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Abstract	
  
We	
  present	
  a	
  new	
  reac,ng	
  flow	
  simula,on	
  soLware	
  being	
  developed	
  to	
  
enable	
  high	
  fidelity	
  direct	
  numerical	
  simula,ons	
  of	
  turbulent	
  combus,on	
  
using	
  massively	
  parallel	
  computers.	
  Ini,al	
  applica,ons	
  of	
  the	
  soLware	
  will	
  
enable	
  direct	
  numerical	
  simula,ons	
  (DNS)	
  of	
  compressible	
  reac,ng	
  flows	
  

with	
  detailed	
  chemical	
  kine,cs	
  on	
  a	
  structured	
  Cartesian	
  mesh.	
  

Direct	
  Numerical	
  Simula,on	
  (DNS)	
  
DNS	
  is	
  a	
  tool	
  for	
  fundamental	
  studies	
  of	
  the	
  micro-­‐physics	
  of	
  turbulent	
  reac,ng	
  flows.	
  
Our	
  DNS	
  approach	
  fully	
  resolves	
  all	
  con,nuum	
  scales	
  without	
  using	
  subgrid	
  models.	
  
Device	
  scale	
  condi,ons	
  are	
  beyond	
  reach	
  due	
  to	
  the	
  wide	
  range	
  of	
  scales	
  and	
  
computa,onal	
  complexity.	
  DNS	
  of	
  small-­‐scale	
  laboratory	
  flames	
  and	
  canonical	
  
configura,ons	
  have	
  immense	
  poten,al	
  for	
  (1)	
  inves,ga,ng	
  turbulence-­‐chemistry	
  
interac,ons	
  relevant	
  for	
  engineering	
  scale	
  devices	
  (2)	
  valida,ng	
  experimental	
  
measurement	
  approach	
  and	
  (3)	
  provide	
  numerical	
  benchmark	
  data	
  for	
  predic,ve	
  model	
  
development.	
  
	
  

DNS	
  Numerical	
  Method	
  
•  Solves	
  the	
  fully	
  compressible	
  governing	
  equa,ons	
  for	
  reac,ng	
  flows.	
  Navier-­‐Stokes,	
  
energy,	
  chemical	
  species	
  and	
  mass	
  conserva,on	
  equa,ons.	
  	
  

•  Explicit	
  8th	
  order	
  finite	
  differencing	
  on	
  a	
  9	
  point	
  stencil.	
  
•  4th	
  order	
  Runge-­‐Kuha	
  ,me	
  integra,on.	
  
•  Nearest-­‐neighbor	
  MPI	
  communica,on.	
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23; 000

T 0
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for the pressure-coupled cells, however, the burn-
ing cells do pressure work on other colder cells,
thereby heating them through compression. Con-
sequently, the hotter cells ignite later than those in
the isolated-cells case, while the colder cells ignite
earlier. This effect amounts to a modification of
the ignition delay correlation Eq. (2) in two ways,
in that: (a) the heat release and temperature rise
no longer occur in a constant-volume mode, lead-

ing to a different pre-exponential factor (via the
effective specific heat variation), and (b) local mix-
tures can be treated as igniting at an effective ini-
tial temperature, T0,eff, which is higher than T0

due to the compression heating. The effective ini-
tial temperature is then determined by a curve fit:

1

T 0;eff

¼ 1

2T 0

1:97þ 0:03 tanh
T 0 � 1055

25

� �� �
; ð3Þ

such that T0,eff = T0 for the mixture at the highest
temperature, as it is the first to ignite, and thus is
not preheated by compression. For all other mix-
ture cells, T0,eff > T0 due to compression heating
prior to ignition. Using the relation for the effec-
tive initial temperature, the correlation for the
ignition delay for the pressure-coupled cells is
found to be

si;pc ¼ 1:041� 10�12 exp
23; 000

T 0;eff

� �
½s�; ð4Þ

which is shown as the dashed line in Fig. 1, fitting
the one-dimensional calculation results very well.
In the two-dimensional turbulent ignition case,
the mass and heat transport processes will affect
further the ignition behavior in addition to tem-Fig. 2. Instantaneous temperature isocontours for Case

A at (A) 0.4 ms and (B) 1.5 ms.

