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The uniform and nonuniform flow conditions are created at the entry of the combustor by incor-
porating a Circle to Rectangle Transition duct (CR-Transition duct, for short) in the subsonic and
supersonic flows ahead of the combustor. Computational and experimental studies have been car-
ried out on a ramp-cavity based supersonic combustor with supersonic and subsonic transitions. It
is observed that the non-uniform three-dimensional flow caused by the presence of the CR-Tran-
sition duct, help in ignition of kerosene, while the same could not be achieved with uniform flow
at the combustor entry. The experimental and computational investigations are discussed in
this paper.

VYcnoBus 0OAHOPOAHOIO U HEOJHOPOIHOTO MOTOKOB CO3/JAI0TCSI BBEJCHUEM KPYTJIOTO M MPSIMO-
YTOJIBHOTO COEAMHHUTEIBHBIX BO3JyXONPOBOJIOB B JO3BYKOBOM M CBEPX3BYKOBOM MOTOKH MEPEN
Kamepoii cropanusi. YncneHHbIe U SKCIIEpUMEHTANIbHBIE UCCIIE0BAHUS TPOBOANIUCH HA OCHOBE
ramp-cavity co CBEpX3BYKOBBIMH U JI03BYKOBBIMH COCAMHEHHUSAMH. Y CTAHOBJICHO, YTO HEOJIHO-
POZHBIN TPEeXMEpHBIH TMOTOK, BBI3BIBAEMBIM HAJIHMYMEM COEIMHHUTEIHHOTO BO3TyXONPOBOA,
CIOCOOCTBYET 3a)KMI'AaHHUIO KEPOCHHA, YTO HE JOCTHUTAeTCsl IPU OJHOPOIAHOM IIOTOKE Ha BXOJE
KaMepbl CropaHusl.
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1. Introduction. Defence Research and Development Laboratory (DRDL for
shot) is currently developing flight focused SCRAMIJET engine. To pursue ba-
sic studies on supersonic combustion, SCRAMIJET combustor facility has been
established to conduct experiments on different types of combustor configura-
tions. It is very essential to exactly simulate the combustor entry conditions in
the ground testing. Also the entry flow characteristics greatly influence the
combustor performance and validity of the ground testing for the realization of
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flight hardware. Towards this, two areas of studies are being focussed. The first
area of studies pertains to the kerosene ignition characterisation using two differ-
ent injection schemes and the second area of studies pertains to kerosene ignition
characterisation under two different entry flow conditions. Important results of
the studies on the injection schemes have been presented in [1]. In the present
study, two-dimensional ramp and cavity based combustor testing has been car-
ried out on two different facility configurations (supersonic transition and sub-
sonic transition). The effect of inlet flow conditions on the kerosene ignition and
sustained combustion has been investigated.

2. Experimental setup. The experiments were conducted in two different
facility configurations. In the first configuration, CR transition duct placed in the
supersonic flow as shown in Fig. 1, a. In the second case the CR-transition duct
is placed in the subsonic flow as shown in Fig 1,b. The test facility consists of a
hydrogen burner, to simulate the high enthalpy flow conditions, by burning hy-
drogen in the air, with oxygen replenishment. The composition of the vitiated air
is controlled to achieve a 21 % oxygen mole fraction, with regulated gas flows,
by means of operating pressure and injection orifices. The hydrogen burner pres-
sure and temperature are monitored for the calculation of total pressure and total
temperature. The high enthalpy gas is then accelerated to reach the required
Mach number and flow conditions. The burner is axis-symmetric in construc-
tion, for ease of fabrication and to avoid structural problems associated with
rectangular constructions. Rectangular flow field has been established by suit-
able arrangement at the entry to the SCRAMIJET combustor.

