
Computational Enhancements for Direct Numerical Simulations of Statistically 
Stationary Turbulent Premixed Flames 

 
 

Thesis by 
 
 

Nurzhan Mukhadiyev 
 
 
 
 
 
 
 
 
 
 
 

In Partial Fulfillment of the Requirements  
 

For the Degree of 
 

 Master of Science 
 
 
 
 
 
 
 
 
 
 
 

King Abdullah University of Science and Technology 
 

Thuwal, Kingdom of Saudi Arabia 
 
 
 
 

 
 
 

May, 2017 



	

	

2	

 

 
EXAMINATION COMMITTEE PAGE 

 

 

 

The thesis of Nurzhan Mukhadiyev is approved by the examination committee. 

 

 

 

 

 

 

Committee Chairperson: Hong G. Im 
 
Committee Members: Sigurdur Thoroddsen, Matteo Parsani 

 

 

 

 

 

 

 

 

 

 



	

	

3	

COPYRIGHT 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© May, 2017 

Nurzhan Mukhadiyev 

All Rights Reserved 

 



	

	

4	

Abstract 

Computational Enhancements for Direct Numerical Simulations of Statistically 

Stationary Turbulent Premixed Flames 

By 

Nurzhan Mukhadiyev 

 

Combustion	at	extreme	conditions,	such	as	a	turbulent	flame	at	high	Karlovitz	and	

Reynolds	numbers,	is	still	a	vast	and	an	uncertain	field	for	researchers.	Direct	numerical	

simulation	of	a	turbulent	flame	is	a	superior	tool	to	unravel	detailed	information	that	is	not	

accessible	to	most	sophisticated	state-of-the-art	experiments.	However,	the	computational	

cost	of	such	simulations	remains	a	challenge	even	for	modern	supercomputers,	as	the	

physical	size,	the	level	of	turbulence	intensity,	and	chemical	complexities	of	the	problems	

continue	to	increase.		As	a	result,	there	is	a	strong	demand	for	computational	cost	

reduction	methods	as	well	as	in	acceleration	of	existing	methods.	The	main	scope	of	this	

work	was	the	development	of	computational	and	numerical	tools	for	high-fidelity	direct	

numerical	simulations	of	premixed	planar	flames	interacting	with	turbulence.		

	

The	first	part	of	this	work	was	KAUST	Adaptive	Reacting	Flow	Solver	(KARFS)	

development.	KARFS	is	a	high	order	compressible	reacting	flow	solver	using	detailed	

chemical	kinetics	mechanism;	it	is	capable	to	run	on	various	types	of	heterogeneous	

computational	architectures.	In	this	work,	it	was	shown	that	KARFS	is	capable	of	running	

efficiently	on	both	CPU	and	GPU.		
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The	second	part	of	this	work	was	numerical	tools	for	direct	numerical	simulations	of	planar	

premixed	flames:	such	as	linear	turbulence	forcing	and	dynamic	inlet	control.	DNS	of	

premixed	turbulent	flames	conducted	previously	injected	velocity	fluctuations	at	an	inlet.	

Turbulence	injected	at	the	inlet	decayed	significantly	while	reaching	the	flame,	which	

created	a	necessity	to	inject	higher	than	needed	fluctuations.	A	solution	for	this	issue	was	

to	maintain	turbulence	strength	on	the	way	to	the	flame	using	turbulence	forcing.	

Therefore,	a	linear	turbulence	forcing	was	implemented	into	KARFS	to	enhance	turbulence	

intensity.	Linear	turbulence	forcing	developed	previously	by	other	groups	was	corrected	

with	net	added	momentum	removal	mechanism	to	prevent	mean	velocity	drift.		Also,	

dynamic	inlet	control	was	implemented	which	retained	flame	inside	of	a	domain	even	at	

very	high	fuel	consumption	fluctuations.	

	

Last	part	of	this	work	was	to	implement	pseudospectral	method	into	KARFS.	Direct	

numerical	simulations	performed	previously	are	targeting	real	engines	and	turbines	

conditions	as	an	ultimate	goal.		These	targeted	simulations	are	prohibitively	

computationally	expensive.	This	work	suggested	and	implemented	into	KARFS	a	

pseudospectral	method	for	reacting	turbulent	flows,	as	an	attempt	to	decrease	

computational	cost.	Approximately	four	times	computational	CPU	hours	savings	were	

achieved.					
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Chapter 1: Introduction 

1.1 Motivation 
	
Combustion of hydrocarbon fuels plays a major role in energy production and delivery in the 

modern society. Despite enormous development in alternative sources of energy such as: nuclear, 

solar, the wind, geothermal and hydro energy, humanity still obtains around 85% of its energy 

from burning fossil fuels: such as natural gas, oil and coal (World Energy Resources 2016). 

Hydrocarbons from fossil fuels have advantages that none of the alternative sources has: it is 

energy dense, widely abundant and relatively cheap. Nevertheless, combustion energy, necessary 

for running today’s society, has a major drawback. It has a negative effect both on environment 

and for human health. Greenhouse gasses from combustion increase earth temperature, rising sea 

levels and drastically changing world climate (Future of Climate Change). Particles and 

pollutions associated with combustion promote cardiovascular diseases as well as cancer 

(Dellinger et al., 2008). As energy demand increases due to population growth, a harmful effect 

from combustion intensifies. Therefore, reducing undesired side effects related to combustion is 

one of the priorities for science and engineering, making deep understanding of combustion 

underlying physics vitally important. 

 

One of the challenging and lingering questions in combustion science remains turbulent 

premixed flames (Im et al., 2016). There are still uncertainties in seemingly basic concepts such 

as turbulent flame propagation speed and flame structure, which are required for more accurate 

RANS and LES of reactive flow. Turbulent flame propagation speed was experimentally 

measured for various conditions, but experiential results have a wide uncertainty spread 

(Lipatnikov & Chomiak, 2002). This creates ambiguity in obtained data, making unclear if the 
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experimental set-up is biased. DNS data can provide results, which are free of any experimental 

bias. For example, it was not clear if bending effect, flame speed limit as turbulence intensifies, 

is real physical phenomena or artificial consequence from the inappropriate experiment. Only 

recently, the existence of bending effect was confirmed using a DNS simulation (Nivarti & Cant, 

2017). Another, unclear but extremely important characteristics of premixed flame is progress 

variable.  Well-determined progress variable allows more precise closure models for RANS or 

LES.  For instance, the flamelet progress variable approach requires computing only a few 

variables such as progress variable and mixture fraction, instead of tracking all the species 

presented in the fuel. This allows relatively accurate modeling of laboratory scale engines since 

computational cost is reduced considerably (Pierce & Moin, 2001; Pitsch & Ihme, 2005). 

However, the flamelet progress variable approach requires an exact mapping from progress 

variable space into physical space. In the case of laminar flames, the precise mapping is trivial, 

since laminar flames are uniquely defined. In contrast, turbulent flame progress variable is an 

open question. The chaotic nature of turbulent flames introduces wide uncertainty into the flame 

structure (Im et al., 2016).   

 

Questions raised above are best to be answered through direct numerical simulations. DNS 

provide such comprehensive information, which is not possible to acquire from most advanced 

experiments. The interest of the combustion community is shifting towards real engine 

conditions, which means high Reynolds and Karlovitz numbers. DNS require resolving scales 

from smallest to largest, as a result, a range of scales to be resolved increasing to the point where 

DNS is becoming prohibitively computationally expensive. Therefore, there is a requirement to 
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develop instruments, which will allow DNS simulations of high Karlovitz and Reynolds number 

turbulent flames, while keeping the computational cost at an acceptable level. 

