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Abstract: A dynamic adaptive hybrid integration (AHI) scheme of second-order accuracy (AHI2)
is proposed for time-integration of chemically reacting flows involving stiff chemistry. It was
shown in a previous study on AHI that, when significant radical source is present in the non-
chemical source terms, splitting the chemical and the transport sub-systems may incur O(1)
integration errors unless the splitting time steps are comparable to or smaller than that required for
explicit integration. As a consequence, the transport term must be carried during the integration of
stiff chemistry to suppress the large error. As implemented in AHI, fast species and reactions that
may cause stiffness are treated implicitly, while the non-stiff source terms and variables, including
slow reactions and the mixing term, are treated explicitly. The fast-slow chemistry separation is
performed on-the-fly based on analytically derived timescales for species and reactions. As such
the number of equations and source terms to be implicitly solved at each time instance is
minimized. In the present study, a second-order scheme involves an iterative procedure is
proposed to achieve second-order accuracy for AHI. Eigen-analysis of the iteration matrix shows
that only a small number of, say two to three, iterations are required to achieve the second order
behavior, and the computational cost of the second order scheme is only slightly higher than that
of the first order scheme. The second-order scheme is tested in a toy problem, as well as auto-
ignition and perfectly-stirred reactors (PSR) with detailed chemistry. Results show that, compared
with the first-order AHI scheme, the second-order AHI can significantly improve the accuracy
with slightly increased computational cost.

Keywords: dynamic adaptive hybrid integration, stiff chemistry solver, second order accuracy,
operator splitting

1. Introduction

High-fidelity simulations of reacting flow are important to predict and understand the
complex processes in combustion, provide information for combustion modeling, and facilitate
the design and optimization of engines. Detailed chemical kinetics is essential for accurate
combustion simulations. However, the large number of species and reactions and stiffness result
in severe challenges to accommodate detailed chemistry in combustion simulations. While the
size of reaction models can be systematically reduced through skeletal reduction and timescale
analyses [1], chemical stiffness typically remains in reduced models, such that the low-cost
explicit integration solvers are not applicable, and the expensive implicit solvers, e.g. VODE [2]
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and DASAC [3], have to be used in combustion simulations. To reduce the cost associated with
stiff chemistry integration, a variety of methods have been developed, and a widely used
approach is the operator splitting scheme, which separates the integration into chemistry
fractional sub-steps and transport fractional sub-steps, such that fully implicit solvers are only
applied for the local chemistry integration [4-14]. Another approach is the Implicit-Explicit
(IMEX) methods [15-20] that discretize the stiff source term in implicit forms, and the non-stiff
source term in explicit forms. Both the splitting schemes and IMEX can avoid fully implicit
integration of the entire flow field, which is not feasible for large scale flame simulations.

The splitting schemes nevertheless was found to give large splitting errors in some cases
while the exact cause of the large error is not clear [21, 22]. In a recent study, a failing scenario
of the splitting scheme was identified. It was found that the chemical source term may respond
drastically differently due to the missing transport term during the integration of the chemistry
sub-steps when significant radical source is present in the non-chemical source term. A dynamic
hybrid integration scheme (AHI) was further proposed [21] to eliminate the splitting error. The
AHI method separates reactions and species into fast and slow sets by comparing their timescales
with the integration time step size. Fast species and reactions are treated implicitly while slow
chemistry and transport are treated explicitly, such that the size of the chemistry core to be
solved implicitly is minimized to achieve a high efficiency.

Two key components that attribute to the high computational cost of large implicit reaction
systems are typically the Jacobian evaluations and subsequent LU decomposition, the costs of
which are 0(n?) and 0(n2), respectively, where n is the number of variables. The evaluation of
Jacobian for the chemical source term can be reduced by using analytic derivatives [1], while the
high computational cost of LU decomposition can be reduced by preconditioning [23] and sparse
matrix techniques [24-27]. Such techniques can be combined with AHI to further improve the
efficiency. In the present study, the AHI scheme [21] is improved to achieve second-order
accuracy through an iterative procedure, such that larger integration time steps can be assumed to
achieve the same accuracy as the first order scheme.

