
Journal of Material Science and Mechanical Engineering (JMSME) 
p-ISSN: 2393-9095; e-ISSN: 2393-9109; Volume 3, Issue 2; January-March, 2016 pp. 90-94 
© Krishi Sanskriti Publications 
http://www.krishisanskriti.org/Publication.html 
 
 

Numerical Investigations into the Design and 
Development of Scramjet Combustors–A Review 

K.M. Pandey 

Department of Mechanical Engineering NIT Silchar, Assam, India 
E-mail: kmpandey2001@yahoo.com 

 
 

Abstract—Scramjet is thought to be a standout amongst the most 
encouraging drive propulsion systems for supersonic aircrafts and 
has been broadly researched in numerous countries. Among its key 
parts, the combustor gives the essential force, which shows that the 
improvement of the combustion procedure turns out to be critical to 
enhance the overall effectiveness and execution of the combustor. As 
the combustion procedure is sorted out inside of a supersonic stream, 
the fast fuel/air mixing, solid ignition and balanced out combustion 
must be acknowledged with a short residence time of an order of 
milliseconds. In the present paper, a brief review of various 
computational methods addressing the influence of various operating 
parameters and augmentation techniques has been reported. 

1. INTRODUCTION 

EXPERIMENTAL facilities for scramjet ignition estimations 
are to a great degree entangled, such that just a couple run-
time facilities are accessible around the world. The 
computational fluid dynamics (CFD) approach, which can be 
produced to a high-devotion level, offers the demonstrating 
and reenactment elective, and has been researched broadly. A 
discriminating survey of this simulation methodology, 
covering the aerothermodynamics and ignition angles in 
supersonic combustion and scramjets is introduced in this 
paper. It is the objective of this review to give genuinely 
detailed and current data on the subject, to supplement other 
significant audits/reviews. One of such audits is that of Baurle 
[1] who gives an outline of modeled equations typically 
employed by commercial-quality CFD codes for rapid burning 
applications, underlining on the striking elements and 
deficiencies of the arrived at the midpoint of mathematical 
statement set. A percentage of the models [1] have been 
executed in VULCAN, a broadly utilized, multi-framework, 
flux distinction split, limited volume code, grew by the Air 
Force and NASA for rapid (ramjet, scramjet)reacting stream 
recreation. The exact models and arrangement methodology in 
this code are reported in White and Morrison [2]. Tishkoff et 
al. [3] presents the condition of supersonic burning 
exploration, including demonstrating and simulation, as a 
result of a joint AFRL/NASA meeting in May of 1996, in 
which the cutting edge in hydrocarbon and/or hydrogen-
energized scramjet examination was analyzed, with 

recommendations for the future bearing and needs of basic 
research in backing of scramjet innovation.  

Other important surveys, pertinent generally to low-speed 
burning, incorporate Givi [4] who gives a review of the best in 
class in sub grid scale modeling as needed for large-eddy 
simulation (LES) of turbulent combustion. Conclusion 
complexities brought on by synthetic responses are the center, 
while Givi [5] exhibited a survey devoted primarily to sub grid 
scale (SGS) conclusion taking into account the filtered density 
function (FDF), which was a strategy that is analogous to the 
probability density function (PDF) modeling. A later survey of 
the FDF technique is additionally given by Givi [6]. Heinz [7] 
has highlighted the crucial contrasts between the Reynolds-
arrived at the midpoint of Navier-Stokes (RANS) and LES 
burning models for premixed and non-premixed turbulent 
combustion. Finally, Grinstein [8] tended to demonstrating 
issues important to CFD of turbulent non-premixed plane 
flares, including sub matrix and super grid modeling. 
Transitional jet dispersion flares of the hydrogen/air and 
propane/air sorts’ were reviewed, while the jets considered 
include laminar initial conditions, special dissemination 
impacts, powerless pivotal driving, negligible stream wise 
vorticity, and insignificant azimuthal non-consistencies, and 
also the effect of angle ratio dependent vortex topological and 
dynamical elements on the advancement of the jet dispersion 
flame. Models for turbulence, compound responses, volume 
extension, and heat discharge were additionally talked about, 
as were models for the dominant features of the couplings 
between the different phenomena. Unlike the prior surveys, 
which either did not harp much on the complexities of 
scramjet combustors or omitted scramjets altogether, it is the 
perplexing aerothermodynamics, ignition, and blending parts 
of the scramjet system that are of enthusiasm for this audit, 
since they stance difficulties to exact and computationally-
efficient modeling of the combustor.  