Circle to rectangle transition duct. The combustors focused towards the
hypersonic flight operations are rectangular in cross section. The flow field will
be highly depending on the combustor flow path, thus it is essential to carry out
ground testing on two-dimensional combustor. As mentioned earlier, conven-
tional vitiated air heaters are axis-symmetric in nature. Thus it is required to con-
vert the flow from axis-symmetric to rectangular flow, which requires a
CR-transition duct to be positioned in the facility flow path. The CR-transition
duct has been designed from converting the circle to ellipse and then to a rectan-
gle [2]. The major and minor axis distance is equal near the entry where the cross
section is circular, and they are varied slowly to the rectangular cross section at
the entry of the combustor. The internal flow path has been developed from
two-dimensional contours in two normal planes intersecting at the centre of each
of the cross sectional planes [2, 3]. Thus the transition duct has two planes of
symmetry. The two dimensional contours have been designed considering the
supersonic and subsonic flow properties. For the case of supersonic transition
duct, contour design has been made for minimum losses [2, 4]. Here an attempt
has been made to position the CR-transition duct both in the supersonic flow and
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Fig. 1. SCRAMIJET combustor test facility (schematic)

in the subsonic flow and to investigate the effect of the change of the flow field at
the entry of the combustor.

CR-transition duct in the supersonic flow. The solid model of the super-
sonic transition duct and the schematic of the flow path is shown in Fig. 2. The
vitiated air from the hydrogen burner is expanded to supersonic flow by an
axis-symmetric nozzle. The nozzle is designed to operate at a Mach number of
2.6. The axis-symmetric flow is converted in to a rectangular flow using a
CR-transition duct at the exit of the nozzle. The two dimensional combustor fol-
lows the CR-transition duct.

CR-transition duct in the subsonic flow. The schematic of the flow path is
shown in Fig 3 (see color inset). This configuration is shown in Fig. 1, b.The viti-
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Fig. 2. Transition duct: solid model () and schematic drawing ()

ated air from the hydrogen burner is converted to rectangular flow by position-
ing the CR-transition duct in the subsonic region, then a two dimensional nozzle
of mach number of 2.5 is used to deliver supersonic flow to the two dimensional
combustor. The facility photograph is shown in [1].

Combustor configuration. The mixing of fuel stream injected into the su-
personic combustor is poor because of the high speed cross flow, due to the sup-
pression of turbulence and prevention of fuel penetration. Thus it is essential to
design mixing devices like ramps, which produce axial vortices [5—S&]. Also, ig-
nition and sustained combustion of hydrocarbon fuels are difficult because of the
low pressure in the supersonic combustor and low residence time of the fuel.
Thus, flame holding devices like cavities are used for sustained combustion
[9—14]. Here, the combustor has been designed with ramps for mixing and cavi-
ties for flame holding. Fig. 4 shows the ramp-cavity based SCRAMIJET combu-
stor. It has an entry cross-section of 85 x 28 mm®. The first constant area section
is called isolator, followed by a 6 mm step on both sides. Ramps and cavities are
used for fuel injection and flame holding. The length of the ramps is 200 mm and
angle is 4°. The ramps are staggered in the width of 85 mm. There are two ramps
at the top. There are one full width ramp and two half-width ramps at the bottom
surface. There are cavities at both top and bottom surface following the ramps.
The cavities run from one sidewall to other, for a width of 85 mm. The cavities
are stable cavities with an L/D ratio of 6.75, with a slanting rear wall of 45°. A
constant area section of 85 x 40 mm? follows the cavities for length of 142 mm.
A diverging area combustor of 410 mm length is provided to avoid thermal
choking. The semi-cone angle of the diverging combustor is 3.2°. Static pressure
transducers are mounted on the top wall of the combustor. Inside wall flushed
thermocouples are mounted in the bottom walls and skin thermocouples are
mounted on the outer wall of the combustor. Pressure and temperature measure-
ments are used to evaluate the performance of the combustor.

100 ISSN 0204-3572. Electronic Modeling. 2007. V. 29. Ne 1



Effect of Non-uniform Flow on the Ignition and Combustion in Scramjet Combustor

40x 85

-
T

-
>l

412

Left side view Front view

Top view

Fig. 4. Ramp-cavity SCRAMIJET combustor

Fuel injection scheme. The fuel injection locations in the combustor are
shown in the Fig. 5 (see color inset). There are normal injections ahead of each
ramp. The fuel injection scheme is designed based on fuel penetration heights in
supersonic flows [15]. The second stage fuel has been injected from the base of
all ramps, over the cavities. The injection hole diameter is 0.4 mm. The combus-
tion studies on the ramp-cavity SCRAMIJET combustor has been carried out
with kerosene fuel barbotaged with hydrogen. The internal flow path of each in-
jector is shown in [1]. The barbotaging of kerosene with hydrogen helps ignition
of kerosene [16, 17]. The solid model of the combustor integrated with barbo-
tage injection system is shown in [1].