The main goal of this work was the implementation of computational and numerical tools for 

high-fidelity direct numerical simulations of premixed planar flames interacting with turbulence. 

Tools which will allow high Karlovitz and Reynolds numbers reactive flows simulations with 

acceptable computational cost.  

1.2 Objectives and Literature Review 

	
This work had four major goals: KARFS GPU validation, isotropic turbulence forcing 

implementation, dynamic inlet velocity control implementation and mixed pseudospectral with 

finite difference method implementation and validation of this approach for reacting flows. 

Validation DNS was performed in a simple canonical set-up with one inlet and one outlet in one 

direction with two other directions being periodic (See Appendix A). 

1.2.1 KARFS GPU validation 

	
Combustion conditions at real engines are far more extreme than being computed by current 

state-of-the-art DNS codes. High Karlovitz and Reynolds number flames, existing at real 

engines, require more degrees of freedom to be resolved than DNS performed at the moment. 

Numerical solution of these flows requires finer grid resolution and more complex chemical 

kinetics mechanism. As a result, utilization of exascale computing machines is essential. These 

new types of machines are expected to benefit from accelerators such as GPUs (Graphical 

Processing Unit) or MICs (Many Integrated Core) cards, to achieve such pushing floating-point 

operations per second. However, most existing DNS codes are designed to operate well only on 
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CPUs (Central Processing Unit), which make existing scientific reactive flow codes not well 

adapted for future machines. Some attempts were made to modify these codes to work on future 

machines using OpenACC or specially written libraries. For instance, the original S3D code was 

accelerated using OpenACC and further improved using Legion library achieving 2-3 times 

acceleration (Levesque et al., 2012; Bauer, 2014).  

 

The other way to meet emerging demands of exascale supercomputers era was to develop a 

brand new code, which initially designed to run on future architectures. For example kokkos 

library deliberately designed for this purposes (Edwards & Trott, 2013). Kokkos provides a user-

accessible programming model for scientists and engineers to develop performance portable 

code. Based on kokkos framework KAUST Adaptive Reacting Flow Solver (KARFS) was 

developed as a respond for future exascale machines. 

 

KARFS is a high fidelity scientific code intended for direct numerical simulations of reactive 

flows. KARFS has performance portability capabilities on multi and many core heterogeneous 

platforms. It is significant since it provides an advantage over other various DNS reacting flow 

codes, to meet emerging demands of exascale computing machines. This work’s intention was to 

test KARFS performance portability capabilities on a GPU, to show its feasibility on future 

architectures. 
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1.2.2 Isotropic Turbulence Forcing Implementation with Net Added Momentum 

Removal Correction 

	
The usual DNS of the premixed planar flame propagating into isotropic turbulence sets inlet as a 

source of turbulence (Nikolaou & Swaminathan, 2015; Carlsson et al., 2014; Nivarti & Cant, 

2017; Im et al., 2016). This method has a drawback. The best position for a flame is a 

computational domain center far from the inlet, which minimizes undesired flame-boundary 

touch. As a result, by the time turbulence from the inlet reaches flame, velocity fluctuations 

intensity drops down considerably. Therefore, to reach high Karlovitz number, inlet fluctuations 

must have even higher values, which can lead to numerical instabilities. One solution to 

overcome this obstacle is to force turbulence on the way to the flame (Lapointe et al., 2015; A. J. 

Aspden et al., 2008). 

 

Turbulence forcing has a lasting development in computational fluid dynamics community. 

Eswaran and Pope (1998) developed forcing in a Fourier space by adding energy to low 

wavenumber part of turbulence back in 1988. This method works excellently for Fourier space 

based DNS codes. However, most reacting flows solvers are finite difference codes with 

distributed memory. Fourier transforms require intensive MPI commutations for memory-

distributed solvers since whole data set should be available for a single CPU. These MPI 

communications slow down the program and will slow down even worse as computational 

platforms shift toward bandwidth limit (Chen). Therefore, turbulence forcing mechanism in a 

physical space is critical for reactive flow solvers to achieve high turbulence. Aspden suggested 
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using a random zero mean forcing in a physical space, which removes long distance correlations 

of velocity field (Aspden et al., 2008). Lundgren proposed linear turbulence forcing, with a 

rationalized underlying physical meaning, and demonstrated that it results in a close to real 

turbulence dynamics both small and integral scales (Lundgren, 2003). The goal of this work was 

to implement linear turbulence forcing due to its advantages. The linear turbulence forcing was 

also corrected by adding net added momentum removal mechanism. 

1.2.3 Dynamic Inlet Implementation 

	
One of the goals of premixed flames DNS is to determine turbulent flame speed. Experimental 

data has no certain agreement on exact turbulent flame speed (Lipatnikov & Chomiak, 2002). 

Girish and Cant (2017) confirmed bending effect numerically, but still, no particular turbulent 

flame speed can be stated with high confidence. Previously conducted DNS of planar flame used 

a priori equations to predict flame burning rate and set up an inlet velocity based on these 

equations (Im et al., 2016).  The correctness of a priori equations is essential to keep flame 

within computational domain. However, since turbulence has stochastic features, a priory 

method likely to predict burning rate incorrectly. It will lead to flame boundary touch, resulting 

in non-physical numerical artifacts.  The goal of this work was to implement dynamical inlet 

velocity control, which will adjust inlet velocity according to actual fuel consumption rate. 

1.2.4 Mixed Pseudospectral and Finite Difference Method Implementation and 

Validation for Reacting Turbulent Flows at High Karlovitz Number 

	
Researchers around the world studying premixed turbulent flames are often limited in CPU hours 

allocation. DNS simulations of premixed flames can easily cost several million CPU hours, 
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making it very expensive and precious data. To reach higher Karlovitz and Reynolds numbers of 

real engines, the computational cost of turbulent premixed flames should get even more 

expensive. As a result, it is beneficial to use numerical methods with fastest convergence rate, to 

attain solution with the least computational burden. Pseudospectral method fits ideally for this 

purpose. The pseudospectral method has an infinite or exponential convergence provided that 

function is infinitely differentiable (Trefethen, 2000; Fornberg, 1987). It was shown that spectral 

methods require ten times fewer grid points to resolve a turbulent flow problem than finite 

difference methods (Turbulent Flow Simulation at the Exascale: Opportunities and Challenges 

Workshop, 2015). Previously, Lee and Pope (1995) used spectral method for DNS of reacting 

flow, with simple chemistry and passive scalar. It was unreasonable to use it for a different 

configuration since in the past DNS chemical scales were smallest scales to resolve. Since, at 

Karlovitz numbers greater than approximately 102, the Kolmogorov scale is equal or even 

smaller than flame scales, the pseudospectral method looks like a superior alternative to the finite 

difference. One can expect same exponential convergence for reacting turbulent flow as for non-

reacting flow at these conditions. To test this approach this work implemented pseudospectral 

methods in two periodic directions, while non-periodic direction left as a finite difference 

method. Mixing pseudospectral and finite difference methods were used in the area of acoustics 

where one or two directions are computed using pseudospectral method (Sandberg; Fasel, 2011). 