Fig. 7. Application of the ignition regime criterion on the solution fields at 1% heat release. Color background indicates
the temperature field, and line contours of b = 1 based on Cb = 0.5 denote the regions where a deflagration front will be
formed.

Fig. 3. Temperature and scalar dissipation rate history
of the three ignition kernels shown in Fig. 2.

Fig. 4. Instantaneous heat release rate isocontours for
Cases A, B, and C (from top to bottom) at 5%, 20%,
50%, and 90% heat release point. See Table 2 for
physical times.
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SoDware	
  ObjecGves	
  
•  Scalability	
  and	
  Portability	
  -­‐	
  Needs	
  to	
  efficiently	
  u,lize	
  HPC	
  resources	
  at	
  mul,ple	
  sites	
  
including	
  future	
  systems	
  such	
  as	
  Shaheen-­‐II	
  (KAUST)	
  and	
  Summit	
  (OLCF).	
  	
  

•  Extensibility	
  -­‐	
  	
  Future	
  applica,ons	
  beyond	
  Cartesian	
  mesh	
  DNS.	
  
•  Leverage	
  open	
  source	
  libraries	
  for	
  combus,on	
  models	
  and	
  programming	
  abstrac,ons	
  

Challenges	
  
•  Treatment	
  of	
  mulG-­‐species	
  fluid	
  properGes	
  adds	
  computaGonal	
  complexity,	
  

communicaGon	
  and	
  synchronizaGon	
  overheads.	
  
•  The	
  conGnuous	
  development	
  of	
  mulG-­‐physics	
  models	
  and	
  ensuring	
  their	
  scalability	
  

requires	
  a	
  high	
  level	
  programming	
  approach.	
  

Cantera	
  library	
  
We	
  leverage	
  Cantera	
  for	
  compu,ng	
  the	
  
chemical	
  kine,cs,	
  thermodynamic	
  and	
  

transport	
  proper,es.	
  We	
  develop	
  our	
  own	
  
implementa,ons	
  of	
  the	
  performance	
  
cri,cal	
  kernels	
  for	
  performance	
  and	
  
portability	
  to	
  GPU	
  accelerators.	
  	
  

Kokkos	
  programming	
  model	
  
Kokkos,	
  a	
  Trilinos	
  package,	
  provides	
  

performance	
  portability.	
  It	
  abstracts	
  the	
  
device	
  and	
  memory	
  layout.	
  Here,	
  we	
  use	
  a	
  
MPI+Kokkos	
  model.	
  Performance	
  cri,cal	
  
kernels	
  are	
  programmed	
  as	
  C++	
  functors	
  

that	
  are	
  dispatched	
  to	
  the	
  device.	
  

GPU	
  Performance	
  Results	
  
Cray	
  XC30	
  node	
  with	
  dual	
  Intel	
  Xeon	
  
E5-­‐2670.	
  16	
  physical	
  cores,	
  32	
  logical.	
  	
  

Cray	
  XK7	
  node	
  with	
  	
  
Tesla	
  K20x	
  accelerator.	
  	
  vs	
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•  Performance	
  and	
  scalability	
  are	
  tested	
  for	
  two	
  chemical	
  models	
  (i)	
  9	
  species	
  Hydrogen	
  
(H2)	
  model	
  and	
  (ii)	
  53	
  species	
  natural	
  gas	
  (CH4)	
  model.	
  	
  

•  Viscosity	
  kernel	
  shows	
  good	
  speedup	
  for	
  problem	
  sizes	
  from	
  50k	
  to	
  1M	
  cells	
  per	
  node.	
  
•  Mixture	
  averaged	
  diffusivity	
  shows	
  performance	
  issues	
  for	
  the	
  large	
  CH4	
  chemical	
  
model.	
  Nvprof	
  results	
  indicate	
  register	
  pressure	
  and	
  conten,on	
  for	
  memory	
  
bandwidth.	
  	
  

•  Further	
  work	
  is	
  needed	
  to	
  improve	
  performance	
  and	
  to	
  accelerate	
  addi,onal	
  kernels.	
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