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Dharmalingam and Kothari: Design of a Laboratory Annular Combustor

The development of the jet engine and its associated components is
advancing with the latest technologies in the industry (Bonser, 2019). The design
of the combustor plays a vital role in power production and lowering emission
levels. It is estimated that evolutionary technological improvements will save CO>
emissions up to 30% by 2035 (Mathys et al., 2021). The combustor is the critical
component in a gas turbine engine, through which the combustion of the air-fuel
mixture takes place. The combustor is always installed in between the compressor
and turbine. Annular, tubular, and tubo-annular are the three major configurations
of combustor which are used for aero-engines. An annular combustor comprises
an outer and inner liner, which are mounted concentrically inside an annular
casing. An annular combustor provides more stable combustion with a lower
pressure drop, and it is shorter in size with less surface area. Furthermore, this
type of combustor provides uniform temperatures at the exit. Thus, the annular
type of combustor is widely used among the tubular and tubo-annular types (Elhaj
Mohammed, 2019). The various parts and zones of the annular combustor are
shown in Figure 1. The practical experience and knowledge of designing the
combustor are crucial for academic and research purposes on a laboratory-scale.
Designing an annular combustor involves a rigorous iterative process, and there is
no systematic procedure available to design a small-scale laboratory combustor
used for research and academic purposes. The aim of the present work is to
provide step-by-step procedures and concepts to aid the student, academician, or
researcher in designing the laboratory scale annular combustor. The uniqueness of
this research work is that it provides the entire calculation for all geometrical
dimensions and the inclusiveness of the component-wise pressure drop factor for
the complete design of an annular combustor.

The process flow of major design variables to design a laboratory scale
annular combustor is shown in Figure 2. The design of the combustor must begin
with local atmospheric data. The atmospheric data depends mainly on the altitude
from the sea level at which the combustor is to be installed. The combustor
presented here is designed for an altitude of 102 m above sea level. The standard
atmospheric pressure, density, and temperature for this altitude are measured to be
98.9 kpa, 1.213 kg/m3, and 298 K respectively. For lab-based small gas
turbine combustors, the compressor is not employed, whereas air from the air-
compressor or blower has been used. Here, a blower with a volume flow rate of
3.5 m3/min is chosen, and thus, the mass flow rate of air (7113) at the inlet is
0.06701 kg/s. The inlet air temperature (T3) is 298 K.

Published by Scholarly Commons, 2021



International Journal of Aviation, Aeronautics, and Aerospace, Vol. 8 [2021], Iss. 4, Art. 6

Figure 1

Schematic of the Annular Combustor
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Figure 2

Process Flow of Design Calculation
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Airflow Distribution

The airflow distribution depends upon the air inlet conditions and the
turbine requirements. About half of the primary zone air mass flow rate can be
admitted through the swirler and as dome cooling in the case of conventional
design (Rolls Royce, 1996).

The mass flow rate at the recirculation zone (m,,) is the sum of the air
entered into the primary zone through the swirler (1, ) and the air admitted
through dome cooling slots (m,). That is,

My, = Mgy + Mg 1)

The remaining air is fed through the annulus () and it is distributed to
the primary, secondary, and dilution zones as per the combustor specification. The
mass flow rate through the swirler has to be available in a quantity that should
provide an equivalence ratio greater than 1 for ignition and flame stability at the
primary zone of the combustor. However, the equivalence ratio at the
recirculation zone must not exceed 1.5 to minimize smoke formation and the
emission of carbon monoxide and unburned hydrocarbons in the product gases.
Liner cooling is essential for the conventional combustor to prevent the liner from
melting down at higher temperatures. The percentage of cooling air from the core
air mass flow has to be distributed along the zones (Odgers, 1977).

cooling air % = 0.1 x T3 — 30 2)

