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sponding to the two families described earlier. They do not agree
with either the shock strength model estimation or the turbulent
diffusion model as shown by Figs. 2 and 4. A possible explanation
for this discrepancy is that Hall had measured the velocity of the
source radiating into the outer flow by the mixing layer, which is
not the large eddy convection velocity. The measurements made at
IMST by Barre*? confirm that Uc is different from the sound
sources’ velocity Us.

In conclusion, a new method, based on a shock strength parame-
ter, was used to calculate the convective velocity of large-scale
structures in a specific flow configuration corresponding to an
assumption of convected shock waves linked to the eddies. From
all of the results presented in this note, it appears that this assump-
tion seems to adequately describe a large number of flows where
the confinment ratio 8/D is of the order of 0.1. It has been shown
that this model cannot describe nonconfined flows, which seem to
behave in a more isentropic way.
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Introduction

HE current interest in hypersonic flight has created a resur-

gence of interest in hypersonic airbreathing propulsion sys-
tems. In this flight regime, most of the work has concentrated on
hydrogen-fueled supersonic combustion ramjet engines. For a
Mach number range of 4-10, hydrocarbon fuels provide sufficient
thrust and are also being considered. The high density of hydrocar-
bon fuels, as well as ease of handling, makes them very attractive
for volume-constrained systems such as missiles and the hyper-
sonic research vehicle (HRV).

The design of future hypersonic propulsion systems will depend
very heavily on computational fluid dynamics (CFD) because of
the difficulties associated with testing combustors in ground-based
facilities at flight speeds. Therefore, it is essential to develop CFD
codes capable of numerically simulating the hostile environment
of a combustor. The numerical simulation of conservative equa-
tions, including a detailed kinetics system for a multidimensional
system, is computationally prohibitive, if not impossible. Even
with the availability of supercomputers, routine computations of
combustor flowfields are not possible. Most of the computer codes
that include detailed chemical kinetics are limited to one dimen-
sion. In order to help CFD design the engine, a real need exists for
the development of reduced mechanisms. In this study, attention
will be focused on ethylene (C,H,). Ethylene is chosen because it
is used as a surrogate test fuel for hydrocarbon fuels. Also, because
ethylene is usually an intermediate product in the combustion of
heavy hydrocarbons, the developed model can also be used for as-
sembling reaction mechanisms of heavy hydrocarbons such as pro-
pane, butane, n-heptane, etc. Westbrook and Dryer! developed a
two-step reaction mechanism for ethylene. The assumption of CO,
CO,, and H,O as the final products overpredicts the heat of reac-
tion; hence, a higher flame temperature results. This model was
developed primarily for laminar flame calculations and would not
be adequate for combustor application.

The objective of this study is to develop a reduced mechanism
for ethylene oxidation. We are interested in a mode! with a mini-
mum number of species and reactions that still models the chemis-
try with reasonable accuracy for the expected combustor condi-
tions. The model will be validated by comparing the results to
those calculated with a detailed kinetic model that has been vali-
dated against the experimental data. The detailed ethylene mecha-
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nism used in this study is the mechanism assembled by Jachi-
mowski.?

Approach

In this study, a global chemical modeling approach is used. The
major features of the chemical reaction, such as temperature, pres-
sure, induction time, and final concentration of species, are exam-
ined. The generality of the model is sacrificed to reduce the num-
ber of species and reactions. The method used for obtaining the
reduced mechanism is that proposed by Edelman and Fortune.? In
this method, the oxidation of hydrocarbon fuel is described by a
single global reaction of the form

fuel+ 0, = CO+H, 1)
The remaining reactions in the mechanism describe in detail the
oxidation of CO and H,. Following this approach the oxidation of
ethylene is described by a single global reaction
CHy + O, = 2CO +2H, @3]
This reaction is then followed by nine other reactions which
describe the oxidation of CO and H,. The rate of these reactions
are given by the equation
R =AT "exp(E/RT) 3)
The reduced reaction system and the constants A, », and E are
given in Table 1. The rate coefficient for reaction (1) was empiri-

cally determined to obtain a good agreement in the final tempera-
ture and temperature profile between the reduced and the detailed

Table1 C,H, - O, reaction system® (10 step)