2. NUMERICAL SIMULATION [CAVITY-BASED 
INJECTION] 

Hongbo Wang et al’s[16] numerical work on scramjet 
combustor with dual cavity throw light on the fact that the 
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convergence of the bow shock waves and the concentrated 
heat discharge produce a high-pressure area between the pits, 
which prompts extraordinary pressure inclinations and 
additionally clear streams in the transverse course, pushing the 
fuel jets towards the combustor dividers. Therefore, solid 
collaborations happen between the fuel jets and the cavity aft 
walls, advancing the fuel transport into the pit. In the interim, 
the pit distribution areas are extensively broadened and 
bended, and the mass trade between the liquids all through the 
holes may be extraordinarily upgraded. In opposite, these 
stream structures bolster the concentrated heat discharge 
around the cavity by upgrading the fuel–air blending and 
expanding the residence time of the burnable. At that point, a 
positive feedback loop is shaped by this nearby coupling of 
stream and heat discharge. It is additionally watched that the 
burning downstream of the hole is restricted to slender locales 
close to the combustor dividers/walls because of the 
diminished fuel jet infiltration in the far field 

 

Fig. 1 Schematic of the computational combustor. [16] 

Amirreza Saghafian et al [17] worked on a combustion model 
which is based on an efficient flame let approach, where 
compressibility adjustments are contrived taking into account 
expected utilitarian types of essential thermo-compound 
quantities. Specifically, the source term of the advancement 
variable is rescaled with the local density and temperature in 
the LES, prompting enhanced predictions relative to existing 
flame let models. An adjusted balance wall model, equipped 
for anticipating the viscous heating, is utilized the viscous 
near-wall region. Temperature close to the wall increases 
significantly because of viscous heating, which then also 
improves reaction rate and heat-release.  

 

Fig. 2.Schematic of HIFiRE 2 scramjet. [17] 

Ming Bo Sun et al [18] worked on multi-cavities in hydrogen 
fueled scramjet combustor and observed that the introductory 
flame in scramjet combustor spreads along the cavity shear 
layer and touches off the fuel disseminated downstream 
rapidly. Alongside the pressure downstream moving up, the 
pre-burning shock trains and the flame locale move against the 

stream and the entire fuel jet is ignited and settled in a ‘jet 
surrounding mode’. The grow point of the upper wall and the 
unsettling influence brought about by the upstream cavity 
have a conspicuous impact on the fuel dissemination and 
convection technique into the cavity and further influence the 
ignition.  

 

Fig. 3: Schematic of test section and cavity installation 
scheme.[18] 

Supported ignition and advancement of combustor are the two 
difficulties being confronted by Combustion researchers 
working in the range of supersonic ignition. Careful blending, 
lower stagnation pressure losses, constructive push and 
supported burning are the key issues in the field of supersonic 
ignition. Uncommon liquid instrument is obliged to 
accomplish great blending. To prompt such systems in 
supersonic inflows, the fuel injectors ought to be 
discriminatingly molded acquiring less stream losses. J.V.S. 
Moorthy's [19] numerical work on the impact of ramp cavity 
on hydrogen fuelled scramjet combustor uncovers that Ramps 
at supersonic stream create axial vortices that assistance in full 
scale blending of fuel with air. Collaboration of shocks 
produced by ramps with the fuel stream creates boro-clinic 
torque at the air & fluid fuel interface, upgrading small scale 
blending. Recirculation zones present in cavities also increase 
the residence time of the combustible mixture. 

 

Fig. 4 Fuel injection from ramp and cavity  
scramjet combustor [19] 

The combustor has two areas. First, constant height section 
consists of a backward facing step followed by ramps and 
cavities on both the top and bottom walls. The ramps are 
found on the other hand on top and base wall. The complete 
combustor width is used for the cavities. The second segment 
of the combustor is diverging area. This is given to maintain a 
strategic distance from thermal choking.  
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Xinyan Pei et al [20] utilized the combustor model which had 
three segments: cavity section, cylindrical section and 
diverging section. The cavity is of interest on the grounds that 
distribution stream in cavity can give a steady flame holding 
to improve the rate of blending and burning effectiveness.  