However, for a small-scale lab-based research combustor, the air inlet
temperature is typically low at around 300 K. Substituting this value in Eq.(2)
will give zero, and thus a lab-based combustor operating at a low inlet
temperature typically does not require liner cooling. In the present design, it is
decided that 20% of 15 is to be admitted to the recirculation zone through swirler
and dome cooling holes, and 20%, 25%, and 35% of m; are to be admitted to the
primary, secondary, and dilution zone through the annulus, respectively.
However, this percentage can be varied according to the combustor specification
and turbine requirements. The complete airflow distribution is shown in Table 1.
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Table 1
Air Mass Flow Distribution in Percentage

: . Swirler (1)
Recirculation 10%

zone/Snout

() 20% Dome cooling (114,)

10%

Inlet (1123) Primary zone (1)
100% 20%

Annulus Secondary zone ()
(1) 80% 25%

Dilution zone (14,)
35%

Initial Sizing

Combustor sizing has to be carried out after the determination of air mass
flow distribution, and the schematic of combustor sizing is shown in Figure 3. The
reference area (Aref) without the liner thickness can be calculated from Eq.(3)

(Conrado et al., 2004).
T 2 T
Arer =7 (2% Drey + D) | - 202

where D, is the half-reference diameter and D;. is the inner casing’s

outer diameter.

Figure 3
Combustor Sizing
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However, the practical combustor always has a thickness, and hence the
reference area (A,.s)for the annular combustor with a thickness can be
calculated using Eq.(4)

T 2 T T
Are = 7|(2 X Dres + Dic)’| = 7D =2 (2 x D)? (4)
where D, is the sum of the outer and inner liner thicknesses. Let us assume

the initial values of the outer casing and inner casing have sufficient thickness as
per the requirement. In this present design, D,..r and D;. are taken as 0.06 m and

0.04 m, respectively.
T
Apes = 7 [(2x60x1073 440 % 1073)% — (40 X 1073)?

—(2x2x%x1073)?]
= 11259.46802 X 107 m? (5)
The combustor liner area (4,) should be 0.65 to 0.67 times that of A,.f
for a quality design of an annular combustor (Melconian & Modak, 1985). The
sectional length, D;, can be obtained from the value of 4;.
AL = 0.667 X Apor

= 7510.0652 X 107% m? (6)
We know that,
A= Z@x D) ™
Thus,
D, =~ 0.049m (8)

The annulus area (Ag,) is the difference between A,.r and A, (Mark &
Selwyn, 2016) and can be calculated from Eq.(9).
Agn = Aref — 4L
=3749.4 x 107®m? 9)

Snout
The purpose of the snout is to regulate the airflow from the diffuser toward
the recirculation zone. Eq.(10) is used for calculating the cross-sectional area of
the diffuser at which the snout inlet plane exists (44.) or the cross-sectional area

of the snout inlet (Ag,,) (Sawyer, 1985).
ASTl mSTl 1

= X —
Ade Th3 Cds (10)

where Cy4s is the snout discharge coefficient, and for a uniform

compressor/air delivery, this approaches unity. For conventional combustor

snouts, the mass flow rate is approximately equal to half of the primary zone

airflow. Here, 20% of air is admitted into the primary zone through the annulus,

and 20% of air is admitted into the recirculation zone through the dome and
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swirler. Notice that the recirculation zone is a part of the primary zone. Thus,
40% of total air mass flow is admitted to the primary zone, and hence, 50% of
this primary airflow (i.e., 20%) may be allowed through the snout. The snout
mass flow will vary with snout area, diffuser configuration, and total inlet air
mass flow. Here, A, is calculated using Eq.(11), assuming a reasonable value for
the snout diameter (D,,), so that A, can be found using Eq.(10).

T
Agp = Z (2 X Dsn)2

= 1256.63706 X 107° m? (11)
Rearranging the Eq.(10)
Asgp X m3 X Cys
Age = :
mSTl
= 6283.1853 x 1076 m? (12)
We know that,
T
Age = 7 (2% Dge)? (13)

Thus, the diameter of the diffuser at which the snout inlet plane exists is
Dge = 44.72136 x 1073 m (14)

Snout Pressure Drop Factor

The airflow from the compressor or blower is directed to the recirculation
zone through the snout, and the remaining air is directed to the combustion
volume through the annulus. The swirler and dome are installed inside the snout.
The geometry of the snout, diffuser, and reference area (4,.s) are the factors
affecting the snout pressure drop factor. A larger reference area is demanded by
higher snout pressure drops. Thus, the combustor volume will become larger, and
hence the snout pressure drop should be optimum. The snout pressure drop factor
is calculated from Eq.(15) (Saboohi et al., 2016).

