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ABSTRACT

In this paper, supersonic combustion and flow field of hydrogen and its mixture with
ethylene and methane from strut injections in a Mach 2 supersonic flow are studied
numerically. The fuel mixture of hydrogen, methane and ethylene represents the major
products of pyrolysis of hydrocarbon fuels with large molecules such as kerosene as it acts
as coolant and flows through cooling channels and absorbs heat. Detached Eddy Simula-
tion with a reduced kinetic mechanism and steady flamelet model are applied to simulate
turbulent combustion. The calculated temperature profiles of hydrogen are compared to
the experimental results of DLR supersonic combustor for validation of the present nu-
merical method. The supersonic combustion flows associated with shock waves, turbulent
vortices and flame structures are studied. With addition of methane and ethylene, the
flame zone moves further downstream of the strut and the maximum flow temperature at
chamber exit decreases by 200 K. With analysis of total temperature ratios, it is found that
combustion efficiency for hydrogen combustion is 0.91 and it decreases to 0.78 for the fuel
mixture. The calculation of ignition delay time and flame speed reveals that fuel mixture of
hydrogen and hydrocarbons has considerably larger delay time and smaller flame speed,
that contributes to the weakened flame zone and lower combustion efficiency.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

heat from the combustor wall and its temperature may exceed
the cracking point and pyrolysis occurs. The fuel is then
decomposed into small molecular products such as methane,

Combustion characteristic of hydrocarbons is a key issue in
the design of air-breathing engine system. For long-run en-
gines, hydrocarbon fuels (e.g., kerosene) are often used as
coolant to absorb heat from the engine structure in a regen-
erative cooling system [1,2]. When hydrocarbon fuel with
large molecules flows through the cooling channels, it absorbs

ethylene and hydrogen and so on before being injected into
the combustor [3,4]. Many of previous works focused on
combustion characteristics of single fuel components and fuel
mixture, particularly representing products of pyrolysis is
rarely studied. Therefore, it is necessary to investigate com-
bustion characteristics of fuel mixture of hydrogen and small

* Corresponding author. No.15 Beisihuanxi Road, Institute of Mechanics, Chinese Academy of Sciences, Beijing, 100190, China.

E-mail address: fzhong@imech.ac.cn (F. Zhong).
https://doi.org/10.1016/j.ijhydene.2018.03.007

0360-3199/© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.


mailto:fzhong@imech.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2018.03.007&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2018.03.007
https://doi.org/10.1016/j.ijhydene.2018.03.007
https://doi.org/10.1016/j.ijhydene.2018.03.007

7592

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 43 (2018) 7591—7599

Nomenclature

Cpes Calibration constant used in DES model
D Coefficient of mass diffusivity
L; Turbulent length scale

mg Mass flow rate of fuel

Ma Mach number

n Normal vector of cross section
T Static temperature

Toa Total temperature at the inlet
Too Mass-averaged total temperature at the outlet
Tod Adiabatic flame temperature

t Flow time

v Velocity vector and

Yr Mass fraction of fuel

Yo Mass fraction of oxidant

You Mass fraction of OH species
Yy Dissipation of k

v Hamiltonian

n Combustion efficiency

Nimix Mixing efficiency

p Density

k Turbulent kinetic energy

w Specific dissipation rate

XE.0 Cross-scalar dissipation rate

molecular hydrocarbons for applications of realistic engine
operation.

To study details of reaction flow in supersonic combustor,
optical methods such as Schlieren Imaging or Laser Induced
Fluorescence are attempted. However, the present optical
methods are mainly applied in qualitative illustrations with
limited visualization zones. Alternatively, numerical simula-
tion with high order of accuracy is effective for the study of
flow and reaction mechanism of supersonic combustion. De-
tached Eddy Simulation (DES) originally proposed by Spalart
[5] combines advantages of Reynolds averaged N-S method
(RANS) in the turbulent boundary layer and Large Eddy
Simulation in the outer flow region and is considered an effi-
cient method for resolving turbulent structures with relatively
low computational costs. For example, Choi et al. [6] studied
flow and combustion process of a scramjet combustor with
hydrogen fuel via DES. The details of flow fields and charac-
teristic frequencies are provided. It is concluded that
comparing with RANS method, the DES is a very useful tool for
scramjet studies and presents more detailed information of
supersonic combustion. Vyasaprasath et al. [7] simulated
planar mixing and turbulent combustion of hydrogen and air
using DES model and obtained consistent results with the
experimental data. The DES method is able to resolve the
dynamics of reactive turbulent flow. Wang et al. [8] simulated
reacting flow of the DLR supersonic combustor using a 19-step
reaction model of hydrogen and a flamelet/progress variable
model. The DES model can better simulate the turbulent
transport processes and hence improve the accuracy of
combustion simulation. Kummitha et al. [9-11] conducted the