 
Fig. 5 Cavity based solid-fuel scramjet combustor [20] 

He observed that the combustor without cavity introduced was 
anything but difficult to bring about shock impelled partition. 
Contrasting and the no cavity combustor, the ignition 
proficiency of combustor with a very much composed cavity 
introduced is enhanced by 150%.As the cavity length builds, 
the pressure loss decreases, which is in spite of the conclusion 
attracted fluid scramjet. The burning effectiveness is the most 
elevated for a fitting cavity length L/D of 4 with moderate 
total pressure loss. 

Wang Lu et al [21] utilized a scramjet test model for 
numerical recreation which was developed by China 
Aerodynamics Research and Development Center (CARDC) 
[22]. He uncovered that under the collaboration of cavity 
stream and fuel infusion, two sizes of vortexes were framed in 
the upstream cavity after burning.  

 
Fig. 6. 3-D Configuration of the dual cavity Scramjet Combustor 

The greater vortex gives a steady flame and the littler one 
shields the upstream cavity back divider from heat in a certain 
degree. Also, the unburned fuel was cleared out to the 
downstream cavity for a further burning when it meets fast 
standard, which is useful to enhance ignition effectiveness and 
to make the scramjet combustor shorter. Jeong-Yeol Choi et al 
[22] toss light on Combustion oscillations in a scramjet 
combustor with transverse fuel infusion. In their numerical 
work they observed that Transverse infused jet can be 
activated to wind up shaky with unsettling influences 
emerging from a shear layer or a cavity.  

 

Fig. 7.Scramjet combustor configuration. [22] 

The disturbed jet can infiltrate more profound into the cross-
stream and enhance the blending with air. When the burning 
happens all through the combustion chamber, a flimsy Mach 
reflection is shaped over the injector because of the stream 
insecurity and results in a strong pressure fluctuation on the 
upper wall. As a compelling instance of high pressure build-
up, thermal stifling happens in the combustor, which bring 
about the combustor might unstart because of the forward-
running strong shock wave. 

3. VALIDATION 

Here the validation is shown only based off the work of 
Gruber et al. [26]. 

 

Fig. 8. Cavity wall normalized pressure distribution 

Gruber et al. [26] conducted experimental and computational 
examinations for supersonic flow through scramjet 
combustors, each with a geometrically distinctive cavity. Their 
exploratory work accepted their computational work which 
utilized the VULCAN Navier–Stokes code. In the distributed 
work from Gruber et al. just the cavity measurements were 
given, and not the measurements of the displayed scramjet 
combustor which shaped the greater part of the computational 
space. Subsequently, the work from Huang et al. [71] was 
utilized to set up the measurements of the computational 
matrix. Huang et al. demonstrated a run of the mill scramjet 
combustor with a cavity. The work from Huang et al. was 
utilized in light of the fact that they referenced the 
experimental work of Gruber et al. with a specific end goal to 
approve their computational exploration.  

Fig. 8 demonstrates the standardized cavity wall pressure 
distribution for cavity LD5-01-90. The pressure was 
standardized utilizing the free stream pressure. Results are 
demonstrated for a mixed bag of turbulence models and are 
contrasted with the exploratory and computational work of 
Gruber et al. As showed in Fig. 8 the expectations from 
ANSYS Fluent 12.1 take after the same pattern as the 
exploratory results from Gruber et al. There is an observable 
top in the anticipated pressure at the area of the cavity fore 
wall for the standard k-ω and SST k-ω reenactment; this is 
likely a numerically brought on crest. The Reynolds stress 
model (RSM) which executed the low-Reynolds stress-omega 
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demonstrate precisely anticipated the top pressure, as acquired 
by the computational work of Gruber et al., at the area of the 
joining of the base and behind cavity walls. The low-Reynolds 
stress-omega model is a choice in ANSYS Fluent 12.1 to 
display the pressure–strain term in the definite transport 
mathematical statement for the Reynolds stress. The low-
Reynolds stress-omega model is fitting for streams over 
bended surfaces and whirling streams. Lion's share of the 
numerical expectations from ANSYS Fluent 12.1 over-
anticipated the cavity wall pressure dissemination in 
examination to the test qualities from Gruber et al. This is 
likely because of the way that the careful measurements of the 
computational space utilized by Gruber et al. were obscure.  