A A

Psn _ 0,25 x L% = .25 (—ef)

QTef qref Ade
— 0.448 (15)

Swirler

A swirler imparts a swirl to the airflow by converting the axial airflow to
tangential ones for better air-fuel mixing. This tangential airflow produces a flow
recirculation which takes the hot gases back to the flame front, preventing the
flame blow-off and thereby increasing the flame stability. Thus, the main role of
the swirler is to enhance the mixing quality of the air-fuel mixture, while the
toroidal motion of the flow reduces the flame length also (Chen & Driscoll, 1989).
The swirler area can be calculated using Eq.(16) (Knight & Walker, 1953).
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Apsw _ Aref>2 2 (Aref>zl (msw)z
door K, [(Asw sec’Bsw 2, X oy (16)
where S, is the turning angle of the airflow, it ranges from 30° to 60°
(Mellor, 1990). The swirler discharge parameter K, is 1.30 for thin straight
blades and 1.15 for thin curved blades (Saboohi et al., 2016). The physical flow
area of the swirler is the annulus area corrected for the swirl and flow blockage by
vanes, and it is calculated using Eq.(17) (Khandelwal et al., 2014; Mellor, 1990).
The vane thickness (v;) is to be assumed and the range is from 0.7 mm to
1.5mm (Mellor, 1990), and here 1 mm is chosen based on manufacturing
constraints. The number of vanes (n,) is to be assumed, and the range is from 8
to 16 (Mellor, 1990). For a small research-based laboratory combustor, n, = 8 is
sufficient to avoid more blockage to the airflow. Experiments had shown that the
combustors performed well for my, ranging from 3% to 12% of the total air

(m3) and 8 — 10 blades (Conrado et al., 2004). The dimensions of the swirler are
shown in Figure 4.

Vs
Asw = Z X (DSZW3 - Dszwz — 0.5 % n, X vt(Dsw3 - DSWZ)
— 485.48667 X 10~6 m2 (17)

Figure 4

Dimensions of Swirler

D,,.= ¢ 30 mm
D,,; = ¢ 28 mm
Dgy> = ¢ 8 mm

D, = (I) 6 mm

Swirler Pressure Drop Factor
The factors affecting the swirler pressure drop are the swirler area, blade
turning angle, swirler discharge parameter, reference area, and the liner area. A
swirler pressure drop factor can be obtained by substituting all the known values
in Eq.(16).
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485.48667 x 10~°

11259.46802 x 10~6\°
7510.0652 X 10-6

0.6701 x 10~2\?
X
6.701 x 10-2

A 11259.46802 x 10~6\°
Psw X ( > sec?42°
Qref

(18)
= 12.632

Swirl Number
The Central Recirculation Zone (CRZ) is essential for anchoring the
flame, better air-fuel mixing, and the continuous source of ignition (Mohammad
& Jeng, 2009). A low swirl number leads to a lower residence time of the reactive
mixture in the primary zone. A higher swirl number improves the air-fuel mixing
and an increase in the residence time of the combustion products, leads to more
efficient combustion. However, as the swirl number increases, so does NOy
emission (Lokini et al., 2019). The swirl number greater than 0.6 is expected for
better flow recirculation (Mattingly et al., 2002) and the setup of the Central
Recirculation Zone (CRZ) in the combustor. Hence, it is considered that the swirl
motion is sufficient when the swirl number is larger than 0.6 (Hayakawa et al.,
2017; Lefebvre & Ballal, 2010; Syred & Beér, 1974). The swirl number (Sy) is
calculated from Eq.(19) (Saboohi et al., 2016).
3
SN — —tan ﬁsw 1 (DSWZ/DSW3)
3 1- (DSWZ/DSW3)2
= 0.63892 (19)
The achieved swirler number satisfies the expected value, and that
confirms the setup of CRZ in the combustor.

