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Abstract

A code to simulate chemically reacting flows has been developed. The code considers a detailed chemical
reaction model and proper schemes were adopted to treat the chemical reactions. The code was tested and
validated against a series of 1-D experiments with several chemica reaction models. The core subroutines
developed under this study were incorporated into FEFLO. FEFLO with chemical reaction model was tested
with 1-D computation of detonation, and 3-D computation of detonation propagating in a tube with a spiral

obstacle was conducted.

I ntroduction

A detonation is a shock wave sustained by the energy released by combustion. The typical case is an
explosion. For over hundred twenty years, various experiments and calculations of this phenomenon have been
done because the analysis of the nature and structure of a detonation is very significant from the point of safety
engineering. These results, especially concerning the experimental data, are very useful even for the current
study.

Recently, detonation has been applied to the next generation engines such as Pulse Detonation Engine (PDE)
and Supersonic Combustion Ram Jet engine (SCRAM Jet) [1, 2]. On the other hand, a detonation of the type
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considered here can also be applied to some fuel-air explosives. In order to understand the nature and structure
of a detonation under these various situations, more analysis of a detonation under various circumstances is
required. Especially, the development of proper numerical analysis tools is necessary to enhance understanding
and reduce cost and risk. Numerical simulation of these flow fields is not an easy task because the computation
includes complicated combustion kinetics, diffusion processes, and huge energy releases into the field and
requires much more nodal points compared to inert compressible flow computations. However, due to the
recent progress in both computational methods and available computer facilities, the computation with detailed

reaction models has been possible, though it islimited to smaller spatial domains [3-9].

One of the famous detailed reaction models is the Jachimowski model proposed in 1988 [10]. In some papers,
this model was modified and adopted for hypersonic combustion computations [5, 11]. On the other hand, in
1999 Petersen and Hanson proposed another detailed chemical reaction model (PH model) [12]. Tsuboi et al.
examined the validity of some detailed chemical reaction models including Jachimowski model and PH model.
In their study, they concluded that the PH model shows better results at extremely high pressure regions while

the Jachimowski model also shows good resuilts.

The motivation of this study is to construct a numerical code coupled to the PH model and to verify the new
code. The newly constructed code is applied to 1-D and 3-D computations of detonation. Then the new code is

applied to a3-D computation of detonation propagation in atube with a spiral obstacle.

Reaction Model and Gover ning equations

In this study, the Petersen & Hanson model (PH model) is used for chemical kinetics that consists of 9
species (Ha, O,, H, O, OH, HO,, H,0,, H,0, and N;) and 18 elementary reactions. The data for the chemical
reaction was taken from the paper of Petersen & Hanson [12], and is reproduced in detail in Appendix 1. This
model was proposed by Petersen and Hanson as a new detailed chemical reaction model to solve detonation
prablems. The model has the feature that the pressure dependence on a forward reaction coefficient is included
in the collision reaction with a third body. Namely, HO, and H,O, chemistry near the second and third
explosion limits are introduced that are necessary for ignition at extremely high pressure but are lacking for
some finite rate chemical models currently in use.

The production rate of each chemical species, @, is given by combining the elementary chemical reactions

in the kinetic model asfollows:

N, n

Ng , N ,
d)S = MsZ(zauq )ﬁj (7/;'5 _7/;5)|:Kfj HCiVji - ij Hciyji (1)
' i=1 i=1
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where M denotes the molecular weight of species s, C_ denotes the mole fraction, « is a third body
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coefficient, and i, and y|; are the stoichiometric coefficients. K; and K, are the forward and

backward rate constants derived from an Arrhenius form as follows:
K(T) = Aexp(—E/RT) (2)

The governing equations are the Euler equations and solved by an explicit method. As an approximate
Rieman solver, the AUSM-DV scheme is employed. High-order flux reconstruction is carried out viaa MUSCL
scheme. The flux limiter proposed by Shuen [13] was adopted. The source term of the chemical reaction was

treated in alinearly point-implicit manner.