The scope of this work was to implement and validate pseudospectral method in two periodic 

directions, while the third direction utilizes finite difference method for turbulent flames.  
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1. 3 Outline of This Thesis 

The rest of this work is divided into four major chapters, which will explain in details KARFS 

GPU validation, isotropic turbulence forcing implementation, dynamic inlet velocity control 

implementation and mixed pseudospectral with finite difference method implementation and 

validation for reacting flows.   

 

The second chapter of this work provides a general overview of a KAUST Adaptive Reacting 

Flow Solver (KARFS), a high fidelity scientific code intended for direct numerical simulations 

of reactive flows. Then it provides essential physical equations that are being solved, underlying 

numerical schemes and KARFS’s performance portability capabilities on multi and many core 

heterogeneous platforms.  

 

The third chapter content focuses on isotropic turbulence forcing implementation into KARFS. It 

provides background information on why turbulence forcing is desired for simulations of flames 

propagating into isotropic turbulence. The chapter introduces linear isotropic turbulence forcing 

for incompressible flow periodic box with zero mean velocity, subsequently extends forcing to 

flame propagating into isotropic turbulence case and adds net added momentum removal 

correction.  

 

The fourth chapter demonstrates dynamic inlet velocity implementation into KARFS for DNS of 

the premixed flame propagating into isotropic turbulence. It provides some background 

information about problems related to these kinds of simulations, which creates necessity in 
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dynamic inlet control. It explains dynamic inlet control ideas, developed by Bell et al. (2006). 

Then it shows the feasibility of dynamic inlet control on the example of 2D simulation. 

 

The final chapter focuses on the pseudospectral capabilities if KARFS. The chapter gives 

necessity for the pseudospectral method for high Karlovitz number premixed flames and 

theoretical information about the pseudospectral method. In particular, general formulation, 

aliasing and filtering are explained. Then it gives implementation details of the pseudospectral 

method into KARFS. It provides FFTW library information, chosen as a best for fast Fourier 

transform. It gives MPI pencil decomposition information and its advantages.  
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Chapter 2: KAUST Adaptive Reacting Flow Solver 

This	chapter	provides	a	general	overview	of	a	KAUST	Adaptive	Reacting	Flow	Solver	

(KARFS),	a	high	fidelity	scientific	code	intended	for	direct	numerical	simulations	of	reactive	

flows.	The	chapter	provides	essential	physical	equations	that	are	being	solved,	underlying	

numerical	schemes	and	KARFS’s	performance	portability	capabilities	on	multi	and	many	

core	heterogeneous	platforms.	The	last	is	significant	since	it	provides	a	glance	on	

advantages	of	KARFS	over	other	various	DNS	reacting	flow	codes,	to	meet	emerging	

demands	of	exascale	computing	machines.	In	particular,	this	chapter	will	give	a	basic	

overview	of	a	kokkos	framework,	which	allows	KARFS	to	straightforwardly	utilize	same	

source	code	on	CPU	(Central	Processing	Unit)	and	GPGPU	(General	Purpose	Graphic	

Processing	Unit)	while	maintaining	performance	comparable	with	well-tuned	code	

(Edwards	&	Trott,	2013).	

2.1 General formulation and numerical schemes 

This section will follow Poinsot and Veynante (2006) notation to describe PDE of compressible 

reactive Navier-Stokes equations. KARFS is solving a system of coupled conservation equations 

in a conservative form as shown below (2.1), with detailed chemical kinetics and transport. 

 

!
!"

𝜌

𝜌𝑢!

𝜌𝑒!

𝜌𝑌!

+ !
!!!

𝜌𝑢!

𝜌𝑢!𝑢!

𝜌𝑢!𝑒!

𝜌 𝑢! + 𝑉!,! 𝑌!

=

0

− !"
!!!

+ !!!"
!!!

+ 𝜌 𝑌!𝑓!"
!"#
!!!

− !!!
!!!

+ !!!"!!
!!!

+ 𝑄 + 𝜌 𝑌!𝑓!"(𝑢! + 𝑉!,!)
!"#
!!!

𝑊!𝜔!

 (2.1) 
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Where 𝜌 is density, 𝑢!velocity component in jth direction, Yk each species mass fraction, 𝑉!,! 

species diffusive velocity, 𝜔! chemical reaction production term, 𝑓!" body force (such as gravity, 

electrical force etc.), 𝑄 heat transfer to the system, 𝑒! =
!
!
𝑢!𝑢! + ℎ!𝑌!

!"#
!!! − !

!
 total energy, 

𝑞! = −𝜆 !"
!!!

+ 𝜌 ℎ!𝑌!𝑉!,!
!"#
!!!  energy flux, 𝜏!" = − !

!
𝜇 !!!
!!!

𝛿!" + 𝜇
!!!
!!!

+ !!!
!!!

 viscous tensor, 

𝜎!" = 𝜏!" − 𝑝𝛿!" viscous and pressure tensor and nsp is number of species. 

 

KARFS	is	a	high	order	non-dissipative	finite	difference	code	with	pseudospectral	

capabilities	(pseudospectral	capabilities	will	be	discussed	in	Chapter	5	in	more	details).	

KARFS	operates	on	a	structured	Cartesian	grid.	Spatial	derivative	in	KARFS	is	computed	

either	utilizing	8th	or	10th	order	finite	difference	schemes.	KARFS	uses	10th	or	12th	order	

finite	difference	filter	to	remove	high	wavenumber	numerical	oscillation.	A	time	integration	

scheme	is	represented	by	memory	saving	4th	order	Runge-Kutta	scheme	described	by	

Carpenter	and	Kennedy	(1994).	KARFS	has	the	capability	to	dynamically	adjust	time	step	

applying	PID	controller	developed	by	Kennedy	and	Carpenter	(2003).	

2.2 Kokkos framework 

KARFS’s main framework is kokkos. Kokkos provides a user-accessible programming model 

for scientists and engineers to utilize multi and many core architectures potential (Edwards & 

Trott, 2013). User accessible implies that designer developing a scientific code has limited 

knowledge about multi and many core architectures, while still capable of writing a performance 

portable program. Performance portable means that the same code can be run on multiple 

different heterogeneous platforms containing Xeon, Xeon Phi or GPGPU, without extensive 

modifications and hand tuning.  
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Kokkos manages various data operations such as allocation, destruction, and movement using 

View arrays. View arrays replace C++/C standard arrays. View type array automatically selects 

an array layout to best match a computational architecture, but the user still left with an option to 

hand pick desired one. Kokkos is a computational speed oriented framework, so expensive deep 

copies of View arrays are never executed implicitly. Instead, the user must explicitly invoke 

deep_copy() function. Kokkos allows operating on the part of View arrays, using a subview 

array. Subview array creates a pointer to smaller part of a bigger View array, avoiding 

unnecessary copy operations. Kokkos operates on a View arrays using special functors such as 

parallel_for,  parallel_reduce, parallel_scan or any other user defined operation/functors.  (See 

Appendix B) 

Edawards and Trott (2013) were able to demonstrate kokkos performance portability on a 

molecular dynamics computational kernel, and finite element mini-application was achieving 

performance at worst 90% of manually adjusted to specific architecture code. In the next section, 

KARFS performance on GPGPU will be shown to demonstrate it performance portability 

2.3 KARFS GPU acceleration 

KARFS GPU acceleration portability was tested using small 2D test problems where grid size 

was ranging from 512x512 up to 3072x3072. For the test purposes, small KAUST GPU cluster 

buzzard was used. Buzzard is Intel Haswell CPU-based cluster with 16 NVIDIA K80 GPUs. 