Design of the Diffuser
The swirler pressure drop factor, combustor total pressure drop factor, and
snout pressure drop factor must be known to calculate the diffuser pressure drop
factor and are calculated using Eq.(20) (Saboohi et al., 2016).

Apair _ Aps-a _APsw _ APsn

QTef CIref qref qref
= 6.92 (20)

The diffuser angle can be found using Eq.(21) (Mark & Selwyn, 2016).
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Apg: 1/1.22
o ;f X Adiz X P32
v 5024><(1 Adi)zx W2 X T (1)
. —_ m
Ade 3 3

Alternatively, for maintaining a constant angle from the diffuser inlet to
the outer casing of the combustor, Eq.(22) can be used. D,; is the diffuser inlet
diameter and is the exit diameter of the compressor. As described earlier, for a
small gas turbine combustor, usually an air compressor or blower has been used.
In such cases, Dy; can be taken as the exit diameter of the air compressor/blower
extension pipe. Assuming the length of the snout (L, ), the length of the diffuser
can be found.

(Dde - Ddi)
" Dy =Dy <
=0.02914032 m (22)

Liner Length
The liner length (L,) depicts the total length of the zones, i.e., the sum of
primary, secondary, and dilution zone lengths. The pressure drop across the liner
(4p,) needs to be known to determine the liner length. The pressure drop across
the liner can be found using Eq.(23) (Lefebvre & Ballal, 2010).
Ap, _ Aps-s  APais
QTef qref QTef
= 13.08

(23)
Notice that the liner pressure drop factor (;ﬂ) is approximately equal to
ref

Apsw

the swirler pressure drop factor (ﬁ) (Mohammad & Jeng, 2009). Usually, the

liner pressure drop should be 60 — 70% of the total pressure drop through the
combustor (Mellor, 1990; Mohammad & Jeng, 2009), and here 65.4% of the total
pressure drop is achieved. The liner length, L; = (0.25~0.35) X D,.r (Zhang et
al., 2019), and is calculated as in Eq.(24).

LL == 035 X Dref
=0.021m (24)

Dome and Igniter
Dome angle influences the recirculation of reactive mixture and product
gases, which also affects the hot spot zones and flame stabilization in the
upstream portion of the primary zone (Kim et al., 2009). For the conventional
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combustor, the dome angle (84,) is kept at around 60°. Thus, the dome length
can be found as in Eq.(25) (Saboohi et al., 2016).
_ Dy — Dswa
2 ™ 2 x tan(6,4,)
0.049 — 0.030

2 X tan 60°
= 0.005484 m (25)

The igniter must be placed in a predicted position at which the fresh air-
fuel mixture is rich. The location where the magic circles touch the liner wall is
proposed for the quoted feature.

D m—0 D
Ly :TL[1+COt(TdO)] + Lao _TL

= 0.01255m (26)
The recirculation zone length is given by Eq.(27) (Saboohi et al., 2016).
D
Ly, = Lig + TL
= 0.0248 m (27)

Air can be admitted through holes or slots in the dome section apart from
the swirler. To avoid complexity in mounting and installation, it is always
preferred to have holes instead of slots for small combustor designs. In this
current design, 10% of total air mass flow (rm3) from the air-compressor or
blower is admitted through the dome section into the combustor recirculation
zone, as given in Table 1. Due to the discharge coefficient, the air jet area is
always less than the geometric area. The geometric area of the hole (Lefebvre &
Ballal, 2010) can be calculated if the pressure difference across the dome is
known or assumed. The coefficient of discharge, C, = 0.6 (Lefebvre & Ballal,
2010), is taken for the simple circular hole.