simulation of mixing and combustion of fuel and air in the
DLR supersonic combustor. The authors used different pas-
sive technologies to improve the mixing and combustion
efficiency.

Using DES method and a reduced kinetic mechanism, su-
personic combustion of hydrogen and its mixture with
methane and ethylene are considered in present works in
order to compare the combustion properties for fuel mixture
with pure hydrogen. The reduced mechanism with 25 species
and 131 reaction steps is obtained from a detailed mechanism
proposed by Wang [12] via a reduction method of directed
relation graph with error propagation and sensitivity analysis
(DRGEPSA) [13,14]. The present numerical method is validated
by comparison of temperature profiles of hydrogen combus-
tion with the experimental data reported by Gucrra et al. [15]
for the DLR supersonic combustor. The supersonic combus-
tion of mixture fuel of hydrogen, methane and ethylene is
simulated and the effects of hydrocarbon components on flow
and combustion properties are discussed. The present nu-
merical work is expected to provide insights into combustion
properties of fuel mixture of hydrogen and hydrocarbons with
small molecules and to obtain better understanding of
mechanisms of supersonic combustion.

Computational method
The computational domain

Fig. 1 gives configuration of a supersonic model combustor
that has been experimentally tested at the German Aerospace
Center (DLR) [15] as called as DLR supersonic combustor in
many of previous literatures [16,17]. The channel has an inlet
cross section of 40 mm x 50 mm, and the air has an inlet Mach
number of 2.0 and an inlet static temperature of 340 K. There is
a wedge-shaped strut placed at the center of the combustor
and is located 35 mm downstream of the combustor entrance.
The strut has a length of 32 mm and a height of 6 mm, where
fuel is injected into the supersonic airflow at sonic velocity
and with a static temperature of 250 K.

The airstream and the fuel inlet boundary conditions are
fixed with pre-given pressures and total temperatures. Slip
wall is applied for the top and the bottom walls of the
combustor to avoid resolving wall boundary layer as used in
previous numerical work of [18,19]. The strut walls are treated
as adiabatic and no-slip wall. The boundary conditions at the
combustor outlet is set to be non-reflection since supersonic
flow is assumed at the outlet. For the present study, several
mesh sizes (500 x 300, 600 x 400, 700 x 500) are tested for the
study of grid independency. As shown in Fig. 2, the time
averaged temperature profiles at a streamwise distance of
x = 125 mm calculated with the mesh of 600 x 400 and
700 x 500 are very close to each other. Therefore, a mesh of
600 x 400 with a minimum grid spacing of 1.0 x 10 °m near
the wall is chosen for the present study.

The Turbulence closure is achieved by means of DES (De-
tached eddy simulation) approach based on SST k-w model
[20,21]. The dissipation of k is given by
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Fig. 1 — Configuration of the supersonic combustor (unit: mm).
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Fig. 2 — Time averaged temperature profiles calculated
with different meshes.

Y = pﬁ*kaDEs

where Fpgs is expressed as

t
Fpes = max <7CDES A 1)
LY
B w

where Cpgs is a calibration constant of 0.61 and Apgy is the grid
spacing which is the maximum length of quadrilateral cell.

