ shows
that the temperature uniformity is gradually improved in
RZ.

3- CFD study indicates that the temperature distribution
at the outlet of combustion chamber is relatively
uniform, and the average total outlet temperature is
1191.7K. It is close to the desired value of total outlet
temperature in design.

4- The PF is 0.31 in CFD result and it is estimated 0.25
in design. The error between two values is 24%. It is a
positive point, because the design methodology is able
to produce more uniform outlet temperature profile.

5- The pressure loss is 6.57% based on CFD result. The
error percent between the amount of pressure loss in
design and CFD result is 1.07%. The error percent of air
partitioning in design and CFD results are 0.90%, 2.16%
and 064% in CZ, SZ, and DZ, respectively. It shows that
the design methodology is efficient.

6- The RNG turbulence model is a suitable model for
trapping small vortices. It also indicates the proper
coupling of the RNG model and the species transport
combination model.

7- Experimental study is recommended to ensure that the
performance quality of the designed combustion
chamber is high enough to gain the desired thrust. For
future work, the atmospheric test will be studied until
high performance is gained.
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