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1. Scramjet

2. Hypersonic

3. Thrust

4. Supersonic Combustion RAMjet (SCRAMjet)
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1. Specific Impulse

2. Strut

3. Deutsches zentrum fur Luft und Raumfahrt

4. Large Eddy Simulation (DLR)

5. Reynolds-Averaged Navier-stokes Equations (RANS)
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1. Detached Eddy Simulation (DES)
2. Redlich-kwong Peng-Robinson
3. Diamond shaped

4. Wall pressure ratio

5. Single strut

6. Double strut
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1. Fluent
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1. Finite rate / eddy dissipation
2. Eddy dissipation concept

3. Density based

4. Poisson’s equation
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Table 1- Physical models used for the simulation

Description Model
Solution Algorithm Density-based
Turbulence RNG k-epsilon

Turbulence-Chemistry interaction for the one-stage reaction mechanism | Eddy dissipation/finite-rate
Turbulence-Chemistry interaction for the multi-stage reaction mechanism Eddy dissipation concept
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—— Physical domain

------ Numerical domain
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Figure 1- The geometry of DLR scramjet
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1. Residual
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Table 2- Air and fuel inlet conditions of DLR scramjet

Fuel inlet Air inlet
Ma 1 2
U(m/s) 1200 730
T (K) 250 340
P (bar) 1 1
y 1.40 1.39
Species mass fractions H,: 1.0 0,:0.232
N.: 0.736
H,0: 0.032
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Figure 2- Different regions of the scramjet in the three-dimensional simulation
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Table 3- The number of cells of different regions in three-dimensional simulation
Side face Lower wall Upper wall Outlet Inlet Entire
(region E) (region B) (region A) (region D) | (region C) domain
Number of cells 137250 6950 6950 2617 1500 1613500

1. Hexagonal
2. prism
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Figure 3- The grid topology of the three-dimensional case at the outlet
Gt Ll 58 (29,5 )0 oudplnil (galaaseud -F JSb

ASLE ) oS B,y GadSd gl el 0l atie JSB 3 ol 5, L oo 35 sl sadobul 4kl

i plo 4 0aiiS 5,55 5l 4t ail dinboy 4 ¢ 5 e 5, b sntiaseie 4l conl oud oolital | JSisg s
F U 5 el plojle gty anaSid o s sngen |y (lad Laie mn 5, L bgise o) ol
sl 0 o0l L (6L pebans (51 sudplonl (onaSed B S 5 el o Lastie (639,555 endalol anaSs

Figure 4- The grid topology of the three-dimensional case at the inlet
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Figure 5- The grid topology of the three-dimensional case at the side face
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Figure 6- The comparison between the simulation results and experimental data for temperature in different cross sections
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Figure 7- The comparison of pressure contour of a) two-dimensional case with b) three-dimensional case
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Figure 8- The comparison of oxygen mass fraction contour of a) two-dimensional case with b) three-dimensional case
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Figure 9- The comparison of the regions with high reaction rate with the regions with high oxygen concentration
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Figure 10- The comparison of oxygen penetration into the regions with high reation rate for two-dimensional
and three-dimensional cases
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Table 4- The comparison between two-dimensional and three-dimensional results

Three-dimensional | Two-dimensional Dtlgfterrlintflv%e-rcfimteigs?ovr;l;hrégzpl)ti ot