The finite volume method is used to solve the flow trans-
port equations, including continuity equation, momentum
equation and scalar transport equations including energy and
mixture fraction. The coupled algorithms have been used to
solve the pressure-velocity coupling. The second-order up-
wind scheme is used to discretize the convective terms and
the second-order center scheme is applied to calculate the
diffusion terms. The specific heat of fuel/air mixture is ob-
tained by the mass-weighted mixing law of all components.
The polynomial fitting functions of temperature from NASA
thermochemical polynomial data that are valid up to 5000 K is
used to determine the specific heats of each species. The
temporal terms are solved with second order implicit scheme.
A time step of 107° s is set and the computations are con-
ducted for 20 times of the flow characteristic time based on
the combustor length and flow speed to ensure a statistically
steady combustion flow has been established.

Reacting mechanism

The reduced mechanism of C1-C2 hydrocarbons proposed by
Zhong et al. [22] is used in present work. It has 25 species and
131 elementary reactions, which are simplified from a
detailed mechanism of Wang [12] with 71 species and 395
reaction steps via the DRGEPSA method. The detailed infor-
mation about the reduced mechanism can be found in the
literature [22]. The reduced mechanism is also valid for
the combustion of hydrogen by comparing the predicted
ignition delay time and laminar flame speed with the results
provided by published experimental data or detailed kinetic
mechanisms.

The present works use steady flamelet model to describe
the combustion process and turbulent chemistry interactions.
The reduced mechanism is implemented to generate flamelet
library, and then to create the PDF database. The compress-
ibility effect is included in the calculation of PDF database. The
mass weight mixing law is used to calculate the flow property
of fuel mixtures such as viscosity and thermal conductivity.
Schmidt number is set to be 0.7 for calculation of species
transport equations.

Except pure hydrogen, methane and ethylene are added to
get fuel mixtures to study flow and combustion characteristics
of hydrogen with addition of hydrocarbons. In this paper, two
type of fuels are studied, fuel A: hydrogen, fuel B: mixture of
hydrogen, ethylene and methane with a molar ratio of 1:1:1.
The ratio choice partly refers to the result of cracking products
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Fig. 3 — Temperature distribution curves at different
streamwise location.
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Fig. 4 — Contours of instantaneous temperature, mass fraction of OH, shadow images and Mach number. (a) Temperature,
(b) Mass Fraction of OH, (c) Numerical shadow image, (d) Mach number.

of JP-7 fuel as described in reference [23]. The mixture fuel is
fully pre-mixed before being injected into the combustor. The
fuel inlet boundary condition is set with the pre-given pres-
sure and total temperature. It is ensured that for fuel A and
fuel B, the same fuel-to-air equivalence ratio is kept as well as
the same fuel temperature.

Results and discussion
Combustion of hydrogen

Fig. 2 shows the time averaged temperature profiles of
hydrogen (fuel A) at different streamwise locations in
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Fig. 5 — Contours of cross-scalar dissipation rate of flame.
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Fig. 7 — Temperature profiles at different streamwise
locations for fuel A and B.

comparisons with the experimental data of DLR [15]. The
black circle symbols are the experimental data. The red solid
lines are the present results and the green dash-dot lines are
the RANS result from Oevermann et al. [18]. Compared to
RANS method, DES method gives better results especially at
downstream locations of x = 125 mm and x = 233 mm and
agrees well with the experimental data.

As shown in Fig. 3, at x = 78 mm, a location only 11 mm
downstream of the strut, combustion occurs only in the shear
layer of fuel/air mixing and the temperature profile shows two
sharp peaks on top and bottom sides of the strut. As the
mixinglayer grows, combustion moves from the shear layer to
the center zone of the combustor and the temperature rea-
ches a maximum of about 1900K at x = 125 mm. At further
downstream locations, hydrogen is consumed quickly,

Yon

H,

o 0.0003 0.0006 0.0009 0.0012
50
> 25

e ] 50 100 150 200 250 300

X

s |
Yon 0 0.0003 0.0006 00009 0.0012 H2 / CH4 / C2H4

200 250 300

H,/CH,/C,H,

(D

Fig. 6 — Contours of time-averaged temperature, mass fraction of OH, shadow images and Mach number for fuel A and B. (a)
Mean Temperature, (b) Mean Mass Fraction of OH, (c) Mean Shadows, (d) Mean Mach Number.
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leading to decreasing in the combustion intensity and lower
flow temperature.