The governing equations can be written as follows:

@+E:S 3
ot  Ox
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2+ O
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The source term of the chemical reaction Sis treated implicitly as follows:

n
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This may be written as:

DAQ = RHS" 9)
D=1 —6’AtE , RHS" =—At(ﬁ— j (10)
oQ oX

D is a coefficient matrix of AQ. EHS" denotes the right hand side at time n. £ZHSh can be divided into two

terms. RHS denotes the term of flow variablesand RHS is the term of chemical reactions as follows:

I 0 "
D { I RHS" = IRHS@ (11)
D21 D22 RHSZ
I 0 I 0| A "
5. 0.7, o.)ac) R
D21 D22 D21 D22 AQ 2 RH SZ
Unknown AQ is obtained from above calculations as follows:
AQ, = RHS' (13)
AQ, = (Dzz)_l(RHSI1 - D21RHSF) (14)

Matrix inversion of Dy is not necessary for steady computations. Some effective diagonal agorithm
methods were developed [14, 15]. Concerning unsteady flow computations, however, the matrix inversion is
necessary for an accurate computation.

Comparison with Experimental data

To verify the code, the ignition delay time behind the reflected shock for stoichiometric hydrogen-air
mixtures near the second explosion limit was computed and compared with experimental data (Fig. 1). This
comparison is often used for the verification of chemical reaction code. The data for the comparison included
the ignition delay data at pressures of 0.5, 1.0, and 2.0 atm [10]. PH model, modified Jachimowski model [5,
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11], and the Stahl-Warnatz model (SW model) [16] were compared with experimental data.

At this comparison, the SW model showed relatively large ignition delay time. Concerning the other two
models, they showed similar results in the high temperature region. However, a lower temperatures, the
Jachimowski model showed arelatively short ignition delay time. The PH model showed good agreement with

experimental data through three different pressure comparisons.
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Fig. 1 Ignition delay time, Hy-Air mixture

1-D Computation of Detonation

A 1-D detonation flow was computed for demonstrating the new code. The initial conditions are composed
of two regions, separated at x = 0.005 m. The initial condition of high pressure region was 38atm, 1420K, and
that of low pressure region was latm and 300 K. In the whole domain, the mole concentration ratio of the
H,/O./N, gas mixture was 2:1:3.76. The mesh size was 5um. The computations were conducted with spatially
2™ order scheme and 1% order scheme. Figure 2 and 3 show the pressure and temperature profiles at various
times. In Fig. 2 and 3, it was observed that the high pressure region was ignited at about 4.5 psec. Then, the
reaction zone caught up the shock front and the detonation was initiated at about 11.2 psec. The velocity of the
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shock front was accelerated to over 2500 m/s during the detonation initiation process. This overdriven
detonation converged to the CJ detonation velocity at around 36 psec. There were no large differences between
the 2™ order scheme and 1% order scheme concerni ng the average pressure, temperature, and detonation
velocity. However, the fluctuation of the detonation front was only observed from the results of 2™ order
schemein Fig. 2-b and Fig. 3-b.
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Fig. 2 Pressure profilesat varioustimes (a) spatially 1% order scheme (b) spatially 2" order scheme
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Fig. 3 Temperature profiles at varioustimes (a) spatially 1* order scheme (b) spatially 2" order scheme

3-D Flow Solver

The 1-D solver described in the previous section was implemented into FEFL O, a general-purpose CFD code
based on the following general principles:

- Use of unstructured grids (automatic grid generation and mesh refinement);

- Finite element discretization of space;

- Separate flow modules for compressible and incompressible flows;

- ALE formulation for body fitted moving grids;

- Embedded formulation for complex/dirty geometries;

- Edge-based data structures for speed;

- Optimal data structures for different supercomputer architectures;

-7-
American Institute of Aeronautics and Astronautics



- Bottom-up coding from the subroutine level to assure an open-ended, expandable architecture.
The code has had along history of relevant applications [17-25]. Over the last three years, FEFLO has been

ported to both shared memory [26-28] and distributed memory [19, 29, and 30] machines.
The spatial approximation is accomplished via the Galerkin weighted residual method. The unknown vector
u is approximated by a set of shape-functions:

u= Niuih (15)

where N' denotes the shape function associated with node i and uih the numerical value of u at node i.
Weighing Eqgn. (15) with the available set of shape-function N' leadsto:

jQNi(u;' +V-F)dQ=O:>J.QNi[Ni(Gj)Vt +V-F(N'G)]dQ =0 (16)

In order to simplify the algebra involved (and CPU), one may use, without noticeable deterioration of results:

F(N'G;) = N'F(0;) (17)
which then trandlates into:

'[QNideQ(Gj)’t+'[QNiV-deQF(ﬂj):O (18)
or

M,-G,=r, r=r(u) (19)

Obvioudly, integration by parts is possible for Egn. (19). For linear elements, one can show that this is
equivalent to a Finite Volume Method. All appearing integrals are evaluated using the element subdomain
paradigm:

=21 (20)

For linear elements, it is advantageous to convert the element-based evaluations of Egn. (19) into an
edge-based loop of the form:

