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Investigation of Geometric Characteristics on the Non-Reaction Supersonic Flow
inside the Channel with the Presence of Cavities
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ABSTRACT: In the present work, the flow inside a channel with a cavity is investigated as a Scramjet
combustion chamber. For this aim, the parameters such as L/D (cavity length to cavity depth), H/D
(channel height to cavity depth), and varied Mach numbers are studied in the supersonic flow to
investigate the effect of geometric parameters on channel flow in non- reacting conditions. In this work,
vorticity is used as a mixing parameter. Two-dimensional Navier-Stokes equations are used to solve
the steady-state flow. The density based method and standard k-¢ Model are employed for numerical
simulation. The results show that vorticity of boundary layer and thus mixing in flow is increased with
growing of L/D, Mach number and having sweep angle for the cavity. Geometries with larger H/D
performed better than other geometries in terms of generating vorticity and reducing Total pressure
loss. Although the H/D = 1 ratio has a higher recirculation than others, it will not be reliable for all
supersonic flow because of its considerable total pressure loss and the survival of the oblique shock in
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1- Introduction

Supersonic flow over cavities has been widely studied
for many years because of their significance to acrodynamic
configurations. A cavity, exposed to a flow, experiences
self-sustained oscillations, which can induce fluctuating
pressures, densities, and velocities in and around the cavity,
resulting in drag penalties. This problem interested many
experimental and computational studies, which have been
directed toward improving the understanding of the physics
of cavity flows and the means to control their nature [1].
It generally does open cavities (L/D < 10) could be used
for flame-holding while the mixing enhancement could be
achieved through the closed cavities [2]. It is noted that
there exists an appropriate length of cavity regarding the
combustion efficiency and total pressure loss [3]. The most
important references used in this work are presented in Table 1.

2- Methodology

The geometry and dimensions of the model combustor
considered in the present study are depicted in Fig. 1. The
Geometrical Dimensions and flow conditions of various
cavities are presented in Table 2.

These cases are analyzed using steady two dimensional
density based Navier-Stokes equations and a k-¢ turbulence
model. Fig. 2. indicates that k-¢ Standard can be considered
the best option for modeling the case in question.

*Corresponding author’s email: saeid _kheradmand@yahoo.com

Table 1. Summarized results of some references mentioned

Author Year Mach
Ben Yakar et al. [1] 2001 -
Kim et al. [3] 2004 2.5
Huang et al. [4] 2010 3.2
Luo et al. [5] 2011 3
Lahijani et al. [6] 2020 2.05
Jeyakumar et al. [7] 2016 1.8
Jeyakumar et al. [§] 2016 1.3
Gruber et al. [9] 2001 3
Wang et al. [10] 2019 2.52

Table 2. Geometrical Dimensions and initial conditions in
present work

X

Parameter Value
Height of Combustion Chamber 60 mm
L/D 1,3,5
H/D 1,2,3
Aft Angle of Cavity 45,90 deg

Mach 2,3,4

Py 690 kPa

Ty 300 K
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Fig. 1. Schematic representation of geometrical dimensions of
combustors in present work
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Fig. 3. Profile of wall y+ in present geometry

In all Computational Fluid Dynamics (CFD) simulations
performed in this work, the conditions of Pressure inlet,
Pressure outlet, and Wall are used for the input of the
combustion chamber, the output of the combustion chamber,
and the walls, respectively. Fig. 3 showed the wall y+ is
less than 5 at most positions and the difference between
the computed inflow and the outflow mass flux drop below
0.0001 kg/s.

3- Results and Discussion

The vorticity parameter is the component of the local
spinning motion flow near the wall and if not excessive, can
enhance the mixing. Also, one of the important parameters
in expressing the efficiency of the cavity is the total pressure
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Fig. 2. Comparing non-dimensional static pressure (versus inlet
static pressure) for various methods of Reynolds-Averaged
Navier—Stokes (RANS) with experimental data[9]
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Fig. 4. Total local vorticity for various H/D, L/D, and Mach
numbers at outlet

loss. A minimum total pressure loss, as well as maximum
efficiencies of mixing and combustion, should be considered
for the optimization of an overall combustor performance
with the cavity configuration [3]. Higher vorticity and lower
total pressure loss indicate better performance for every
cavity configuration. Fig. 4 showed the scaled total vorticity
versus various H/D, L/D, and Mach numbers at the outlet.
According to this figure, total vorticity is approximately
constant with various H/D parameter at the outlet. Fig. 5
indicated total pressure loss is decreased by increasing of
H/D ratio. Total pressure loss at the aft angle of 45 degrees is
greater than the rectangle cavity, because of higher pressures
acting over the aft wall area.
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Fig. 5. Total pressure loss for various H/D, L/D, and Mach
numbers at the outlet