The number of cells 1613500 145250 1010%

Required time for solving (day) 75 5 1400%

Average pressure at the nozzle outlet (Pa) 99566 99038 0.5%

Average velocity at the nozzle outlet (m/s) 726.76 735.44 1.2%

Thrust (N) 56.7 57.2 0.9%

Average temperature at the nozzle outlet (Pa) 413.93 408.84 1.2%

Combustion efficiency (%) 65.1 64.2 1.4%

The maximum value of y+ 38.24 37.54 1.9%

The minimum value of density (kg/m°) 0.0907 0.106 14.4%

The maximum penetration of the subsonic region (mm) 210 141 48.9%

The maximum penetrat.ion_of flame (the regions whose 130 58 124%
oxygen mass fraction is lower than 0.02, mm)
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1. Vortex
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Figure 11- vortexes observed in the domain with the help of Q-criterion
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Figure 12- vortexes observed near the strut with the help of Q-criterion
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Figure 13- The comparison of temperature contour of a) one-reaction case with b) multi-reaction case
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Figure 14- The comparison density contour of a) one-reaction case with b) multi-reaction case
S a5l gy ST ST (0 b (sSTguis (A ol duy lio VP STl

iiSleSS >y a5 Jljo iyl aelsl Sl pwl (g e e VP U iiSTaais giluand o Sgos ) e
Sl culy 4 alad 3985 pas JJods s asS aS joblen ol aidl slacl Ol il 6y e VFY U Dgog 8 4l

g (Wloals aseie A B> L) bajless 5l layd ol QUL ol yo aipggd caaSTanis a0 e Juily sl
e g ASS oo ol (g i oliliiél co bya je (asSTanis Al o (SUL e ol oyl (g iy a8

A



'Yaa QL».M) ‘P)LP O)Lo..fa 5‘“@&]....» JL....» ‘d‘)’“}‘ 9 u.‘>5.~4 ?...Jb 3)4 - ;Q.LC AJ)......J

AN O jgody iaSlgaiz g i lecSS (giluands Solay S o aslsl iy Ggog 3 4l a5 09l o sl £9090

R o..LoT I\ Jj..\} 5

Mach Number

0.05
X [m]
a)

Mach Number
2
1.8
1.6
14
1.2
1
0.8
0.6
0.4
0.2

-0.05

Figure 15- The comparison of Mach number contour of a) one-reaction case with b) multi-reaction case
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Table 5- The comparison between one-reaction and multi-reaction results

Multiple-reaction One-reaction Different percentage with respect to
the one-reaction results
The number of cells 145250 145250 0%

Required time for solving (day) 60 5 1100%
Average pressure at the nozzle outlet (Pa) 99734 99038 0.7%
Average velocity at the nozzle outlet (m/s) 720.29 735.44 2%

Thrust (N) 56.4 57.2 1.4%

Average temperature at the nozzle outlet (Pa) 424.96 408.84 3.9%
Combustion efficiency (%) 67 64.2 4.4%

The maximum value of y+ 38.24 37.54 1.9%

The minimum value of density (kg/m°) 0.118 0.106 10.2%

The maximum penetration of subsonic region (mm) 166 141 17.7%
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Figure 16- The flame index contour for the multi-reaction case
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Figure 17- The flame index contour for the one-reaction case
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Figure 18- The mass fraction of a) H,O, and b) OH in the multi-reaction case
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Three-dimensional modeling of the combustion process of a scramjet by

considering multi-stage reaction mechanism
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In this investigation, the combustion process in DLR scramjet is simulated and studied by considering multi-
stage reaction mechanism. This study is conducted both three-dimensionally and two-dimensionally with the
help of Fluent. The results indicate that the general performance of the scramjet is nearly the same for both
the two-dimensional and three-dimensional cases, that is to say the difference between calculated thrust and
combustion efficiency in these two cases are only 0.9% and 1.4%, respectively. To consider the effect of the
chemical mechanism on the obtained results, a two-dimensional simulation of the scramjet is done with a
detailed chemical mechanism, which includes 19 reactions. The results illustrate that the general performance
of the scramjet is nearly the same. More accurately, the difference between thrust and combustion efficiency
in the one-reaction and the multi-reaction cases are only 1.4% and 4.4%, respectively. In contrast, the
subsonic region behind the strut in three-dimensional case and multi-stage reaction mechanism case are
48.9% and 17.7% longer than the base case, respectively.

Keywords: Supersonic Combustion, Scramjet, Numerical Simulation, Turbulent flow
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