1l =d) (F) +F) (21

where dlij contains al the geometric parameters associated with the elements surrounding the edgei, j and the
dimension k. Theinner product over the dimensions k may be written in compact form as

r' =D'F, =D"(f,+f,) (22)
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wherethe f, arethe‘fluxesalong edges, obtained from the scalar product
ij ij dij ij ij A
fi=SFS Si=gi. D' =4did, (23)
For the standard Galerkin approximation we have
Fij:fi+fj (24)

Comparing this expression to a 1-D analysis, we see that it corresponds to a central difference approximation
of the first-order derivative fluxes. This flux is replaced by the consistent numerical flux described in the
previous section.

The extrapolation to neighboring values required for limiting is accomplished by evaluating the gradients at
the nodes [31].

3-D Computation of Detonation

The chemica reaction model described in the previous chapter was incorporated into FEFLO. To verify the
code, the same test as 1-D computation was conducted using this 3-D solver. The initial condition was the same
as 1-D computation. The computational mesh size was the same length as the propagating direction and 10um
for each width. The average element size was about 2.7um. For this 3-D computation using unstructured mesh,
a new limiter was applied to spatially 2™ order scheme. The van-Albada limiter was applied to density
variables and the limiter proposed by Shuen [13] was applied to all other variables. The reason is that the
computed results showed strong oscillations behind the chemical reaction zone when the van Albada limiter
was applied to all variables and that the hybrid (van Albada/Shuen) limiter showed dightly better results
compared to the results using Shuen's limiter to all variables.

Figure 4 shows the temperature profiles at the vicinity point of the wall. The high pressure region ignited
amost at the same time both 1-D and 3-D computations. Figure 5 and 6 show the computed results. The
computed results of the spatially 1% order scheme agree well with the 1-D computation results concerning with
the average/maximum pressure, temperature, detonation velocity (Fig. 5-a and Fig. 6-a). The fluctuation of the
detonation front was also only observed from the results of the spatially 2™ order scheme same as 1-D
computation (Fig. 5-b and Fig. 6-b). The computed results of the 3-D computation of the spatially 2™ order
scheme showed a higher degree of ingtability of the detonation wave comparing with 1-D computation.
However, the results agreed well with 1-D computation concerning the ignition time, the time when it

converged to CJ velocity, and the propagating vel ocity.
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Fig. 4 Ignition time of high pressureregion (38atm, 1420K)
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Fig. 5 Pressure profilesat varioustimes (a) spatially 1% order scheme (b) spatially 2" order scheme
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Fig. 6 Temperature profiles at varioustimes (a) spatially 1* order scheme (b) spatially 2" order scheme

Detonation Propagation in a Tubewith a Spiral Obstacle

The newly developed code was applied to the 3-D computation of detonation propagation in a tube with
spira obstacles to demonstrate the capability of dealing with more complicated configurations. Figure 7 shows
the configuration of the computational domain. The length of thistube is 7.5 in (0.19 m), the diameter is 1.5in
(0.38 m), and the height of the obstacle is 0.16 in (0.004 m). The average element size of the fine mesh zone is
about 200 um. The number of elements is 13 million. The required CPU time for the computation was about
420 hours by SGI ALTIX 3700 using 16 CPU processors. The results of 1-D computations of the detonation
were used as the initial condition for the 3-D computation. The 1-D detonation for the initial condition was
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computed with the same mesh size (200 um), so the detonation wave started as a plane detonation wave. Figure
8 and 9 show the computed temperature profiles at various times. Figure 10 shows the enlarged view of the
computed pressure profiles around the spiral obstacle zone. The propagating plane detonation bumped on the
first pitch of the spiral. Then the detonation wave climbed over and reflected on the wall as shown in Fig. 9-a
and Fig. 10-a. The reflected wave propagated to the opposite direction of the detonation wave at first as shown
in Fig. 9-a-b-c and Fig. 10 ab-c. Then this reflected detonation wave was affected by the spinning flow
propagating along with the spiral. Thisinteraction is observed well in Fig. 9-e-f and in Fig. 10-e-f. Asshown in
Fig. 9 and 10, the propagating plane detonation and spinning flow along with the spiral obstacle affected each
other and created a complicated flow field in the obstacle zone. The temperature around this region was nearly
3500K and the pressure was over 40 atm. On the other hand, the plane detonation wave which climbed over the
pitch of the spira strongly expanded behind the obstacle. The strong expansion may be observed in Fig. 9-c to
9-e and in Fig. 10-c to 10-e. This over expansion caused the decrease of the pressure and increases the flow

velocity behind the obstacle and could result in the instability of the computation.