4- Conclusions

By increasing Mach numbers and L/D ratio, and decreasing
of H/D ratio, the total pressure loss of cavity case is increased.
Also, total pressure loss at aft angle of 45 deg is greater than
no angle case.
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Table 2. Dimensions and angles of the geometries studied in the present work
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Fig. 1. Schematic representation of geometrical dimensions of combustors in present work
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1 Advection Upstream Splitting Method (AUSM)
2 Courant-Friedrichs—Lewy number (CFL)
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Fig. 4. Wall pressure distribution normalized by the inlet static pressure for different grid sizes
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Fig. 5. Comparing non Dimensional static pressure (versus inlet static pressure) for
various methods of RANS with experimental data[4]
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Table 4. Maximum error for different turbulence models
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Fig. 6. Outlet Mach number for varius L/D and H/D and Minlet=2 (P0=690 kPa, Ps=88.185

kPa, T0=300 K)
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Fig. 7. Outlet Mach number for varius L/D and H/D and Minlet=2 (P0=690 kPa, Ps=18.785

KkPa, T0=300 K)
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Fig. 8. Outlet Mach number for varius L/D and H/D and Minlet=2 (P0=690 kPa, Ps=4 kPa,
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Fig. 9. Mach number contour for L/D=5 and H/D=1 and Minlet=2, 3, 4
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Fig. 13. Total local vorticity for various x and Mach numbers
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Fig. 14. Total pressure loss for various x and Mach numbers
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Fig. 15. Scaled total vorticity/ total pressure loss for various x and Mach numbers

0Lye



DFYA L OF -8 dscho Ve Jlo )Y o)lads DY )53 ppsS yeal SlSo stige &y

shb Glavin & by 5 jLis cdl e o i °

090,5 Egeme e &S Jbb el 0 9) iy 4 L/D g H/D
a ) awrin ol Gl e ol plo ol wdls Slus as, gl e
D903 ol Come Sl 3l slaabaize (gl canliol 3)90 S lgie
Sxite 3,8des )Y g ¥ sy 4 L/D g H/D (glyls awsin piomon

D5 wyy dy0 (liSTly pue by 3 dwain ple & Gl

e Cow o8 -V
ous st C\g, C\,S, C‘,g
i o b
0ya> (i 0)lg00 Gas De
oy o5kx 0)l50 Bes Du
&5 @55
5 bl ons 0y alazel i (g5 G,
eSle 2y (L3I S
35 oud g oolazdl i 6550 G,
&9kt
JUls gl H
slasdl i 535 K
oy Jsb L
el M
Js e P
€ 5k 4bgppryeslops S,, S,
S5 sl T
s s 72
Sl u
oy ce u'
Cobse X;
SIS B 5 o Slilogi @y Y,
sSse a358ms | (26 A J;
Vg9 S &5 ¢
S5 P
3, 5 U slaas pui'uj'
E sk a4 bge ooludl Sy sse O O,

ogYo

S a -F
s Gl daie cavlio (b 45 duwy jolate 4 pals IS )

» Glpel dhise gl g 0jis Bos Cud (pyite (58L 59y g o)
005 35 a3 ool S99 4y LI 05200 (0 9 D0 Godle Sl po
5 YO e 0yl (sbls; 5o calizes dwiin YAl cjolaie pl (gly .l
ool Cowd 4 ol .ol 003,35 odlazul ¥ o ¥ (¥ slaglo ,d g 4y A
P9dse Al pj O)yge

b bl awlio g dblee 9> slizel (claJao awslio b °
Gl g oIy las oy yiaS 3 )lbul yoluwl =18 slaze! Jao ¢ oy
Cal 0d Ol yols )5 5 slazel Jao olgis

e (23,5 gsomo 5 (20,5 ke L/D s Il @
ol (e3gm0 )] Kg, Lol WS i Slais cgles

05 ggeme Jie (H/D (uliil ) oy Gos ialS' L @
e W & oxe 93,5 e oliee U bl I3l s
oials glme @ dlor (pl b o LialS (g5 Y Cubus i
G o (580

Ao oy dwdid ) (g5 glo dde lin gladwin o °
Sl cpl sl a )0 YO 0,8 dwdin jd Flo dde | 55,5
Cuol a0 FO 00 dwodin ) 0y e ad Soud yidduy )08