4. FUEL INJECTION AND MIXING 

The way in which fuel is acquainted with the cavity is 
discriminating to its execution as a flame holder. Fig. 10 
shows three of the regularly utilized infusion setups for 
powering cavity flame holders in supersonic streams. An in 
number coupling between the fuel infusion process and the 
neighborhood stream field exists both for the instance of 
"detached" infusion, where the fuel injectors are found outside 
to the cavity, and for "direct" infusion, where the injectors are 
inserted inside of one or a greater amount of the cavity walls . 

 

Fig. .10 Commonly employed injection configurations for 
fuelling cavity flame holders. Upstream injection: fuel is 
injected into the flow upstream of the cavity and is entrained 
into the recirculation zone by the shear layer; floor injection: 
fuel is injected directly into the shear layer; rear wall injection: 
fuel is injected directly into the cavity recirculation zone. 

Consequently, changes in the standard cavity stream field in 
light of powering result in a blending process that is more 
confused than demonstrated by the mass exchange 
computations by Baurle et al. [13] and [14] and Gruber et al. 
[15] in fig. 11.  

Fig. 11. Top: Snapshots of the time evolution of cavity 
(L/D=7.76) fluid mass decay from the LES study performed 
by Baurle et al. [13]. Lighter regions correspond to mixtures 
with a higher fraction of fluid originating in the cavity. Note 
the large-scale shear layer instability and the existence 
multiple trapped vortices in this relatively long cavity. The 
flow (M=2) is from left to right. Bottom: Cavity (L/D=3) fluid 

mass distribution 3 ms after initiation of the RANS 
computation performed by Gruber et al. [15]. Darker regions 
correspond to mixtures with a higher fraction of fluid 
originating in the cavity. The flow (M=3) is from left to right. 
The larger exchange rate between the primary vortex/aft 
cavity region and the free stream is apparent in both images. 

 

Fuel infusion from the wall upstream of the cavity driving 
edge is an appealing choice as it can give fuel to both the 
combustor center and flame holder. With this plan a bit of the 
infused fuel is entrained by the cavity shear layer and in this 
manner conveyed to the distribution zone. When all is said in 
done, dependence on upstream infusion brings about a flame 
holder distribution zone fuel circulation that is to a great 
extent subject to the degree of fuel jet infiltration, horizontal 
spreading, and interaction with the shear layer. Case in point, 
Ortwerth et al. [66] found that the operational states of a 
rearward-facing step flame holder were truly delicate to 
fueling rate – thus fuel jet infiltration – for the instance of 
upstream "pre injection" from the isolator walls. At last the 
neighborhood stoichiometry is directed by fuel injector 
geometry, e.g. size, shape, slant, horizontal dividing, 
separation from cavity driving edge, free stream conditions, 
e.g. Mach number, upstream boundary layer momentum 
thickness, level of backpressure, fuel sort, e.g. atomic weight, 
mass diffusivity and filling parameters, e.g. fuel temperature, 
stream rate, jet to-free stream dynamic pressure proportion. 
Upstream infusion can likewise advance the onset of upstream 
connection, bringing about development of the isolator shock 
train and change of the neighborhood blending procedures 
[12]. 

5. CONCLUSION 

A review of numerical simulation in to design and 
development of scramjet combustion is provided in this paper, 
covering the fundamental problem of supersonic mixing 
layers, the high-speed combustion modeling efforts, and actual 
calculations of realistic scramjet combustors. The review 
shows that the  

RANS approach dominates the turbulence modeling of the 
system, with only a handful of LES work. Also, the 
combustion models that have been used for realistic 
simulations solve the species evolution equations with 
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assumed PDF closures, although there seems to be a growing 
use of the flamelet methods. 

The effect of fuel injection parameters on local mixing 
[cavity based injection] 

Upstream injection 

Jet-to-free stream dynamic pressure ratio (fueling rate) –larger 
values lead to deeper penetration of upstream fueljet into free 
stream resulting in leaner cavity recirculation zone, although 
early merging of fuel jets can reduce air entrainment. 

Backpressure – shear layer separation can deprive 
recirculation zone of fuel. 

Floor/Transverse injection 

Fueling rate – higher injection pressures can stimulate shear 
layer oscillations, growth rate and entrainment, though 
increasing amounts of fuel may bypass recirculation zone. 