Reduced chemical kinetics mechanism of Dimethyl ether (DME) consisting of 30 species was 

used to model chemical kinetics. Initially, chemical kinetics mechanism was developed for CPU 

as a hard coded FORTRAN routine (Bhagatwala et al.).  This mechanism then was rewritten into 

C language and adapted as a CUDA kernel function. For the buzzard machine, the best-achieved 
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acceleration was around 40 times. Meaning, the best performance on all available CPUs on this 

machine was compared to 8 GPUs (Xu et al., 2016).  It was observed that for these 2D problems 

acceleration depends heavily on problem size. From figure 2.1 it can be seen that for biggest 

problem size 3072x3072 the best performance achieved using 8 GPUs, while for the smallest 

512x512 problem 1 GPU resulted in the best performance, while 8 GPUs degraded 

computational speed significantly. 

 

Figure 2.1 KARFS Acceleration compared to single CPU. 

2.4 Concluding remarks 

Performed auto ignition sample problems clearly show that KARFS is indeed performance 

portable code. No major modifications were required to run KARFS on the GPU-based platform. 

The only part of the code required some changes were chemical kinetics part, which is already 

being addressed. 
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Chapter 3: Isotropic turbulence forcing 
	
The	content	of	this	chapter	focuses	on	isotropic	turbulence	forcing	implementation	into	

KARFS.	It	provides	background	information	on	why	turbulence	forcing	is	desired	for	

simulations	of	flames	propagating	into	isotropic	turbulence.	Later	this	chapter	introduces	

linear	isotropic	turbulence	forcing	for	an	incompressible	periodic	box	with	zero	mean	

velocity,	subsequently	extends	forcing	to	flame	propagating	into	isotropic	turbulence	case.	

The	chapter	shows	how	turbulence	forcing	prescribed	only	for	a	cold	part	of	the	

computational	domain,	leaving	flame	structure	unaffected	by	forcing.	It	shows	

modifications	to	linear	isotropic	forcing,	which	remove	mean	velocity	drift,	by	removing	

net	added	momentum.	Lastly,	it	shows	H2/O2	premixed	flame	simulations	of	cold	and	

reacting	flows	with	and	without	turbulence	forcing	for	qualitative	comparison.	

3.1 Background and motivation  

In	direct	numerical	simulations	of	flat	premixed	flames	propagating	into	isotropic	

turbulence,	inlet	serves	as	a	velocity	fluctuations	source	(Nikolaou	&	Swaminathan,	2015;	

Carlsson	et	al.,	2014;	Nivarti	&	Cant,	2017;	Im	et	al.,	2016).	However,	usually	flame	is	

located	deep	in	the	domain,	so	by	the	time	turbulence	reaches	flame,	velocity	fluctuation	

intensity	drops	down	considerably.	Therefore,	to	reach	high	Karlovitz	number,	inlet	

fluctuations	must	have	even	higher	turbulence	intensity,	which	can	lead	to	numerical	

instabilities.	One	solution	to	overcome	this	issue	is	to	force	turbulence	on	the	way	to	the	

flame	(Lapointe	et	al.,	2015;	Aspden	et	al.,	2008).	

Turbulence	forcing	is	not	a	novel	idea	in	computational	fluid	dynamics	community.	

Eswaran	and	Pope	(1998)	suggested	adding	energy	to	low	wavenumber	part	of	turbulence	
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in	a	Fourier	space	back	in	1988.		However,	Fourier	transform	requires	intensive	MPI	

commutations	for	memory-distributed	solvers,	since	whole	data	set	should	be	available	for	

a	single	CPU.	These	MPI	communications	slow	down	the	program	and	will	slow	down	even	

worse	as	computational	platforms	shift	toward	bandwidth	limit	(Chen).	Therefore,	it	is	

desirable	to	have	a	turbulence	forcing	mechanism	that	can	operate	locally	or	with	minimal	

MPI	communication.	Aspden	suggested	using	a	random	zero	mean	forcing	in	a	physical	

space,	which	removes	long	distance	correlations	of	velocity	field	(Aspden	et	al.,	2008).	

However,	the	author	sees	no	physical	justification	for	this	forcing.	Lundgren	proposed	

linear	turbulence	forcing,	with	a	rationalized	underlying	physical	meaning,	and	

demonstrated	that	it	results	in	a	close	to	real	turbulence	dynamics	both	small	and	integral	

scales	(Lundgren,	2003).	As	a	result	family	of	linear	turbulence	forcing	was	chosen	to	

implement	into	KARFS.	

3.2 Linear Turbulence Forcing General Formulation 

Originally Lundgren come up with a linear forcing scheme from turbulence kinetic energy 

equation. He noticed that 𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑐𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑡𝑒𝑟𝑚 = < 𝒖′ ∙ ∇𝒖 ∙ 𝒖′ > is proportional to 𝒖′ 

(Lundgren, 2003). Therefore, it is natural to assume that forcing term in physical space should be 

proportional to 𝒖′. Lundgren assumed zero mean velocity flow (𝒖 = 0). Henceforth, flow of 

isotropic turbulent flow can be expressed as 3.1 

!𝒖
!"
+ 𝒖 𝛻𝒖 = − !"

!
+ 𝜈𝛻!𝒖+ 𝒇 (3.1) 

with forcing term 3.2 

𝒇 = 𝑄𝒖 (3.2) 

therefore turbulent energy equation is 3.3 
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!
!
!!𝒖∙𝒖!
!"

= −𝜖 + 𝑄 < 𝒖 ∙ 𝒖 > (3.3) 

 

where dissipation is 3.4 

𝜖 = −𝜈 < 𝒖 ∙ 𝛻!𝒖 > (3.4) 

assuming steady state !!𝒖∙𝒖!
!"

= 0, forcing constant can be derived as 3.5 

𝑄 = !
!!!

 (3.5) 

where U is desired fluctuation velocity level and 𝜖 is turbulence kinetic energy dissipation rate. 

3.2.1 Improvement to Linear Turbulence Forcing 

Later, Carroll and Blanquart (2013) noticed slow convergence of Lundgren forcing constant to 

steady state and proposed to modify it as 3.6  

𝑄 = !!
!

!
!!!

 (3.6) 

where k0 is desired turbulent kinetic energy and k is actual kinetic energy. Notice that when k0=k 

Carroll’s definition is exactly equal to original Lundgren forcing constant. Carroll and Blanquart 

stated that suggested improvement converges to steady state at much faster rate that original 

definition. 

3.3.2 Further Improvement to Linear Turbulence Forcing 

Subsequently, Bassenne et al. (2016) suggested even faster algorithm to reach steady state. Three 

types of forcing constants were suggested to prescribe kinetic energy, kinetic energy dissipation 

or approximation of both (meaning flow fluctuate between prescribed kinetic energy level and 

prescribed dissipation level).  
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Constant turbulence kinetic energy formulation has a form of 3.7 

𝑄 =
! ! !! ! ! !!!

!!
!!(!)

 (3.7) 

Constant turbulence kinetic energy dissipation has a form of 3.8 

𝑄 = −
! ! !! ! ! !!!

!!
 

!!(!)
 (3.8) 

where  

𝑤 𝑡 = −2𝜈 !!!
!!!

!!!
!!!

!!!
!!!