Fig. 7 Configuration of the computational mesh
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Fig. 8 Computed temperature profiles (a) 10.0psec. (b) 12.0nsec. (c) 14.0psec. (d) 15.0nsec. (€) 16.0psec.

(f) 17.5psec.
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Fig. 9 Cut plane views of computed temperature profiles (a) 10.0psec. (b) 12.0psec. (c) 14.0psec. (d)
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Fig. 10 Enlarged cut plane views of computed pressure profiles (a) 10.0psec. (b) 12.0psec. (c) 14.0psec.

(d) 15.0psec. (e) 16.0psec. (f) 17.5psec.

Concluding remarks

A code to simulate chemically reacting flows has been developed. The code considers all relevant chemical
reactions, and proper schemes were adopted to treat the chemical reactions. The code was tested and validated
against a series of 1-D experiments.

After further testing, the core subroutines developed under this study were incorporated into FEFLO, and a

series of 3-D runs was conducted. 3-D computation of detonation was compared with 1-D computation and
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showed reasonable results. Finaly, the newly developed FEFLO was applied to 3-D computation of detonation
propagation in a tube with a spiral obstacle to demonstrate the capability of dealing with more complicated
configurations. The complicated flow field of a plane detonation interfering with a spiral obstacle was properly

captured.
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Appendix 1
No. Reaction A n E Comments
1. | O+Hy=H+OH 5.00% 10* 2.70 6,290
2. H+0z2+M=HOz+ M 2.80% 10" -0.90 0 c
3. H+ 02+ 02=HO:2+ O 3.00%10% -1.70 0
4. H + Oz + H,0 = HO:2 + H,0 9.38x10" -0.80 0
5. H+ 02+ Np,=HOz+ N, 2.60% 10" -1.20 0
6. H+0:=0+OH 8.30% 10" 0.00 14,413
7. H+HOz= 02+ Hz 2.80% 10" 0.00 1,068
8. H +HOz=OH + OH 1.34x 10" 0.00 635
Q. H + H,0,= HOz2 + He 1.21%x 10’ 2.00 5,200
10. | OH+Hz=H,0+H 2.16%10° 1.50 3,430
11. |OH+OH+M=H,0,+M 7.40% 10" -0.40 0 Kint , d, €
2.30%x 10" -0.90 -1700 Ko
12. | OH+HO2= 02+ H,0 2.90% 10" 0.00 -500
13. | OH + H,0,=HOz+ H,0 1.75% 10" 0.00 320 K,
5.80x 10 0.00 9,560 Ko, f
14. | HO,+ HO,= 02+ H,0, 1.30x 10" 0.00 -1,630 ke 9
4.20x10" 0.00 12,000 Ke, 9
15. |0+0+M=0,+M 1.20x 10" -1.00 0 h
16. |O+H+M=0OH+M 5.00% 10" -1.00 0 d
17. |H+OH+M=H,0+M 2.20% 10% -2.00 0 [
18. |H+H+M=H,+M 1.00x 10" -1.00 0 j

a  All reactions are reversible.
b. K(T)=AT"exp(—E/RT): unitsarein cal. mol, cm®, and s.
c. M doesnot include O,, H,O, or N»; al collision efficiencies= 1,0
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Collision efficienciesfor M; N, = 1.0, H, = 2.0, H,O = 6.0, and Ar = 0.70, all others=1.0

M
ke = K, [P/I(+P)IF, P, = % The factor F is prescribed by the method of Troe,

o0

-1

2
InF:1+{ Ik, +c }

n—d(InP. +c)

where
c=-04-0.67In(F.),n=0.75-1.27 In(F.), d = 0.14, and The Troe centering parameter, F.is,

F.=(1-a)exp(-T/T ") +aexp(-T/T ) +exp(-T " /T)

where

a=07346,T =94, T =1756,T =5,182

Rate coefficient is non-Arrhenius; kiz = ky + ky

Rate coefficient is non-Arrhenius; kis = k. + Ky

Collision efficienciesfor M; N, = 1.0, H, = 2.4, H,O = 15.4, and Ar = 0.83, all others=1.0
Collision efficienciesfor M; N, = 1.0, H, = 0.73, H,O = 3.65, and Ar = 0.38, all others= 1.0
Collision efficienciesfor M; N, = 1.0, H, = 1.7, H,O = 7.0, and Ar = 0.63, all others=1.0
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