As an outline of this paper, the second-order AHI scheme (AHI2) is first formulated. The
convergence rate of AHI2 is then analyzed based on the iteration matrix. The AHI2 method is
first tested in a toy problem and compared with the first order AHI scheme (AHII) and the
Strang splitting scheme in term of error control. The accuracy and efficiency of AHI2 are then
investigated with detailed chemistry in 0-dimensional (0-D) homogenous systems, including
auto-ignition and unsteady perfectly stirred reactors (PSR).

2. Methodology
2.1 A second-order AHI scheme
The spatially discretized governing equations of a reacting flow can be expressed as:
do
E:M(¢)+S(¢) (1)
where ® is the vector of dependent variables, and M and S represent the transport and chemistry

terms, respectively. Note that for multi-grid systems, @ consists of all the variables at different
grid points.

In the AHI method, the fast and slow reactions are separated on-the-fly based on the reaction
timescale defined in computational singular perturbation (CSP) [28]:

T, = |Jl 'Vl'l_l (2)
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aﬂl GQL OQL a-Ql T
Jl — = ,'Vl' = [Vl,i’vz,i' ...,Vnsji]

¢ |0¢ e’ Ocy,
where (); is the net reaction rate for the ith reaction, ¢ is the vector of species mole
concentrations, vy ; is the stoichiometric coefficient of the Ath species in the ith reaction. The ith

reaction is considered fast if:

T; <E 3)

where 7, is a threshold timescale that is set to be the integration time step /4 in the present study,
and [ is a safety factor that can be reaction model dependent. A default value of § = 0.5 is used
in the present study for all the simulations unless otherwise specified. The kth species is
considered fast if it contributes significantly to a fast reaction, i.e.:

09 _
> prct (4)

ack
During the time integration, with the fast species and reactions being identified, the
governing equation (Eq. 1) can be rewritten as:
e _[®f
=S @+ @),0= ]| )
where ®; and @ are the fast and slow variables of dimension ny and ne — 1y, respectively,
and ng is the dimension of ®. In this study, the integration time step is chosen to be sufficiently
small compared to the timescales of temperature and transport, such that temperature is always
treated as a slow variable in @, and the transport term is not stiff.
m

Sy = Z Vi, (6a)
i=1
8s = Xl Vil + M, (6b)

where n,. is the number of reactions in the system and m is the number of fast reactions.

To achieve second-order accuracy, AHI2 employs an iterative approach to compute the
midpoint rates of two successive sub-steps. To advance the solutions from time step » to n+1, the
iterative procedure for the midpoint rate is computed as:

1
1 o 2" _ pn 1 1 1 1
5m k n+sm n+s;m-1 n+s;m-1 n+;m-1
k2 == T = Srk <<bf S >+gs,k (cbf S T > (7)
2

where (n + 1/2) indicates the midpoint, subscript k represents the kth entry in ®, m is the
1
~m D . . .
iteration number, and k;  represents the midpoint rate for the kth variable at the m™ iteration.

For the first iteration, m = 1 and <l>n+%'0 = @" where ®" is the current solution at the nth time
step. It is noted that S¢, that is the contribution of the fast reactions for the kth species, is
evaluated partially implicitly, while g 4, the contribution of the slow reactions and the transport,
is evaluated fully explicitly.

. . . n+-,m . . . .
During each iteration, @, * is solved using the same procedure as in AHII, i.e. the group

—-m
2

of fast variables fD;L are solved implicitly using the first ny equations in Eq. (7) through

1
. . . . . n+-,m . n+-,m
Newton’s iteration. With the obtained fast variables <I>f 2, the slow variables ®, * can be
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integrated explicitly using the forward Euler scheme using the remaining (ng — ny) equations. It

is noted that Eq. (7) converges to the midpoint rate obtained from the fully implicit scheme upon
convergence, say at the gth iteration, such that second order accuracy is achieved.

2.2 Convergence analysis
The errors in the midpoint rates between the m™ and (m+1)™ iterations are characterized by
the iteration matrix A:
[ (1 _ﬁ@)‘lﬁag_&f (1 _ﬁasf'f>_1ﬁa(5ff + 8s/) |
200, 20®;° 200;,) 2 0®,
E%(I _ Easf_f>‘1 085y  hogss h*9Sss (1 _ ﬁasf,f)‘1 o(Srr+8sr) s ho(Sss + 8ss)
400,\' 20®;) 00, 200, 4 0d,\ 209, 9D, 2 0o,
where the subscripts “,f” and “,s” indicate the sub-blocks in a rate vector corresponding to the
fast and slow variables, respectively. Considering that dSy/0®; = 0O(1/7t), where 7 is the
fastest chemical timescale and T < h, and dgs/0®f, 3S;/0P,, dg;/IP; = O(1), the orders of
different blocks of A4 can be expressed as
0(r) 0(7)
1=log o] =0® )
which indicates that the spectral radius of 4 is O(h), and the iterations converges quickly when
the integration time step is small.