− 2𝜈! !
!!!

!!!
!!!

!
!!!

!!!
!!!

 (3.9) 

 

And an approximate combination of turbulence kinetic energy and turbulence kinetic energy 

dissipation is expressed as 3.10 

𝑄 = !!! !
!!! ! !!!!!!!(!)

! ! !! ! ! !!!
!!

!! !
− !!!!!!(!)

!!! ! !!!!!!!(!)

! ! !! ! ! !!!
!!

 

!! !
 (3.10) 

Where G and H represent arbitrary constant, which prescribes convergence rate; 𝜏! represents 

desired flow time constant, but it was noticed that G and H absorbs 𝜏! 

3.4 Implementation into KARFS 

Turbulence forcing definition described above is derived from incompressible formulation of 

Navier-Stokes equation. However, since flow’s root mean square of velocity is expected to be 

much smaller than Mach number, it still appropriate to apply this formulation to cold flow 

upstream of premixed flame propagating into isotropic turbulence DNS. 

In the KARFS code momentum equation was modified such that 

!"!!
!"

+ !
!!!
𝜌𝑢!𝑢! = − !"

!!!
+ !!!"

!!!
+ 𝜌 𝑌!𝑓!"

!"#
!!! + 𝜌𝑓!𝜙(𝑇) (3.11) 
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where forcing expressed in 3.12 

𝒇 = 𝑄 𝒖− 𝒖𝒎𝒆𝒂𝒏  (3.12) 

 

𝒖𝒎𝒆𝒂𝒏 was assumed to be an inlet velocity. 

Previous DNS simulations of premixed flame propagating into isotropic turbulence, forced 

beyond flame front, possibly changing the nature of flame-turbulence interaction (Lapointe et al., 

2015;  Aspden et al., 2008). So function 𝜙 𝑇  was introduced to prevent forcing of the hot gases 

beyond threshold temperature as shown on figure 3.4.1, which means that flame structure is not 

altered by forcing. 𝜙 𝑇  is ideally defined as 3.13 

𝜙 𝑇 =  
 1 𝑖𝑓 𝑇(𝑡, 𝑥,𝑦, 𝑧) < 𝑇!!!"#!!"#
 0 𝑖𝑓 𝑇 𝑡, 𝑥,𝑦, 𝑧 ≥ 𝑇!!!"#!!"#

 (3.13) 

but was approximated as 3.14 

𝜙 𝑇 = !
!
−1.0 ∗ tanh 𝑇 − 𝑇!!!"#!!"# ∗ 10.0+ 1.0   (3.14) 

for computational speed purposes as well as to make forcing continuous. It is shown graphically 

in figure 3.4.2 

 

Figure 3.4.1 Schematic temperature isosurface beyond which forcing is not applied.   



	

	

31	

 

 

Figure 3.4.2 Profile of 𝜙 𝑇  function, which prevents forcing inside flame 

3.5 Zero Momentum Correction 

It was noticed that linear turbulence forcing adds a net moment to the flow as shown in figure 

3.5.1. Figure 3.5.1 shows periodic box mean velocity drift from forcing, with initially zero mean 

velocity. Dashed lines represent mean velocity components, which drift away from zero value. 

For an isotropic turbulent flow with zero mean velocity, drift is less than 1.5 % of root mean 

square of fluctuations for 4000 time steps of simulation. Simulation progresses with a slope of 

0.004% drift per step, as a result it is expected that drift velocity will achieve same order as a 

main flow within simulation time (O~106 steps). Therefore, it was suggested to remove added 

mean momentum as explained below. 

 

The total added momentum could be calculated as 3.15 

𝑴!"!#$ = 𝒇𝜌𝜙(𝑇)!
!!!   (3.15) 
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As a result, correction to each cell should have form of 3.16 

𝑭!"##$!%&"' =
𝑴!"!#$
!

 (3.16) 

Therefore momentum equation is modified  as 3.17 (See Appendix C) 

!"!!
!"

+ !
!!!
𝜌𝑢!𝑢! = − !"

!!!
+ !!!"

!!!
+ 𝜌 𝑌!𝑓!"

!"#
!!! + 𝜌𝑓!𝜙 𝑇 − 𝐹!"##$!%&"'! (3.17) 

Corrected mean velocity is shown in figure 3.5.1 with solid lines. It can be seen that zero 

momentum correction prevents mean velocity drift. 

 

Figure 3.5.1 Velocity drift without zero momentum correction (dashed lines) and zero 
momentum corrected drift (solid lines) 

3.6 Results: Non-Reacting and Reacting Channel Flow 

3.6.1 Non-Reacting channel 

The main motivation to implement linear turbulence forcing was a DNS of the planar flame 

propagating into isotropic turbulence. These kinds of simulations are performed in a channel 

with inlet and outlet along one of the axis, while other directions are periodic (see Appendix A). 

It is natural to test forcing separately from the flame in a cold/non-reacting channel, where the 

effect of the forcing scheme can be separated from complex reacting flow physics.  
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It was previously noticed that integral scale of the synthetically generated turbulence would 

change when linearly forced (Rosales & Meneveau, 2005). To prevent integral length change, it 

was proposed to force turbulence in a periodic box, until it reaches steady state. Only after it was 

fed into the domain.  

 

Results show that linear turbulence forcing maintains turbulence intensity at the same level along 

the whole channel length juxtaposed to not forced flow. Not forced channel kinetic energy 

spectrum shown on the left of the figure 3.6.1 validates turbulence decay along the channel. On 

the other hand, the kinetic energy of forced turbulence shown on the right of figure 3.6.1, stays 

on the same level. 

 

Figure 3.6.1 Kinetic energy spectrum for cold/non-reacting channel flow. Not forced case on the 
left and forced case on the right.  

 

Channel flow vorticity isosurface is shown in figure 3.6.2 demonstrates that turbulence stays 

homogeneous along channel, behaving appropriately.   
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Figure 3.6.2 Vorticity isosurface (λ2-criterion) for cold/non-reacting channel flow. Not forced 
case on the left and forced case on the right.  

3.6.2 Reacting Channel 

 

Figure 3.6.3 Reacting channel with premixed H2/O2 combustion with decaying turbulence. 
Vorticity isosurface (λ2-criterion) is shown in green. 1200K-temperature isosurface shown in red. 

Wall colors represent H2O2 mass fraction. 
 



	

	

35	

 

Figure 3.6.4 Reacting channel with premixed H2/O2 combustion with forced turbulence. 
Vorticity isosurface (λ2-criterion) is shown in green. 1200K-temperature isosurface is shown in 

red. Wall colors represent H2O2 mass fraction. 
 

Forced and not forced direct numerical simulations of the H2/O2 premixed flame propagating 

into turbulence were performed for Karlovitz number equal to 128. Equivalence ratio for these 

simulations was 0.7, and root mean squared velocity was equal to 18 m/s. These simulations fall 

into distributed regime combustion on Borghi diagram. 

 

The first thing to notice from not forced simulations on the figure 3.6.3, flame located close to 

the inlet. The flame was intentionally placed close to the inlet, to reduce turbulence intensity 

drop on the way to the flame. Looking at green isosurfaces representing vorticity (λ2-criterion), 

it can be seen that turbulence rapidly decays immediately after being fed at the inlet. H2O2 mass 
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fraction, represented by wall colors, shows that turbulence penetrates flame and convects H2O2, 

confirming distributed regime. 