@y YO 00 dwdin o (00,5 lMde ciline sladwiin ) °
ol dyd Qv 00 dwdin cdls jl 5lob bl 548

U905 E9azme jlaie Flo dae i)l b lin sladwin jd °
Al Gl e

5 oS S lid cdl glyls x> Ar oyas gl sladawiin °
odlaul ol bl s s 4 Lol sitaan (65555 e (55,5 £ g
a5 5,8 Qbsl |y lawdin ol o Jb ol b s pislSal gl )
il sl 1y dore (835 gaetme 9 (M HLis il gldigy Cuns
Ol oty gl canlio oy ¢ Guis ol 3 ond &l ol I ealazel b
b A Sod o cpl 000 )18 as 3 A BFA o 0350t 10 Cund

i Wl (coge S35 0y



OFYA U5 O+ dxbo Yo - Jl.u) AN b)lo..u.' QY 0)93 ‘)Mf).m‘ L_gu_rlSw L;“’*\-‘-@(" 4:)..“.3

validation and parametric investigation on the cold
flow field of a typical cavity-based scramjet combustor,

Journal of Acta Astrnautica, 80(1) (2012) 132-140.

[11] W. Huang, M. Pourkashanian, L. Ma, D.B. Ingham,
S.B. Luo, Z.g. Wang, Effect of geometric parameters on
the drag of the cavity flameholder based on the variance
analysis method, Aerospace Science and Technology, 21
(2012) 24-30.

[12] P. Hashemi, M. Dahghan Manshadi, A. Mostofizadeh,
Role of the vortical structures in combustion of jet in
cross flow at inlet of supersonic nozzle, Aerospace
propulsion, 1(2) (2014) 11-22 (in persian).

[13] M. Zahedzadeh, F. Ommi, Numerical Study of Staged
Transverse Injection of Sonic Jets into Supersonic
Crossflows behind a Step, Journal of Modeling in
Engineering, 17(56) (2019) 281-291 (in persian).

[14] M. Lahijani, S. Emami Koopaei, Effect of the number
of cavity flame-holders on combustion efficiency and
pressure recovery factor in a supersonic combustion
chamber, Fuel and Combustion, 13(1) (2020 ) 98-117 (in
persian).

[15] F. Xing, M.M. Zhao, S. Zhang, Simulations of a Cavity
Based Two-Dimensional Scramjet Model, in: 18th

Australasian Fluid Mechanics Conference, Launceston,

Australia, 2012.

[16] D. Zhang, Q. Wang, Numerical Simulation of Supersonic

Combustor with Innovative Cavity, International
Conference on Advances in Computational Modeling
and Simulation, Procedia Engineering, 31 (2012) 708-
712.

[17] M.F. Khan, R. Yadav, Z.A. Quadri, S.F. Anwar,
Numerical Study of the Cavity Geometry on Supersonic
Combustion with Transverse Fuel Injection, in:

Numerical study of cavity geometry on fluid Mechanics

and Fluid power, 2017, pp. 1509-1518.
[18] W.L. Lui, L. Zhu, Y.Y. Qi, J.R. Ge, F. Luo, H.R. Zou,
M. Wei, T.C. Jen, Effects of injection pressure variation

on mixing in a cold supersonic combustor with kerosene

fuel, Acta Astronautica, 139 (2017) 67-76.

0£Y1

&bo

[1] A. Ben Yakar, R.K. Hanson, Cavity Flame-Holders
for Ignition and Flame Stabilization in Scramjets: An
Overview, Journal of Propulsion and Power, 17(4) (2001)
869-8717.

[2] S. Jeyakumar, S.M. Assis, K. Jayaraman, effect of
Axisymmetric aft wall angle cavity in supersonic
flowfield, International Journal of Turbo and Jet Engines,
35(1) (2018) 29-34.

[3] K.N. Jayachandran, N. Nithin, S. Dhinesh, A.M. Irfan,
D.T. Murugan, Performance Analysis of Double Cavity
Based Scramjet Combustion at Mach 2 using CFD,
International Journal of Emerging Technology and

Advanced Engineering, 4(3) (2014) 110-119.
[4] M.R. Gruber, R.A. Baurle, T. Mathur, K.Y. Hsu,

Fundamental studies of cavity-based flameholder

concepts for supersonic combustors, Journal of

Propulsion and Power, 17(1) (2001) 146-153.