Fig. 4 gives contours of instantaneous temperature, mass
fraction of OH, shadow images and Mach number at times of
3.25ms, 3.3 ms, 3.35 ms and 3.4 ms. The black lines in Fig. 4 (a)
and (b) show the location of stoichiometric ratio of hydrogen-
air mixture. The OH radical is used to indicate the reaction
zone and flame structure. As shown in Fig. 4 (b), the reacting
zone is mainly distributed in the mixing shear layer and the
shedding vortices downstream of the strut. The turbulent flow
stretches flame and causes more air go into the reacting zone
to have a more efficient mixing. Fig. 4 (c) and (d) clearly show
shock structures caused by hydrogen/air mixing and com-
bustion. The reflected shocks also affect the vortices down-
stream of the strut and change the flame shape.

Fig. 5 gives the cross-scalar dissipation rate defined as
xro = —DVYr e VY, at different times. The cross-scalar dissi-
pation rate is often used to identify premixed and diffusion
flames as discussed in the literatures [24,25]. With negative
value, the cross-scalar dissipation rate indicates premixed
combustion and with positive value, it indicates diffusion
combustion. In Fig. 5, the black lines show the location of
stoichiometric ratio of fuel-air mixture. Fig. 5 clearly shows
that pre-mixed flame is located just downstream of the strut
and in the wake region of the strut. As fuel goes further
downstream, flame is mainly in diffusion pattern and located
around the shedding vortices.

Combustion of mixtures of hydrogen and hydrocarbons

For a regeneratively cooled supersonic combustor, hydrogen
and hydrocarbon mixtures as cracking products of large-
molecular fuels are injected into combustor as discussed in
the “introduction” part. The addition of hydrocarbons such as
ethylene and methane changes physical and chemical prop-
erties of fuel and affects flame distribution and combustion
efficiency. Therefore, in this part, combustion of fuel mixture
of hydrogen, ethylene and methane with a molar ratio of 1:1:1
(fuel B) is studied at the same fuel to air equivalence ratio as
hydrogen.

Contours of time-averaged (the averaging time is 5ms
with 500 samples) temperature, mass fraction of OH,

0.1 T T T
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numerical shadow image and Mach number are given in
Fig. 6. As shown in Fig. 6 (a), the high-temperature region of
hydrogen combustion is quite different from that of fuel B
with hydrocarbon additions. The combustion intensity of
hydrogen is stronger than the fuel B and the zone of high
temperature is wider. Fig. 7 give the temperature curves at
different streamwise locations. At x = 78 mm, a location just
downstream of the strut injection, the temperature profiles of
both fuels show peaks in the fuel/air mixing shear layer re-
gions at upper and lower sides of the strut. At locations
further downstream, the temperature profiles for both fuel
give a single peak in the center region and the peak value of
hydrogen is obviously higher than that of fuel B. The more
intensive combustion of hydrogen can also be explained by
comparing the ignition delay time and flame speed of the two
fuels. Fig. 8 (a) and (b) plot the ignition delay time and
laminar flame speed of fuel A and B at varied fuel/air
equivalence ratios. The calculation of ignition delay time and
flame speed reveals that fuel mixture of hydrogen and hy-
drocarbons has considerably larger delay time and smaller
flame speed, that contributes to the weakened flame zone
and lower combustion efficiency.

Fig. 9 give contours of instantaneous temperature, mass
fraction of OH, shadows and Mach number of different fuels at
t=3.25ms and t = 3.35ms. Similar to the discussion in Fig. 5 for
hydrogen, turbulent flow stretches flame in the shear layer and
the wake regions. Reaction zones are separated from the main
flow, forming several isolated combustion “island”. With addi-
tion of methane and ethylene, the interaction between turbu-
lence and combustion becomes weaker and the isolated
combustion islands are less and smaller. As shown in Fig. 9 (a),
the high temperature region of fuel A is obviously larger than
that of fuel B, indicating higher combustion efficiency for fuel A.
The OH contours given in Fig. 9 (b) show that for fuel B, the flame
zone becomes smaller and the flame base moves further
downstream of the strut. For both fuels, flame kernels are
observed to be related to the vortices downstream of the strut
and for fuel B, the flame is weakened with much smaller and
sparse distribution of flame kernels. Fig. 9 (c) plots numerical
schlieren for both fuels. It is found that flame and vortices
downstream of the strut are strongly affected by the shock
waves reflected from the upper and the bottom walls. For