 

Figure 3.6.4 represents a snapshot from a forced turbulence reacting simulation. It is apparent 

that flame is located much further from the inlet, in contrast to not forced case. Since turbulence 

is forced, it is not decaying over the length if the channel until it reached flame. Green 

isosurfaces representing vorticity, indeed, confirm this. H2O2 mass fraction shows that 

turbulence penetrates flame, and it is clear that structures of H2O2 mass fraction distribution are 

smaller than in not forced case.  

3.7 Concluding remarks 

Reacting flow examples demonstrated clearly shows that turbulence forcing results in much 

more intensive turbulence as was expected. This allows research of high Karlovitz number 

flames. Since turbulence level remains constant on the way to the flame, grid resolution 

requirements are uniform along the flow. This means that computational cost is most optimal 

since simulation is not over resolved for physics of interest.  
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Chapter 4: Dynamic Inlet Control Implementation into KARFS 

This	chapter	demonstrates	dynamic	inlet	velocity	implementation	into	KARFS	for	DNS	of	

the	premixed	flame	propagating	into	isotropic	turbulence.	It	provides	some	background	

information	about	problems	related	to	these	kinds	of	simulations,	which	creates	necessity	

in	dynamic	inlet	control.	It	explains	dynamic	inlet	control	principles,	developed	by	Bell	et	

al.	(2006).	Then	it	shows	the	feasibility	of	dynamic	inlet	control	on	the	example	of	2D	

simulation.	

4.1 Background Information 

Turbulent flame speed is still a research subject. Experimental data did not come to a certain 

agreement on exact turbulent flame speed (Lipatnikov & Chomiak, 2002). Nivarti and Cant 

(2017) confirmed bending effect numerically, but still, no particular turbulent flame speed can be 

stated with high confidence. Conducted DNS of planar flame used a priori equations to predict 

burning rate (Im et al., 2016).  The precision of a priori equations is important to keep the flame 

in the domain of limited computational space. However, since turbulence is a stochastic process, 

a priori equation has a great chance to fail. It will lead to flame boundary touch, resulting in non-

physical numerical artifacts. Therefore, it is desirable to calculate inlet velocity interactively, 

based on physics inside of computational domain.  

4.2 Formulation 

Bell et al. modeled flame position displacement as 4.1 

𝑑ℎ = 𝑣!" 𝑡! − 𝑠(ℎ) ∗ 𝑑𝑡 + 𝑑𝜔 (4.1) 

where: 

𝑣!" = 𝑖𝑛𝑙𝑒𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 
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ℎ = 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 

𝜔 = ℎ𝑖𝑔ℎ 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑧𝑒𝑟𝑜 𝑚𝑒𝑎𝑛 𝑓𝑙𝑢𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛𝑠 

Integrating above equation leads to 4.2 

𝛽 = ℎ 𝑡! + 𝜏 𝑣!" 𝑡! − 𝑠!"# + !!

!
∆𝑣 (4.2) 

where: 

ℎ = 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 

𝑠!"# = 𝑓𝑙𝑎𝑚𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛 =
𝜔!"#$!

!!! 𝑊!"#$

𝜌!"#$% ∗ 𝐴𝑟𝑒𝑎!"#$%
 

 

As a result, change in inlet velocity can be expressed as 4.3 

∆𝑣 = !
!!

𝛽 − ℎ 𝑡! − 𝜏 𝑣!" 𝑡! − 𝑠!"#   (4.3) 

Then new inlet velocity 𝑣!" !"#  is 4.4 

𝑣!" !"# = 𝑣!" + ∆𝑣 (4.4) 

4.3 Results 

Figure 4.2.1 demonstrates dynamic inlet control mechanism output for 2D premixed H2/O2 

flame propagating into turbulence. Dynamic inlet shows very robust behavior. On the top of the 

figure close to laminar flame results in low inlet velocity, close to laminar flame speed. On the 

other hand, the bottom figure shows very turbulent flame, which results in inlet velocity close to 

50 laminar flame speeds. On the average, the flame is still located in its original position, 

showing that dynamic inlet is behaving as intended.    
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Figure 4.2.1 Inlet velocity sample generated for 2D H2/O2 premixed flame by dynamic inlet 
control. Top and bot figures represent temperature. Figure in the middle shows normalized inlet 

velocity over time. 
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4.4 Concluding remarks 

2D simulation is shown in figure 4.2.1 clearly shows that dynamic inlet velocity control adjusts 

inlet speed robustly. Such behavior is useful for flames DNS with little a priory knowledge about 

its behavior. For instance, a wide range of parametric conditions runs can be performed without 

much concern about flame-boundary touch. 
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Chapter 5: KARFS Pseudospectral Capabilities 

This	chapter	focuses	on	pseudospectral	capabilities	of	KARFS.	First,	the	chapter	gives	

necessity	for	a	pseudospetral	method	for	high	Karlovitz	number	premixed	flames	and	

theoretical	information	about	the	pseudospectral	method.	In	particular,	general	

formulation,	aliasing,	and	filtering	issues.	Then	it	gives	implementation	details	of	the	

pseudospectal	method	into	KARFS.	It	provides	FFTW	library	information,	chosen	for	fast	

Fourier	transform.	It	gives	a	MPI	pencil	decomposition	and	its	advantages.	In	particular,	it	

shows	strong	and	weak	scaling	tests	for	this	implementation.	Lastly,	the	chapter	shows	

convergence	results	for	pseudospectral	implementation	and	comparison	with	pure	finite	

difference	method.	

5.1 Pseudospectral Method: Application to Premixed flames and General 

Formulation 

The computational cost of turbulent premixed flames is getting more expensive as higher 

Karlovitz numbers, and Reynolds numbers are being simulated. As a result, it is beneficial to use 

numerical methods with fastest convergence rate, to attain solution with the less computational 

burden. Pseudospectral method fits ideally for this purpose. The pseudospectral method has an 

infinite or exponential convergence provided that function is infinitely differentiable (Trefethen, 

2000; Fornberg, 1987). It was shown turbulent flows require ten times or fewer grid points for 

spectral methods to resolve the problem than finite difference methods (Turbulent Flow 

Simulation at the Exascale: Opportunities and Challenges Workshop, 2015). Since, at Karlovitz 

numbers greater than approximately O~102, the turbulent Kolmogorov scale is equal or even 
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smaller than flame scales. Therefore, one can expect the same exponential convergence for 

reacting turbulent flow as for non-reacting turbulent flow at these conditions. 

 

Trefethen’s notation for spectral derivatives will be used to explain basic principles of 

pseudospectral method (Trefethen, 2000). Any continuous 𝑢 𝑥  function can be transformed into 

a Fourier space using relation 5.1 

𝑢 𝑘 = 𝑒!!"#𝑢 𝑥 𝑑𝑥!
!!   , 𝑘 ∈ ℝ (5.1) 

and back to physical space 5.2 

𝑢 𝑥 = !
!!

𝑒!"#𝑢 𝑘 𝑑𝑘!
!!   ,       𝑥 ∈ ℝ (5.2) 

Or in semi-discrete form 5.3 and 5.4 

𝑣 𝑘 = ℎ 𝑒!!"!!𝑣!!
!!!!   , 𝑘 ∈ [− !

!
, !
!

 ]  (5.3) 

𝑣 𝑥 = !
!!

𝑒!"#𝑣 𝑘 𝑑𝑘
!
!
!!!