(8)

3. Results and Discussion
3.1 Convergence test of AHI2 for a toy problem

To demonstrate that the convergence rate in the iterations of AHI2 is O(h), the toy problem
in [21] is first used:

ASR [RI)
R% ¢ (R2)

K
A+aR 3B+ aR (R3)

where k;, k, and k5 are the rate coefficients for R/, R2 and R3, respectively. Species 4 is a
reactant, B is a product, C is an intermediate species which is not of direct importance to 4 and
B, and R is a radical that controls the important reaction R3 for product formation. The parameter
« controls the overall reaction order and nonlinearity of R3.

The transport term of R is set to be a constant d for simplicity, and for other species, the
transport terms are set to be zero. The dependent variables and source terms in Eq. (1) can be
thereby expressed as:

® = [A4,B,C,R]"
S = [—k;A — k3AR% k3AR%, kR, k1A — k,R]
M =[0,0,0,d]

The initial conditions are:
A=1B=C=R=0att=0.
The reaction rate coefficient k, is chosen to be much larger than k4, i.e. k, > kq, such that R is a
quasi-steady state (QSS) species after an initial transient period and can be approximated as:
R~ kiA+d

5 (10)
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In the present study, the parameters are chosen as: k; = 1, k, =771, k; =177% d = 1. Note
that k5 is selected such that the rate of reaction R3, Q3 = k3AR* = 0(1). The timescale of R can
be defined as T = 1/k,, and the timescales of other species are O(1). It is expected that the toy
problem can be implicitly integrated with a time step 4 between T and 1. Based on such selected
integration time steps, R is the only fast species, and R2 and R3 are fast reactions. It is further
noted that species 4 and R can be solved as a self-consistent system with source terms as

Sa = —k3AR%, g4 = —k,A
Sg = —k;R,gr =kA+d
The iteration matrix can be written as

L (1+73)

h? h 1\t h
[O I (—kgaAR“‘l) (1 + E ;) k1 + E (—kgRa — kl)J

o |
2" [0 0w

0 0(h) (1)

and the spectral radius of A is O(h), being consistent to Eq. (9). The relative errors in the

1
midpoint rates kz for species k and a variable ® are defined as
1

1
kﬁ,m _ kE,TTH' 1
k k

o - of]
€ + F|

A o T (12)

2m 2
ky +k;

where the superscript E indicates the accurate solution. Figure 1 shows the relative errors at
different iterations within a single integration step, starting from the accurate solution at A = 0.5.
It is seen that the relative errors decrease with a slope of /4 on the log plot, as predicted by Eq.
(11). Two iterations are needed for 4 and three needed for R to achieve second order accuracy.
Figure 2 further shows the local relative errors in the concentrations of 4 and R incurred by one
integration time step started at A = 0.5. It is seen in Fig. 2a that, with two iterations per
integration time step, the single-step relative errors in A4 and B are both O(h®), while R needs
another iteration to achieve second-order accuracy as shown in Fig. 2b.

0
- ‘ R .
Rl 0=0.5, h=10° |
c I
X A AN
10t ™S N o -
< N\ |
£ \
%) \
S 10°F 6\ o T
- AN
g o A =10° “Slope of h
é 10°F @ R, ’C=10-6 A .
® 8
ol A A =10
o A R =10°
10-12 1 1 1 1
0 1 2 3 4 5

Number of iterations, m

Figure 1. Relative errors in rates k between two successive iterations with respect to the number
of iterations for @ = 0.5, h = 1073 in the toy problem. Open symbols: relative errors in the rate
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of A, closed symbols: relative errors in the rate of R.

Dashed line: trend line with a slope of 4.