400 T T T T

—_ /D—D’D_D—D‘D\D
3 300 D ]
9 >
£
L)
200 J
(]
) J/
@ —0—H2
£ / - A--H2 /CH4 /C2H4
S 1004 o 4
™ _A-O-A
:/ a-e TN
A7 Aal
A AN A- Ao A=A
0 T T T T
0.4 0.8 1.2 1.6 2.0
Equivalence Ratio

(b)

Fig. 8 — Ignition delay time and laminar flame speed at 1 atm for fuel A and B. (a) Ignition delay time, (b) Laminar Flame

Speed.


https://doi.org/10.1016/j.ijhydene.2018.03.007
https://doi.org/10.1016/j.ijhydene.2018.03.007

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 43 (2018) 7591—7599

7597

hydrogen fuel, the shock-combustion interaction is stronger
due tomore heatreleasingand larger reaction zone of hydrogen.

Distributions of combustion efficiency and mixing effi-
ciency along the streamwise direction are drawn in Fig. 10.
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Fig. 9 — Contours of instantaneous temperature, mass fraction of OH, numerical shadow and Mach number for fuel A and B
at t = 3.25ms and t = 3.35ms. (a) Temperature, (b) Mass Fraction of OH, (c) Shadows, (d) Mach Number.

The combustion efficiency defined as the ratio of total tem-
perature differences as defined in the literature [26]:
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Fig. 10 — Distributions of combustion efficiency and mixing efficiency for fuel A and B. (a) Combustion efficiency, (b) Mixing

efficiency.

Table 1 — The combustion efficiency and mixing length.

Combustion efficiency Mixing length
at the exit
Fuel A 0.91 108 mm
Fuel B 0.78 73 mm

where Ty, is the mass-averaged total temperature at the
combustor outlet and Ty, is the mass-averaged total temper-
ature at the inlet and T, is the adiabatic flame temperature of
the fuel/air mixture.

The mixing efficiency is defined as follows according to the
literature [27]:

e / PYu(V o n)dA
ms / pYr(V e n)dA

Mmix =

The Yy was defined as

Y,
ve=Yo(g)
st

where, Y, is the mass fraction of air and Yy is the mass
fraction of fuel, and V is velocity vector and n is normal vector
of cross section. The subscript of st indicates the stoichio-
metric ratio. The mixing length is defined as the length over
which the mixing efficiency increases from 0 to 1.

For hydrogen combustion, the combustion efficiency at the
combustor outlet is 0.91, while, for fuel mixture, the com-
bustion efficiency is 0.78 as listed in Table 1. For fuel A, the
mixing length is 108 mm and it is 73 mm for fuel B since for
hydrogen, the injection velocity is about 1200 m/s, which is
much higher than that of the fuel mixture (430 m/s).

YrifYr <Yy
YvMi{‘Y’ripr>vYT7

Conclusions

In order to investigate the combustion characteristics of
mixed fuels, supersonic flow and combustion of strut in-
jections of hydrogen and its mixture with hydrocarbons are
simulated with DES method and reduced kinetic mechanism
of C2 and steady flamelet model. The models are verified by

comparing the calculated temperature profiles with experi-
mental data of DLR supersonic combustor. The flow fields and
radical distributions clearly show flame structure and turbu-
lent vortices downstream of the strut injector. The flame is
strongly stretched by vortices and shock waves. With addition
of methane and ethylene, combustion intensity is weakened
and reaction zone and flame shapes change significantly. The
flame zones move further downstream of the strut and
become wider than that of hydrogen. The maximum flow
temperature at chamber exit decreases by about 200 K. The
analysis of chemical reaction kinetics that fuel mixture of
hydrogen and hydrocarbons has considerable larger ignition
delay time and smaller flame speed. The combustion effi-
ciency of hydrogen and hydrocarbons mixture is 0.78, while,
for pure hydrogen, the combustion efficiency is 0.91.
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