  , 𝑗 ∈ ℤ (5.4) 

To find a derivative of 𝑢 𝑥  in spectral space, one needs to find a derivative of 𝑢 𝑘  with respect 

to variable x as 5.5 

𝑤 = 𝑢! 𝑘 =  𝑖𝑘𝑢(𝑘) (5.5) 

Therefore, derivative of 𝑢 𝑥  in physical space can be expressed as 5.6, which makes it an 

algebraic equation. 

!"(!)
!"

= 𝑤(𝑥) = !
!!

𝑒!"#𝑤 𝑘 𝑑𝑘!
!!   (5.6) 

5.2 Filter 

The signal for Fourier transform acquired from CFD simulations are usually varies from low 

frequencies (large scale flow structures) to high frequencies (small-scale flow structures). High 
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frequencies signals beyond well-known Nyquist criteria cannot be resolved, but energy contained 

at these frequencies contributes to lower frequencies. This phenomenon is known as signal 

aliasing. As shown in figure 5.2.1 under-sampled high-frequency signal can be confused with 

lower frequency signal. In fluid dynamics, this creates an artificial backscatter from high 

wavenumber to low wavenumber, which can crash DNS code. 

 

Figure 5.2.1 Aliasing effect of under resolved signal. Blue line represent true signal, while red 
represent aliased signal. 

To prevent aliasing phenomenon signal filtering is used. The general form for filters discussed 

and implemented for KARFS can be expressed as 5.7 

𝑤 = 𝑢! 𝑘 =  𝑖𝑘𝑓(𝑘)𝑢(𝑘) (5.7) 

where 𝑓(𝑘) forms the shape of the filter. 

The most widespread filter for pseudospectral method is 2/3 filter. It can be expressed in form 

𝑓(𝑘) =
1, 𝑖𝑓 |𝑘| ≤ !

!
𝑁  

0 , 𝑖𝑓 |𝑘| > !
!
𝑁 

 (5.8) 

Hou and Li (2007) suggested to use Fourier smoothing filter, which can be expressed as 5.9 
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𝑓(𝑘) = 𝑒!!
!
!

!

 (5.9) 

with parameters α=36, m=36. It was noticed that Fourier smoothing results in ~20% more 

effective Fourier frequencies captured. It was also pointed out that error for near singular 

problems is highly localized for Fourier smoothing, while 2/3 filter spreads error over domain. 

5.3 FFTW library 
	
Cooley	and	Tukey	(1965)	suggested	an	algorithm	for	fast	Fourier	transform	(FFT),	which	

allowed	spectral	methods	to	be	used	in	high-performance	computations	and	become	a	

standard.	There	are	variety	implementations	of	FFT	algorithms,	which	perform	with	

different	computational	efficiency.	It	was	very	important	to	select	the	fastest	

implementation	to	make	KARFS	as	efficient	as	possible.	The	sate-of-the-art	implementation	

of	the	FFT	algorithm	is	FFTW	library,	which	has	efficiency	comparable	with	vendor-

distributed	implementations	(Frigo	&	Johnson,	2005;	Nikolić	et	al.,	2014).	FFTW	library	can	

adjust	itself	to	a	specific	machine,	getting	the	best	performance	(Frigo	&	Johnson,	2005).		

5.4 Pencil MPI decomposition 

 

Figure 5.4.1 KARFS pseudopsectral MPI decomposition  
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An FFT algorithm requires that all solution field information is available to a single CPU. 

Cartesian domain decomposition traditionally used for finite difference method, tedious and 

bandwidth demanding when MPI commutations required for FFT has to be performed. On the 

other hand traditional for FFT libraries slab domain decomposition, limits the number of CPUs 

by MPI ranks in one direction. This makes scalability an issue. To overcome this issue pencil 

decompositions was chosen to implement into KARFS, which has less demanding MPI 

communication than Cartesian domain decomposition but more scalable than slab 

decomposition.  It has been previously shown that pencil decomposition scales excellently for 

large problems (Jagode, 2005). It has been shown that pencil decomposition has a good week 

scaling and can be extended to large problems. Therefore, pencil domain decomposition was 

chosen to be implemented into KARFS. In the KARFS code, pseudospectral derivatives are 

implemented only in Y-Z plane, since X a direction intended to have NSCBC boundaries or 

other non-standard for pseudospectral method boundaries, treated with 8th or 10th order finite 

difference. Figure 5.4.1 demonstrates pencil domain decomposition implemented into KARFS. 

Pencil domain decomposition preserves one of the directions in a single MPI rank (Z-direction 

on figure 5.4.1). This direction contains all the information necessary for FFT. Therefore, a 

derivative of the field in Z-direction are found first, after which whole filed is transposed in Y-Z 

plane using MPI_Alltoall() function. After transposition, derivatives in Y plane are computed, 

and field is transposed back in Y-Z plane (See Appendix D). Scalability of implemented 

pseudospectral method is shown in figure 5.4.2 and figure in figure 5.4.3.  

 

Figure 5.4.2 represents strong scaling test intended to check scalability for the real premixed 

turbulent flame case with Ka=128. Domain dimensions were set to NX=1280, NY=NZ=144. 
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Since intention was to check pseudospectral implementations scalability, MPI ranks (CPU count) 

in X direction were kept constant (64 MPI ranks in the X direction). It can be seen strong scaling 

test almost follows an ideal pattern; meaning ratio of acceleration acquired to the number of 

CPUs follows a straight line. Accelerations start to degrade as the number of MPI ranks in Y-Z 

plane reaches 72. Also, for KARFS it was not possible to reach more than 72 MPI ranks in Y-Z 

plane due to internal constraints of KARFS. 

 

Figure 5.4.2 KARFS strong scaling test for pseudospectral method. Number of MPI ranks was 
chanced only in Y-Z plane, while X direction was set to 64 MPI ranks. Each MPI rank had 1 

CPU. 
 

Figure 5.4.3 demonstrates weak scaling test for KARFS pseudospectral implementation. Again a 

number of MPI ranks and grid dimension in X directions was kept constant and equal to 64 and 

1280 respectively. Only Y-Z MPI ranks and dimensions were changed. Grid dimension in Y-Z 

plane was ranged from 36x36 up to 288x288 with MPI ranks ranging from 18 to 144. Weak 
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scaling test demonstrates that as problem size increases the efficiency of the pseudospectral 

methods starts degrading. It slows down approximately 20% for biggest problem size compared 

to smallest. This is expected behavior since as problem size increases, the network gets more 

work to do. In fact, researchers claim global methods as pseudospectral will not be feasible for 

exascale machines due to bandwidth limitations (Chen; Turbulent Flow Simulation at the 

Exascale: Opportunities and Challenges Workshop, 2015) 

 

Figure 5.4.3 KARFS weak scaling test for pseudospectral method. Number of MPI ranks was 
chanced only in Y-Z plane, while X direction was set to 64 MPI ranks. Each MPI rank had 1 

CPU. 

5.5 Results 

To test the convergence of implemented pseudospectral method, Ka=128, Re=1300 case were 

chosen as an optimal test conditions. 5 test cases were set-up. 3 cases were set-up with fully 

finite difference methods with grid size: 1280x160x160, 1280x320x320 and 1280x480x480. 2 

cases were set-up with pseudospectral method in Y-Z plane with grid size: 1280x144x144 and 
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1280x320x320. Simulation snapshot time for comparison was chosen as 7e-5 with time step 5e-9 

which corresponds to 28000 steps. Initial feeding velocity field was interpolated in spectral space 

to different grid sizes using MATLAB function interpft(). Finite difference method with 

resolution 1280x320x320 was considered as a baseline case; it follows standard used in the 

scientific community with grid resolution equal to two Kolmogorov scales.  