3. Computational analysis (non-reacting case). Computational analysis
for the two configurations (transition duct in the supersonic and subsonic flow)
has been carried out, for «no fuel injection» case using the computational fluid dy-
namics code «CFX Tascflow». This is a full three dimensional Navier— Stokes, un-
structured solver. Fig. 6 (see color inset) shows the solid models of the geometry.
Fig. 7 (see color inset) shows the computational domain. The simulation has
been carried out from the throat of the nozzle for both the cases.

Fig. 8, a, b (see color inset) shows the mach number plots from the nozzle throat
to the combustor entry, for supersonic transition and subsonic transition respec-
tively, in the vertical plane. It is clear that the flow is uniform across the plate at the
combustor entry, for the subsonic transition case. For the supersonic transition duct
case, due to the duct geometry and change in the nature of the flow, shock waves are
present in this plane and at the core the flow again accelerates.

Fig. 9, a (see color inser) shows the mach number plots at different cross
sections, for the supersonic transition case. Planes 1,2 and 3 are in the nozzle,
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where the mach number distribution is uniform. The planes 4 and 5 are in the
middle of the transition duct and at the entry to the combustor. In the plane 4,
near the side there is an expansion zone and in the corresponding zone in plane 5,
the separated flow exists. Fig. 9, b (see color inset) shows the mach number plots
at different cross sections for the subsonic transition case. The flow is uniform in
all the planes and uniformly expands to the designed mach number.

Fig. 10, a, b (see color inset) shows the mach number plots at the symmetry
plane of the combustor, for supersonic transition case and subsonic transition
case, respectively. In the subsonic transition case, the flow expands at the step of
the combustor. For the supersonic transition case expansion is suppressed. It is
clear that the separated zone is larger and extends almost to the end of the ramps
at the top wall. Also, in the bottom plate the separated zone extends up the ramp
leading edge.

It should be noted that the first stage fuel injection locations are ahead of the
ramps, which is now in the large separated zone for the supersonic transition
case. And this feature is absent for the subsonic transition case.

Fig. 11, a, b (see color inset) shows mach number plots for the plane par-
allel and shifted 20 mm to the symmetry plane for supersonic transition and sub-
sonic transition case, respectively. For the subsonic transition case the flow field
is similar to that of the symmetry plane. But in the supersonic transition case
large separation zone is absent.

Fig. 12 (see color inset) shows the top wall pressure distribution at the sym-
metry plane for both the cases. The pressure plot indicates the flow field dis-
cussed above. In the case of subsonic transition, the pressure decreases suddenly
due to the step after the constant area section. In the supersonic transition case,
the pressure increases near the step region. This indicates that the effect of step is
suppressed in the separated zone. The pressure increases in the ramp region, in
both cases. But the magnitudes of the pressure are very high for the case of su-
personic transition. The expansion at the base of the ramps and downstream

Table 1. Gas flows (supersonic transition duct)

Hot reacting flow
No Parameter

Expected Actual
1 Air, kg/s 0.750 0.625
2 Hydrogen, kg/s 0.014 0.012
3 Oxygen, kg/s 0.180 0.181
4 Kerosene fuel, gm/s 24.0 26.00
5 Equivalence ratio combustor (kerosene) 0.40 0.467
6 Equivalence ratio combustor (barbotage hydrogen) 0.01 0.01
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pressure distribution is similar in both the cases, with different magnitudes. Thus
it is clear from the CFD analysis that, there exists a strong three dimensional ef-
fect caused by the transition duct in the supersonic flow.

4. Experimental studies. It is clear from the CFD analysis that the flow has
a strong three-dimensional flow field. The supersonic flows exhibit a strong sup-
pression characteristic over the turbulence and disturbances, thus uniform fuel
distribution is difficult. These three — dimensional disturbances generated by
the transition duct in the supersonic flow is augmenting the ignition and combus-
tion of kerosene. Combustion studies are carried out for two facility configura-
tions of supersonic and subsonic transition, to evaluate the pros and cons of
non-uniform flow conditions at the scramjet combustor entry.

Combustion study for supersonic transition. Tab. 1 shows the flow condi-
tions achieved in the combustion experiment.