Backpressure – shear layer separation can deprive 
recirculation zone of fuel. 

Parallel injection 

Results in most uniform distribution of fuel within 
recirculation zone. 

Backpressure – causes a dilution of recirculation zone mixture, 
although fuel distribution is unaffected. 

Again the cavity was found to increase the temperature of the 
combustor while enhancing the combustion of fuel and 
oxidizer. The vortices generated by interaction between a 
shock wave and a shear layer, have immediate influence on 
the mixing enhancement in hypersonic flows, which then 
results in increasing combustion efficiency. 

REFERENCES 

[1] Baurle, R. A., “Modeling of High Speed Reacting Flows: 
Established Practices and Future Challenges,” 42nd AIAA 
Aerospace Sciences Meeting and Exhibit, January 2004. 
AIAA 2004-0267,  

[2] Reno, NV, White, J. A., and Morrison, J. H., A Pseudo-
Temporal Multi-Grid Relaxation Scheme for Solving the 
Parabolized Navier-Stokes Equations,” AIAA Paper, AIAA-
99-3360, 1999 

[3] Tishkoff, Julian M., Drummond, J. Philip, Edwards, T., and 
Nejad, A. S., “Future Direction of Supersonic 
CombustionResearch: Air Force/NASA Workshop on 
Supersonic Combustion,” 35th Aerospace Science Meeting 
and Exhibit, AIAA-97-1017, Reno, NV, January 1997. 

[4] Givi, P., “Subgrid Scale Modeling in Turbulent Combustion – 
A Review,” 39th AIAA/ASME/SAE/ASEE Joint Propulsion 
Conference and Exhibit, AIAA-2003-5081. 

[5] Givi, P. “Filtered Density Function for Subgrid Scale 
Modeling of Turbulent Combustion,” AIAA Journal, Vol. 44, 
No. 1, 2006, pp. 16-23. 

[6] Givi, P., Sheikhi, M. R. H., Drozda, T. G., and Madria, C. K., 
“Invited Review – Reliable and Affordable Simulation 
ofTurbulent Combustion,” 45th AIAA Aerospace Sciences 
Meeting and Exhibit, AIAA-2007-190, Reno, NV, January 
2007. 

[7] Heinz, P., “Large-eddy Simulation of Turbulent Combustion,” 
Annual Review of Fluid Mechanics, Vol. 38, 2006, pp. 453-
486 

[8] Grinstein, F. F., “CFD for Non-premixed Jet Combustion, A 
Perspective (Invited), AIAA-2007-0629. 

[9] Ferri, A., “Mixing-controlled Combustion,” Annual Review 
of Fluid Mechanics, Vol. 5, 1973, pp. 301-338. 

[10] Kumar, A., Bushnell, D. H., and Hussaini, M. Y., “Mixing 
Augmentation Techniques for Hypervelocity Scramjets,” 
AIAA Journal of Propulsion and Power, Vol. 5, No. 5, 1989, 
pp. 514-522 

[11] Marble, F. E., “Gasdynamic Enhancement of Non-premixed 
Combustion,” 25th Symposium (International) on 
Combustion, 1994, pp. 1-12. 

[12] Won, S., and Jeung, I., “Three-Dimensional Dynamic 
Characteristics of Transverse Fuel Injection into a Supersonic 
Crossflow,” 15th AIAA International Space Planes and 
Hypersonic Systems and Technologies Conference, AIAA-
2008-2515,Dayton, OH, May 2008 

[13] R.A. Baurle, C.-J. Tam, S. Dasgupta, Analysis of unsteady 
cavity flows for scramjet applications, in: Proceedings of the 
36th AIAA/ASME/SAE/ASEE Joint Propulsion Conference 
and Exhibit, Las Vegas, NV, AIAA Paper 2000- 3617, 2000 

[14] R.A. Baurle, C.-J. Tam, J.R. Edwards, H.A. Hassan, Hybrid 
simulation approach for cavity flows: blending, algorithm, 
and boundary treatment issues, AIAA J. 41 (8) (2003) 1463. 

[15] M.R. Gruber, R.A. Baurle, T. Mathur, K.-Y. Hsu, 
Fundamental studies of cavity based flameholder concepts for 
supersonic combustors, J. Propuls. Power 17 (1) (2001) 
pp146–153 

 

 