No. Reaction® A n E
1 CH,+0,=22CO+2H, 1.80E+14 0.0 35,500
2 CO+0=2CO+ M 5.30E + 13 0.0 —4540
3 CO+OH=CO,+H 4.40FE + 06 1.5 —740
4 H,+0,=0OH+0OH 1.70E + 13 0.0 48,000
5 H+0O,=0OH+O0 2.60E + 14 0.0 16,800
6 OH+H, 2H,0+H 2.20E + 13 0.0 5150
7 O+H,=OH+H 1.80E + 10 1.0 8900
8 OH+OH=H,0+0 6.30E + 13 0.0 1090
9 H+H=H,+M 6.40E + 17 -1.0 0

10 H+OH=H,0+M 220E +22 -2.0 0

Units are in seconds, moles, cubic centimeters, calories, and degrees Kelvin.
bThird~body efficiencies for all thermolecular reactions are 2.5 for M = H,,
16.0 for H,0, and 1.0 for all other M.
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Fig.3 Pressure profile for 1 atm of pressure at 2000 K.

mechanisms over the anticipated combustor conditions. The coef-
ficients for the remaining reactions are the same as those in the
detailed mechanism. The model was then tested over a range of
pressure, temperature, and equivalence ratios to assess its validity.
This procedure is similar to that used to determine the constants
for detailed mechanisms, except that the detailed model is used
here as a reference rather than the experimental data.

A computer program described in Ref. 4 was used to compute a
one-dimensional, steady-state, constant-density flowfield with
both detailed and reduced mechanisms. At constant density, the
volume of the system remains constant, and if no heat flows in or
out of the system, the direct effect of the chemical reaction should
be evident in the temperature profiles.

Results and Discussion
A wide range of initial conditions were computed: pressure (0.5
—2.0 atm), temperature (1200-2000 K), and ¢ (0.5-2.0). Figure 1
shows the time variation of temperature with an initial temperature
of 1200 K and 1-atm pressure for various values of ¢, computed
with the use of both detailed and reduced mechanisms. Time is
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expressed in milliseconds. For ¢ = 1.0, both models predict an
almost identical profile, except in the initial stages. The final tem-
perature agrees very well. As expected, for other values of ¢, the
temperature drops. At ¢ = 0.5, the temperature profile differs in
that the temperature rise begins earlier and takes longer to reach
the final temperature. Here again, good agreement for the final
temperature can be seen between the two models. As the value of ¢
is increased to 2.0, the reduced model overpredicts the temperature
by about 4%. In general, the reduced model predicted shorter igni-
tion delay as compared to the complete mechanism.

Figure 2 shows the comparison between the detailed and the
reduced model for a temperature of 2000 K and 1-atm pressure.
The temperature is underpredicted during the initial stage, but the
final temperature agrees very well for all values of fuel/air ratio
conditions. As a result of a higher initial temperature, the mixture
attains the final temperature much earlier than the case shown in
Fig. 1. The heat-release characteristics are reproduced very well by
the reduced model.

The pressure profiles for an initial temperature of 2000 K and 1-
atm pressure are shown in Fig. 3. For ¢ = 2.0, the pressure has an
overshoot, but then asymptotes to the right value. For all cases, the
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Fig. 6 Concentration of CO, for 2 atm of pressure at 1200 K.

pressure is slightly underpredicted in initial stages, but the overall
agreement between the two models is very good for all values of ¢.

A comparison between the two models in terms of H,O concen-
tration can be seen in Fig. 4 for a temperature of 2000 K and 1 atm
of pressure. The concentration of H,O agrees very well between
the two models for various values of ¢. Initially, the reduced model
has an overshoot in H,O concentration for ¢ = 2.0, but then settles
down to the correct concentration. For ¢ = 1.0 and 0.5, the concen-
trations are slightly underpredicted initially; however, correct final
values are predicted.

All of the results discussed so far were computed for initial pres-
sure of 1 atm. To determine the validity of the model at higher
pressure, calculations were performed at a pressure of 2 atm and a
temperature of 1200 K. The temperature and CO, profiles are
shown in Figs. 5 and 6, respectively. The results in Fig. 5 are simi-
lar to those in Fig. 1, except that the fuel burns faster at the higher
pressure. Figure 6 shows the variation of CO, concentration. For ¢
= 1.0 and 0.5, the concentration asymptotes to that the correct
value, but for ¢ = 2.0, the reduced model overpredicts the concen-
tration. Also, the reduced model shows that the formation of CO,
begins earlier than it does in the detailed model.