Fig. 13, a (see color inset) shows test results — the wall pressure distribu-
tion along the combustor. The pressure curve for no fuel injection case indicates
that the pressure levels are higher than those predicted by the CFD analysis. Igni-
tion of kerosene with hydrogen barbotage is achieved. There is a substantial
pressure rise between the no fuel injection and fuel injection cases. Also the
pressure rise is observed ahead of ramp fuel injectors. This indicates the pres-
ence of the separated zone.

Combustion study for subsonic transition. The Tab. 2 shows the flow con-
ditions achieved in the combustion experiment.

Fig. 13, b (see color inset) shows test results — the wall pressure distribu-
tion along the combustor. The pressure curve for no fuel injection case indicates
that the pressure levels are lesser compared to the previous experiment as pre-
dicted by the CFD analysis. The pressure decrease near the step, which was ab-
sent in the supersonic transition case, could be observed in the wall pressure plot.
In this experiment ignition of kerosene with hydrogen barbotage could not be
achieved in the combustor, so the pressure rise between the no fuel injection case
and fuel injection case could not be observed.

Table 2. Gas flows subsonic transition duct

Hot reacting flow
No Parameter

Expected Actual
1 Air , kg/s 0.750 0.645
2 Hydrogen, kg/s 0.014 0.012
3 Oxygen, kg/s 0.180 0.192
4 Kerosene fuel, gm/s 24.0 232
5 Equivalence ratio combustor (kerosene) 0.40 0.40
6 Equivalence ratio-combustor (barbotage hydrogen) 0.01 0.01

ISSN 0204-3572. OnekTpoH. MoaenupoBaHue. 2007. T. 29. Ne 1 103



Prahlada, Govindarajulu, Reddy D. N

Fig. 14 (see color inset) shows the comparison of pressure distribution for
supersonic transition and subsonic transition case for «no fuel injection» case.
The pressure rise was small for the subsonic transition case, as the flow is clean
and shock free at the entry to the combustor.

5. Conclusions. Experimental and computational investigations have been
carried out on the effect of uniform and non-uniform flow conditions on the igni-
tion and sustained combustion of kerosene in the supersonic flow. Investigations
have been carried out with positioning CR-transition duct in supersonic and sub-
sonic flow to achieve rectangular flow field at the two dimensional combustor.
CFD analyses have been carried out on both supersonic and subsonic transition con-
figurations in a non-reacting (without fuel injection) flow conditions. Experimental
studies have been conducted on similar geometries with kerosene injection. The fol-
lowing conclusions are drawn from the above studies. The presence of the transition
duct in the supersonic flow produces dominant three dimensional flow fields with
complex shock and expansion waves. The presence of these waves help in better
mixing of fuel and air. The presence of the transition duct produces higher pressure
in the combustor, providing favourable flow conditions for ignition and sustained
combustion of kerosene, which could not be achieved in clean supersonic flow. This
is an important input for the vehicle designer, while carrying out end to — end sim-
ulation of the vehicle. Non-uniform flow at entry of the combustor is a positive indi-
cation for better combustor performance. But the stagnation pressure losses should
be minimized, by designing the transition flow path to produce similar non-uniform
flow at the entry on the combustor with minimum pressure losses. The combustor
stagnation losses should also be minimized by using aerodynamic shape of the
ramps, angled fuel injection and by controlling the blockage.

VMOBH OZIHOPITHOTO Ta HEOHOPITHOTO MMOTOKIB CTBOPIOIOTHCS YBEICHHIM KPYIJIOrO Ta MPsIMO-
KYTHOTO 3’€JHyBJIBHUX MOBITPOIIPOBOAIB y J03BYKOBHUH Ta HA/I3BYKOBHUH IOTOKHU Iepe]] Kame-
Pporo 3ropsiHHsl. YucerbHi Ta eKCIIEPUMEHTAITbHI JOCITIDKEHHS MPOBOIMINCH HA OCHOBI ramp-cavity
3 Ha/J3BYKOBHMH Ta JJO3BYKOBUMH 3’€IHAHHSAMH. BH3HAYCHO, 110 HEOAHOPIIHUI TPUBUMIPHHI
MOTIK, BUKJIMKAHWI HAsBHICTIO 3’€IHYBaJBHOIO TIOBITPOIPOBOLY, CIIPHUSIE 3aMaIFOBAHHIO KEpO-
CHHY, YOT0 HE MOYKHA JTOCSTTH 32 OJJHOPIJHOTO MOTOKY Ha BXOJIi KAMEPH 3rOPSIHHSI.