[5] V. Sridhar, S.L. Gai, H. Kleine, A Numerical Investigation
of Supersonic Cavity Flow At Mach 2, in: 18th
Australasian Fluid Mechanics Conference, Launceston,

Australia, 2012.
[6] K.M. Kim, S.W. Baek, C.Y. Han, Numerical study on

supersonic combustion with cavity-based fuel injection,

International Journal of Heat and Mass Transfer, 47
(2004) 271-286.

[7] M. Dharavath, P. Manna, D. Chakraborty, Numerical
Investigation of Hydrogen-fuelled Scramjet combustor

with cavity Flame Holder, Defence Science Journal,
64(5) (2014) 417-425.

[8] W. Huang, Z.g. Wang, M. Pourkashanian, L. Ma, D.B.
Ingham, S.B. Luo, J. Liu, Hydrogen fuelled scramjet
combustor—the impact of fuel injection, in: Fuel
Injection, Sciyo, 2010.

[9] S.B. Luo, W. Huang, J. Liu, Z.G. Wang, Drag force
investigation of cavities with different geometric

configurations

Technological Science, 54(5) (2011) 1345-1350.

in supersonic flow, Science China

[10] W. Huang, Z.G. Wang, L. Yan, W.D. Liu, Numerical



DFYA L OF -8 dscho Ve Jlo )Y o)lads DY )53 ppsS yeal SlSo stige &y

Science, 88 (2017) 461-471.
[25]Z. Cai, J. Zhu, M. Sun, Z. Wang, Effect of cavity fueling

schemes on the laser-induced plasma ignition process in a

scramjet combustor, Aerospace Science and Technology,
78 (2018) 197-204.

[26] Y. Wang, Z. Wang, M. Sun, H. Wang, Z. Cai, Effects
of fueling distance on combustion stabilization modes in

a cavity- based scramjet combustor, Acta Astronautica,
155 (2019) 23-32.

[27] G. Choubey, K. Pandey, Effect of variation of inlet
boundary conditions on the combustion flow-field of a
typical double cavity scramjet combustor, International

Journal of Hydrogen Energy, 43 (2018/03/01).

[28] O. Chakraborty, D. Sharma, K.O. Reddy, K.M. Pandey,
CFD Analysis of Cavity Based Combustion of Hydrogen
at Mach Number 1.4, Current Trends in Technology and
Sciences, 1(3) (2012).

[29] D.C. Wilcox, Turbulence Modeling for CFD, DCW
Industries, 2002.

[30] L. Abu-Farah, O. Haidn, H.P. Kau, Numerical
simulations of single and multi-staged injection of H2 in

a supersonic scramjet combustor, Propulsion and Power

Research, 3(4) (2014) 175-186.

[19] W. Yang, J. Fu, X. Ma, R. Xing, Numerical Study on
Configuration of Scramjet Combustor, in: IOP Conf.

Materials Science and Engineering, 2018.

[20] Z. Cai, M. Sun, Z. Wang, X. Bai, Effect of cavity
geometry on fuel transport and mixing processes
inascramjet combustor, ournal of Aerospace Science and

Technology, 80 (2018) 309-314.
[21] L. Suneetha, P. Randive, K.M. Pandey, Numerical

investigation on mixing behavior of fuels inreacting
and non-reacting flow condition of a cavity-strut based
scramjet combustor, International Journal of Hydrogen
Energy, 44(31) (2019) 16718-16734.

[22] S. Jeyakumar, S.M. Assis, K.N. Jayachandran,
Experimental Study on the characteristics of
axisymmetric cavity actuated supersonic flow, Journl of

Acerospace Engineering, SAGE, 0(0) (2016) 1-8.

[23] S. Jeyakumar, S.M. Assis, K. Jayaraman, Effect of
Axisymmetric Aft Wall Angle Cavity in Supersonic Flow
Field, International Journal of Turbo and Jet Engines,
35(1) (2016).

[24] S. Etheridge, J.G. Lee, C. Carter, M. Hagenmaier, R.
Milligan, Effect of flow distortion on fuel/air mixing and
combustion in an upstream-fueled cavity flameholder for

a supersonic combustor, Experimental Thermal and Fluid

DOI: 10.22060/me;j.2021.19574.7062

V. Dashti Rahmat Abadi, M. Agha Seyed Mirzabozorg, S. Kheradmand, Investigation of Ge-
ometric Characteristics on the Non-Reaction Supersonic Flow inside the Channel with the
Presence of Cavities , Amirkabir J. Mech Eng., 53(11) (2022) 5409-5428.

o2 gl )l e ol & digSy

oLYyY