Mgo = Cp X Ageo [2 % p3(py — pd)]O'S
Ageo = 3.1415927 x 10~* m?
(28)
where ps; is the inlet air density, p, and p, are the upstream and
downstream pressures of the dome, respectively. The number of holes depends on
the size and space availability of the dome for the equal distribution of air. The air
admitted to the dome not only contributes to the dome cooling, but it can also
assist the air-fuel mixing to some extent, along with the swirler. Here, sixteen
holes are planned for air admission. Thus, 1.963495 x 10~°> m? is the required
area for each hole. The geometric diameter of each hole can be calculated using

Eq.(29). i
X eo
dgn = [ ng ]
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=5%x10"3m (29)

Determination of Pattern Factor
The Pattern Factor (PF) provides the temperature distribution of the
combusted gases across the radial and circumferential directions at the exit of the
combustor. The pattern factor for the present annular combustor is calculated
using Eq. (30) (Lefebvre & Ballal, 2010).
-1
PF = Tmax = T4 _ 1 —exp|[—0.05 x Ly X L BN 0.30 (30)
T,—T; Dy Grer
where T4, IS the maximum recorded temperature, T, is the mean exit
temperature, and T5 is the inlet air temperature. Contemporary main burners
exhibit PF ranging from 0.25 — 0.45. PF = 0.30 falls within the acceptable
range.

Zone Length

The liner length is divided into primary, secondary, and dilution zones.
The zone in which the primary air is admitted via liner holes is termed the
“primary zone.” The purpose of the primary zone is to develop the highest
possible temperature for the high-speed reaction or rate of flame propagation. The
primary zone needs to be operated at the stoichiometric mixture ratio. It is usual to
allow some air as secondary air to promote the proper mixing of air and fuel and
ensures the required oxygen for the given fuel supply for complete combustion.
The secondary air is admitted via liner holes, and this zone is termed the
“secondary zone.” The dilution air is admitted to bring down the gas temperature
to the required Turbine Inlet Temperature (TIT). The zone in which the dilution
air is admitted via dilution holes is called the “dilution zone.” The zone length is
majorly dependent on the reference diameter, liner diameter, and pattern factor.

Primary Zone Length
The length of the primary zone, L,, = (0.9~1.5) X D,..r (Zhang et al.,
2019), and can be calculated in Eq.(31).

Ly, = 11X Dypp = 0.066 m (31)

Dilution Zone Length
The length of the dilution zone can be calculated using Eq.(32) (Melconian
& Modak, 1985).

Ly, = D,(3.83 — 11.83 X PF + 13.4 X PF?)
=0.072863 m (32)
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Secondary Zone Length
The length of the secondary zone can be calculated using Eq.(33).
Ls; =L, — Ly, — Ly, = 0.071748 m (33)

Liner Holes
The reference dynamic pressure (qref) is required to calculate the
pressure drop across the liner. Reference Velocity (Uref) can be calculated as in
Eq.(34) (Lefebvre & Ballal, 2010).
m3

p3 X Aref
0.06701

T 1.213 x 11259.46802 x 10-6 (34)
= 4.906377 m/s

The reference dynamic pressure (Qref) can be calculated as in EQ.(35)
(Lefebvre & Ballal, 2010).

_ Pz X vrefz
Qrefr = T

_ 1213 x 4.9063772

2
= 14.5997129 kg/m — s? (35)

Vref =

Thus, from Eq.(23)

Apy, = 13.08 X qrer
= 190.96424 pa (36)

Primary Zone Holes
The number of holes required in total for both the outer and inner liner in
the primary zone (n,,) can be calculated using Eq.(37) (Lefebvre & Ballal, 2010).

Cd e 4 X 1h,,
Npz jpz T o (2 x Ap;, X p3)0>
=7.927902 x 10~* (37)
For djp, = 4 x 1073 m,
Ny, ~ 50 (38)

The actual geometric diameter of primary zone holes (dhpz) Is then given

by Eq.(39) (Lefebvre & Ballal, 2010).

djpz

CDO.S

dhpz -

https://commons.erau.edu/ijaaa/vol8/iss4/6
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=5163x 1073 m (39)

Secondary Zone Holes
The number of secondary zone holes (n,) required in total for both the
outer and inner liner can be calculated using (40) (Lefebvre & Ballal, 2010).