1. Prahlada, Govindrajulu K., Reddy D.N. Investigations on Kerosene Fuelled Scramjet
Combustor using Pilot and Barbotage Injection System// Electronic Modelling. — 2006. —
25, Ne 5. —P. 177— 128.

2. Sa bean J. W., Lewis M. J. Computational optimisation of Hypersonic rectangle to circle
transition inlet// J. of Propulsion and Power. — 2001. — Vol. 17 . —P. 571.

3. Smart M. K. Experimental testing of a Hypersonic inlet with rectangle to ellipse shape Tran-
sition//Ibid. — 2001.—Vol.17 .— P. 276.

4. Sugiuyama H., Akiyama M., Hitomo D. Numerical analysis of turbulent structure through
circle to rectangle transition duct// Proc. of the Sth ASME/JSME Thermal engineering con-
ference. AJTE 99-6385, 1999.

104 ISSN 0204-3572. Electronic Modeling. 2007. V. 29. Ne 1



Effect of Non-uniform Flow on the Ignition and Combustion in Scramjet Combustor

10.

11.

12.

13.

14.

15.

16.

17.

. WaitzI. A., Marble F. E., Zukoshi E. E. Investigation of a contoured wall injector for hyper-

velocity mixing augmentation//American Institute of Aeronautics and Astronautics J. —
1993. — Vol. 31. —P. 1014.

. Riggins D. W., McClinton C. R., Rogers R. C., Bittner R. D. Investigation of SCRAMIJET in-

jection strategies for high Mach number flows//J. of Propulsion and Power. — 1995. —
Vol. 11. — P. 4009.

. Fuller R. P., Wu Pi-Kuan, Nejad Ab. S., Schetz J. A. Comparison of physical and aerody-

namic ramps as fuel injectors in supersonic flow// Ibid. — 1998. — Vol. 14. — P. 135.

. Wilson M. P., Bowersox R. D. W., Glawe D. D. Experimental investigation of the role of

downstream ramps on supersonic injection plume// Ibid. — 1999. — Vol. 15. — P. 432.

. Ben-Yak, Hanson R.K. Supersonic Combustion of Cross-Flow Jets and the Influence of Cavity

Flame-Holders // American Institute of Aeronautics and Astronautics. Paper 99- 0484. — 1999.
Gruber M. R., Baurle R. A., Mathur T., Hsu K. Y. Fundamental studies of cavity based flame
holders concept for supersonic combustors// Ibid. — Paper 99-2248. — 1999.
Li Jain-Guo, Yu Gong, Zhang Xin-Yu. et al. Combustion of kerosene in supersonic Stream//
Ibid. Paper 2000-0615. — 2000.
BaurleR. A., Tam C. J., Dasgupta S. Analysis of Unsteady cavity flows for SCRAMIJET ap-
plications// Ibid. Paper 2000-3617. — 2000.
Ben-Yakar A., Hanson R. K. Cavity Flame holders For Ignition and Flame Stabilization in
Scramjets: An overview// Ibid. — 2001. — Vol. 17. — P. 869.
YuG., LiJ.G., Chang X. Y., Chen L. H. Investigation of kerosene combustion with pilot hy-
drogen in model SCRAMIJET combustor// Ibid. — 2001. — Vol.17. — P. 1263.
Lin K. -C., Kennedy P. J., Jackson T. A. Spray Penetration Heights of Angled-Injected Aer-
ated-Liquid Jets in Supersonic Cross flows//American Institute of Aeronautics and Astro-
nautics. Paper 2000-0194. — 2000.
YuG., LiJ G, Yue L. J., Zhao J. R., Zhang X. Y., Huang Y., Sung C. J. Characterization of
Kerosene Combustion in Supersonic Flow Using Effervescent Atomization//Ibid. Paper
2002-5225. — 2002.
Sovani S. D., Sojka P. E., Lefebvre A. H. Effervescent Atomization// Progress in energy and
combustion science. — 2001. — 27.

Ioctynuna 02.02.06

ISSN 0204-3572. OnekTpoH. MoaenupoBaHue. 2007. T. 29. Ne 1 105