Circles: T = 107°, triangles: 7 = 1078,

10° - : S— 10° et - -
» _ _4n6 @
é S B A 0=0.5, ==10 é L = A ]
S 10 B [ ] B 3 .'A T E 10 Y B
- A - | = E
5 R g °1 § 4R -1
2 10*+ _7 4 2 10't .
Q .-° A P Q
(&] - P LC)
- 10°F  4° '/’/ 1 @ 10°F g .
o] A - ol e
= -’ = //
(] - ]

8| 7 n -8 s .
GEJ 10 // 023 10 //
5 2 @] 1 (b)
@ 107 “'_3 ““'_2 ““'_1 @ 10™° ""3 ““'2 ""1

10 10 10 10° 10 107
Time step Time step

Figure 2. Local relative errors as function of integration time step size in species concentrations
with (a) two iterations and (b) three iterations per integration step. Dotted line: trend line with
slope of 2. Dashed line: trend line with a slope of 3.

3.2 Comparison with the Strang splitting scheme

Figure 3 shows the relative error in the concentration of species B measured at A = 0.5 with
different splitting time step At and integration time step 4, respectively. It is seen that the Strang
splitting scheme starts to show second-order behavior only when the splitting time step is close
to and smaller than 7. In comparison, AHI1 and AHI2 show expected orders of accuracy across
the entire range of integration time steps, and the accuracy was improved by many orders of
magnitudes compared with the splitting scheme.

10° - Strang splitting |
A»AAAAA‘},*;CCQQ
ad  o®
0 10%} A .. @ 70 .
f= A - @ 20
» : ® AHIM ge
S 10_4 i ) ~ 0 . i
e |, L
-(;‘_-U-; 10—6 | , -A _
‘A ]
¥ AHZ 8 ya g0
10° s 00 =104
10 10° 10 107 10°
Time step

Figure 3. Relative errors in B for the toy problem with ¢ = 0.5, measured at the time when
A=0.5, as function of the time step size, for two different timescales of R. Triangles: T = 1078,

Circles: T = 107°. Dashed and dotted lines: slope of 1 and 2, respectively.
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3.3 Performance of AHI2 with detailed chemistry

The accuracy of AHI2 is further tested in the auto-ignition of Hy/air under constant pressure
using detailed chemistry [29]. Note that no transport term is involved. Figure 4 shows the species
mass fractions, temperature and relative errors of AHI2 for the auto-ignition case. Figure 4a
shows that the solution from AHI2 agrees with that from DASAC using relative error tolerance
of 10™ and absolutely error tolerance of 10°. Taking the solution from DASAC as an accurate
solution, Fig. 4b shows the relative errors in AHI1 and AHI2, respectively. It is seen that the
errors from AHI2 is substantially reduced in comparison with AHII.

10° = 10° A
0 8- 2800 |
S 10” 10°
[&] L
s 24009
=10 2 5 10°
%) A © E I
£ 10° 20008 o 10°
2 o 10
3 o T
S 10° =3 10°
ol 1600
[75]
10™ 107°
0" 1200 1"
10° 10° 10°
Time, s Time, s

Figure 4. (a) Profiles of species mass fraction and temperature in constant-pressure auto-ignition
of stoichiometric hydrogen/air, calculated AHI2 with h = 10~7s (symbols), in comparison with
an accurate solution obtained using DASAC (solid lines). (b) Relative errors in species
concentrations and temperature in AHI1 (solid lines) and AHI2 (dashed lines).

H,/air auto-ignition
10° | T, = 1200K s . _
p = 1atm N ‘,
2] .
5 o1 .
) ‘ vv
g 0%k v = H2
® 0 ¢ .- e 02
g | o
v T
v
107% L —
10° 107
Time step, s

Figure 5. Local relative errors in different variables of AHI2 as function of integration time step
size for constant-pressure auto-ignition of stoichiometric hydrogen/air. Dotted line: slope of 3.

To further validate the order of accuracy of AHI2 for the auto-ignition case, a single
integration step is invoked at the inflection point on the temperature profile, which typically
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defines the ignition state. The relative errors in different variables incurred in the integration step
are plotted in Fig. 5. A linear dependence with slope of 3 can be clearly seen, and the overall
second-order accuracy is confirmed.

The efficiency of AHI2 is then tested in constant-pressure auto-ignition and unsteady PSR,
which involves a homogeneous mixing term, using different reaction models, including a 9
species detailed model for hydrogen/air [29], a 32-species skeletal model for ethylene/air [30],
and the 111-species detailed USC-Mech II reaction model [31] using methane as fuel.