4 X mg,

m X (2 X Apy, X p3)0>
— -4
=9.9106568 x 10 (40)

For djs, = 6 X 1073 m,
ng, ~ 28 (41)

The actual geometric diameter of secondary zone holes (d;s,) is then
given by Eq.(42) (Lefebvre & Ballal, 2010).
djsz
C-DO.S

= 7.745x 1073 m (42)
Dilution Zone Holes

The number of holes required in total for both the outer liner and inner

liner in the dilution zone (n4,) can be calculated using Eq.(43) (Lefebvre &

2 _
Ngz X djsz -

dhsz -

Ballal, 2010).
4xXm
2 dz
X d; =
Pz X djaz T X (2 X Apy, X p3)°>
= 13.873829 x 10~* (43)
Fordjg, =8x1073m,
Ng, = 22 (44)

The actual geometric diameter of dilution zone holes (d4,) is then given
by Eq.(45) (Lefebvre & Ballal, 2010).

djdz

Cp*® 45
= 10327 x 103 m (45)

The primary, secondary, and dilution holes are made with staggered
arrangements for better airflow distribution and to avoid local hotspots.

dhdz -

Fuel Flow Distribution
Liquified Petroleum Gas (LPG) is chosen as the fuel, as it is readily
available and safe to handle compared to liquid fuels. The mass flow rate of air is
6.701 X 1072 kg/s, and the stoichiometric air-fuel ratio (AF,;) is 15.46, so the
mass flow rate of fuel can be calculated using Eq.(46).
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Mg
AFstoi

= 4334 x 103 kg/s (46)

A simple, plain orifice fuel nozzle is used. The coefficient of discharge of
a plain orifice nozzle can be varied depending on its length-diameter ratio
(Lefebvre & Ballal, 2010). The density of LPG is 2.469135 kg/s (can be varied
with chemical composition), then the geometric area of the nozzle orifice
(Lefebvre & Ballal, 2010) can be found if the pressure difference across the
orifice is known.

my

iy = Cp X Ageo2 X prpg (p1 — pj)]O's
Ageo = 1.0058571 x 10~* m? (47)

where p, is the upstream fuel pressure and p; is the fuel jet pressure
coming out of the orifice. The number of the fuel nozzles depends on the size and
space availability of the combustor for the equal distribution of fuel. Here, eight
fuel nozzles are planned for fuel admission. Thus, 1.257321 x 107> m? is the
required area of each fuel nozzle orifice. Thus, the geometric diameter of each
orifice (dg,) can be calculated using Eq.(48).

4xA
dgn = [%] =4x103m (48)

The final dimensions of a small-scale laboratory annular combustor are
shown in Figure 5. The CAD model of the combustor assembly and its cutaway
are shown in Figures 6 and 7, respectively.
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Figure 5
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A Sectional View of the Combustor Assembly
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Figure 7

Cutaway of the Combustor Assembly

Conclusion

A systematic procedural design of a small-scale annular combustor was
presented. The procedure starts with atmospheric data for the altitude at which the
combustor needs to be installed. The airflow distribution was decided based on
swirler mass flow and dome cooling, which affect the equivalence ratio at the
recirculation zone. The airflow distribution depends on cooling airflow, and here,
due to the absence of cooling airflow, the air mass flow was shared between the
secondary and the dilution zone. It is observed that the snout pressure drop factor
is very small compared to other pressure drop factors. The achieved swirler
number satisfies the expected value and confirms the setup of CRZ. The achieved
liner pressure drop factor is approximately equal to the swirler pressure drop
factor, which confirms the accuracy of the design. Usually, the liner pressure drop
should be 60 — 70% of the total pressure drop through the combustor, and here
65.4% of the total pressure drop is achieved. Contemporary main burners exhibit
pattern factors ranging from 0.25 to 0.45, and the pattern factor of the present
design is 0.30, falling within the acceptable range. All calculated values confirm
the perfect design of a small-scale laboratory annular combustor. The design
procedure shown here is a preliminary concept, and future work will include more
study. With the help of this procedural design, any student, academician, or
researcher can easily design the laboratory scale annular combustor. Furthermore,
this design can be validated using a Computational Fluid Dynamics (CFD)
simulation, and then the experimental studies can be performed.
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