Conclusion

A quasiglobal model for finite-rate combustion of ethylene is
assembled and compared with the detailed reaction mechanism.
The results obtained by using the reduced mechanism compare
very well with the detailed model under a wide range of physical
conditions. The reduced model consists of 9 species and 10 reac-
tions, a significant reduction from the detailed model which has 25
species and 77 reactions. The present model can be easily incorpo-
rated into the existing CFD codes without significantly increasing
the computational costs. The study shows that the quasiglobal
modeling approach can be used to develop finite-rate combustion
models when the intermediate chemical kinetic reactions are either
not known or are not of interest.
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Introduction

WO-DIMENSIONAL, steady, inviscid, supersonic flows past

a compression ramp are very well known. However, unsteady
flows past a moving compression ramp with time varying wedge
angle have received scant attention and are thus little understood.
Degani and Steger' touched upon the compression-ramp flow
where the ramp moved from 15 to 20 deg at a constant angular ve-
locity. In that work, the main interest was the comparison between
the thin-layer and the Navier-Stokes computation. We intend in
this work to investigate inviscid supersonic flow past a moving
compression ramp by numerically solving the Euler equations. The
flow configuration is schematically shown in Fig. 1a. Despite its
simple geomeitry, such a flow can hardly be tackled by analytical
means since linearization is not allowed. The wedge angle varies
linearly with time from 0 deg up to a given angle. When the wedge
angle reaches the final value, the ramp motion ceases. The flow
configuration may be considered as a fundamental problem for
transient flow of a thrust vectoring nozzle or a maneuvering high-
speed wing. Important parameters for the present flow are the free
stream Mach number M., the angular velocity of the wedge €, and
the final wedge angle ©,. A pertinent dimensionless parameter
from these variables is the reduced angular velocity Q defined by
the relation Q = QL/M_a.,, where L is a reference length. The
flow is anticipated to change significantly with Q and thus several
typical values of were considered in this work.

Numerics

The equations to be solved are the two-dimensional Euler equa-
tions in conservation form. When the governing equation is inte-
grated over a fixed control volume A with boundary surface C, we

obtain
H( )dA+§ (f dy— £ dx) N

where w = (p, pu, pv, pe )7, and fand g are appropriate flux vectors
corresponding to w (Ref. 2).

When the control volume is moving with velocity, where { =
&, n)T the material derivative of volume integral can be written as
follows via the Reynolds’ transport theorem:

dz“,,deA ”( )dA+j w(G- n) ds )
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Using Eq. (2), Eq . (1) can be written for a moving control vol-
ume as

Eld—t(Aw) +qgw =0 3

where A is the area of a grid cell and

aw = § [(f=wE) dy— (g-wn) dx]
c
+ artificial dissipation terms )

For the artificial dissipation terms, we adopted Jameson’s second-
and fourth-order expressions*’ Equation (3) was integrated using
the fourth-order Runge-Kutta time-stepping scheme.* For inflow
and upper far boundaries, free-stream conditions were specified.
Outflow boundary values were specified using second-order ex-
trapolation from the interior node values. Transient solutions were
obtained by time-marching Eq. (3) with uniform flow at time ¢ = 0.
The grid system over the surface of the wedge moves in the x and y
directions with the speed of the moving wedge. Preliminary com-
putations were carried out for the case of Q = 0.1 for the wedge
with' M, = 2 and &, = 20 deg on 40 X 40, 60 X 60, and 80 X 80
mesh systems. All of the three mesh systems performed to yield
solutions accurate within 0.5% compared with the analytic solu-
tions for the steady flow. However, for the unsteady flow, the solu-
tions with the 40 X 40 mesh system were of poor quality when
compared with the solutions with the 60 X 60 and 80 X 80 mesh
systems. The solutions with the 80 X 80 mesh system were essen-
tially the same as those with the 60 X 60 mesh system. Thus, we
chose the 60 X 60 mesh system for the present work. The time in-
crement At (for the unsteady calculations) was chosen to make the
Courant-Friedrichs-Lewy (CFL) number be 0.1 when Q = 1.0 and
0.2 when Q = 0.1 or smaller. The solutions of the exploratory com-
putations with the CFL number of 0.5 exihibited spurious wiggles
across the shock wave during the motion of the ramp. Since the
present computation required time accurate solutions, we conser-
vatively chose CFL numbers to be small as stated earlier.

Results and Discussion

The transient solutions were obtained for the cases of four dif-
ferent values of angular velocity €2 with M., = 2, and ©,= 20 deg.
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