The auto-ignition cases are initialized with stoichiometric fuel/air mixture at p = 1 atm, and
To = 1200 K. The unsteady PSR cases are initialized with the steady state solution with
temperature perturbed by +10 K such that the reactor relaxes toward the steady state solution
during the time integration. The inlet streams of the PSRs consist of fresh stoichiometric fuel/air
mixtures at T;;, = 300 K, and the residence time is set to 7,. = 1 ms. All the cases for auto-
ignition and unsteady PSR are integrated from ¢t = 0 to 0.05 s with a fixed time step size of
h = 1077s. All the systems have mostly reached steady state at the end of the integration. For
the auto-ignition cases, the total CPU time of AHI is normalized by the cost with all the species
and reactions being solved implicitly. For the unsteady PSR cases, the CPU time is normalized
by that of Strang splitting scheme, where the chemistry sub-step is integrated using VODE with
analytic Jacobian, and the transport is solved explicitly. Figure 6 shows the corresponding
speedup using AHI1 and AHI2, respectively. Note that the time saving for the auto-ignition cases
are attributed to the reduced number of variables to be solved implicitly. It is seen that the time
saving increases with the size of reaction models, indicating a larger extent of reduction in the
number of fast species for larger reaction models.

10 ————————7—— 17—
9-species H,
08} 32-species CH,
_g 111-species CH, |
2 06 Auto-ignition .
O M _
°©
8 04+t i
®©
3 -8
2 0.2+ @ Unsteady PSR .
| T ee—————————————— — |
0.0 L L . 1 . 1 . ! . ! ,
0 20 40 60 80 100 120

Reaction model size

Figure 6. CPU time for the integration of constant-pressure auto-ignition normalized by that of
fully implicit integration, and for unsteady PSR normalized by that of the Strang splitting scheme
using VODE with analytic Jacobian for chemistry integration, for stoichiometric different
fuel/air mixtures at atmospheric pressure, inlet temperature of 300 K, and residence time of 1 ms.
Solid lines: AHI1, dashed lines: AHI2.

Significantly larger time savings are observed for the unsteady PSR cases. The speedup
factors of 5~10, compared with the splitting scheme, are primarily attributed to the effect of
transport term on fast chemistry modes, as discussed in the previous AHI study [21]. As a result,
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the splitting schemes requires multiple sub-steps in each chemical sub-step to exhaust the
activated fast chemical modes, while such an issue is not present in the AHI schemes. As such,
the AHI methods can be substantially more efficient than the splitting schemes even if adaptive
fast chemistry is not involved, i.e. all the species and reactions are treated implicitly. It is further
noted that the efficiencies of AHI and AHI2 only differ slightly for the auto-ignition and
unsteady PSR cases. This is because the Jacobian of the fast chemistry doesn’t need to be
updated during the iterative procedure, such that the overhead to achieve the second order
accuracy is rather small.

4. Conclusions

A second-order adaptive hybrid scheme is developed for stiff chemistry integration and
validated. The convergence rate of the iterative procedure to achieve second order accuracy is
analyzed based on the spectral radius of the iterative matrix. It is shown that only about three
iterations are needed to achieve the expected accuracy for both the toy problem and detailed
chemistry. Error control of AHI1 and AHI2 is compared with the Strang splitting scheme using
the toy problem, and the AHI schemes show dramatically improved accuracy.

The accuracy and efficiency of AHI2 are further studied with detailed chemistry, and second-
order accuracy is verified in constant-pressure auto-ignition with detailed chemistry for Hy/air,
and AHI2 achieves substantially smaller relative errors in the auto-ignition case. Compared with
the fully implicit scheme, AHI schemes reduce computation primarily through the reduction in
the number of variables to be solved implicitly, and such time saving increases with the size of
the reaction models, reaching ~80% for the 111-species detailed USC-Mech II. For the unsteady
PSR cases involving a transport term, the AHI schemes achieved significant speedup compared
to the splitting scheme, due to need to exhaust the reactive fast chemical modes in each
chemistry sub-step of the splitting schemes. Overall, the AHI schemes achieved speedup factors
of 5-10 compared with the splitting schemes in the unsteady PSR cases. In term of accuracy,
AHI2 is shown to be significantly more accurate than AHI1, while the computational cost is only
slightly increased.
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