  

Figure 5.5.1 shows kinetic energy power spectrum upstream of the channel for comparison cases. 

It can be clearly seen that two cases of pseudospectral method fall on top of each other up to 

filter size. This indicates that 1280x144x144 resolves large scales properly.  On the other hand, 

FDM does not show that kind of agreement for 1280x160x160 to 1280x320x320 and 

1280x480x480. While FDM from1280x160x160 to 1280x320x320 converges toward 

pseudospectral method generated spectrum, FDM 1280x480x480 diverges at highest 

frequencies. It can be explained by an effective grid resolution for an isotropic turbulence. 

Effective grid resolution means that biggest grid size (Δx) will determine if the scale is resolved. 

Any unresolved features for biggest grid size (Δx) will be added to other direction by the finite-

difference filter, which can be observed for FDM 1280x480x480 case. This phenomenon is 

removed in pseudospectral method due to aliasing filter described previously. 

 

The main goal of pseudospectral method implementation into KARFS was to reduce the 

computational burden of premixed turbulent flames. Table 5.5.1 displays computational cost 

comparison between pseudospectral method and finite difference method. It is noticeable that 

wall clock time for the pseudospectral method is about same as for finite difference method, due 

to the worse scalability of the pseudospectral method. It is not possible to increase the number of 
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CPUs used for the pseudospectral method for that configuration. However, reduction about four 

times was achieved for a given configuration regarding CPU hours, which satisfies initial 

requirements of computational cost reduction  

 

Figure 5.5.1 Kinetic energy power spectrum upstream of reacting channel. 
 

Case Pseudospectral FDM Ratio 

Grid size 1280x144x144 1280x320x320  

Number of MPI ranks 64x72x1 64x16x16  

Wall clock time per step (sec) 1.412 1.54 1.09 

Number of CPUs 2304 8192 3.56 

Number of grid points 2.65E+07 13.1E+07 4.94 

CPU hours for 170k steps 1.54E+05 5.96E+05 3.88 

Time per grid point per CPU (ms) 12.3E-02 9.63E-02 0.79 

 
Table 5.5.1 Computational cost for FDM method with 1280x320x320 grid size and 

pseudospectral method with 1280x144x144 grid size 
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5.6 Concluding remarks 

The author of this thesis did not found clear convergence method in literature for mixing 

pseudospectral and finite difference methods for reacting flow. The works available are in the 

area of acoustics where one or two directions are computed using pseudospectral method 

(Sandberg; Fasel, 2011). Figure 5.5.1 clearly shows that pseudospectral method is converged for 

the 1280x144x144 case. However, more analysis is required to be assured that indeed 

pseudospectral mixed with finite difference method results in same physics as the pure finite 

difference. It would be useful to cross validate pseudospectral method with pure finite difference 

method using parameters such as heat release, fuel consumption, etc.	
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Chapter 6: Conclusions and Future Work 

The	main	contribution	of	this	work	was	the	implementation	of	enhancing	tools	for	

premixed	turbulent	flames	DNS.	Tools	that	can	accelerate	computational	speed	or	reduce	

computational	burden.	The	key	contributions	and	future	vision	on	these	improvements	are	

provided	below.	

6.1. KARFS GPU Validation (Chapter 2) 

KARFS	code	performance	portability	was	demonstrated	on	a	set	of	2D	auto-ignition	

problems.	Acceleration	of	40	times	was	achieved	on	a	local	buzzard	machine.	No	major	

modifications	were	required	to	run	KARFS	on	this	GPU-based	platform.	The	only	part	of	the	

code	required	changes	were	chemical	kinetics	part.	Fortran	hard	coded	reduced	DME	

chemical	kinetics	mechanism	was	modified	using	CUDA	language.	

	

In	the	future,	diverse	set	of	chemical	kinetics	mechanism	will	be	used	to	unravel	real	fuel	

surprises.	These	mechanisms	will	have	thousands	of	species	and	reactions.	Manual	

adjustments	of	this	mechanism	to	a	particular	platform	will	require	a	lot	of	qualified	

person’s	work	effort.	This	makes	a	performance	portable	chemistry	solver	as	a	must	have	

the	option.	Therefore,	KARFS	team	has	acquired	a	performance	portable	chemical	kinetics	

solver,	which	will	be	tested	in	near	future.	

6.2. Linear Turbulence Forcing Implementation With Net Added Momentum 

Removal (Chapter 3) 

Different	models	of	linear	turbulence	forcing	were	implemented	into	KARFS.	Linear	

turbulence	forcing	was	modified	to	affect	only	a	cold	part	of	the	domain.	This	prevents	
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forcing	influence	on	a	flame	turbulence	interaction.	Linear	turbulence	forcing	was	also	

modified	by	net	added	momentum	removal	mechanism.	This	mechanism	assured	the	

absence	of	mean	velocity	drift,	which	occurred	otherwise.	Feasibility	of	implemented	linear	

turbulence	forcing	was	demonstrated	first	on	a	cold	flow	channel,	where	it	was	proven	that	

forcing	scheme	preserves	statistically	stationary	turbulence.	Then	turbulence	forcing	was	

applied	to	reacting	flow	channel,	where	forcing	scheme	kept	turbulence	intensity	till	it	

reached	warm	preheat	zone.		

	

The	future	combustion	research	will	eventually	go	beyond	high	turbulent	flames	with	high	

Karlovitz	and	Reynolds	numbers.	The	scope	of	interest	will	eventually	add	compressibility	

effects	of	high-speed	flows.	High	Mach	number	jet	turbines	or	engine	knock	is	already	a	

subject	of	intensive	research.	Therefore,	linear	turbulence	forcing	formulation	should	be	

extended	to	high	Mach	number	flows,	where	compressibility	effects	will	be	taken	into	

account.	

6.3. Dynamic Inlet Velocity Control Implementation (Chapter 4) 

Dynamic inlet velocity control was implemented into a planar flame propagating into isotropic 

turbulence DNS set-up. It was demonstrated that this mechanism retains flame inside of a 

computational domain. Robustness of dynamic inlet velocity control was demonstrated on a 2D 

reacting flow DNS, where mechanism did not fail despite severe fluctuations inside of a 

computational domain. 

 

Complex fuels with the negative temperature coefficient feature are entering into the scope of 

interest of combustion modeling world. These fuels can have interesting behavior with 
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autoignition and extinction happening all over computational domain. Robustness of dynamic 

inlet velocity control might be questionable at these conditions. Therefore, it would be useful to 

test implemented inlet velocity control mechanism using such fuel. 

6.4.	Pseudospectral	Method	Implementation	(Chapter	5)		 

 

The pseudospectral method was implemented into KARFS code. The purpose was to reduce the 

computational burden of turbulent flame simulations. Feasibility of this approach was 

demonstrated for high Karlovitz, and Reynolds numbers flow where pseudospectral method 

coupled with finite difference resulted in approximately four times computational savings. Also, 

this work demonstrated that implemented pseudospectral method results in acceptable weak and 

strong scaling.  

 

This approach showed converged solution clearly for this work. However, more analysis is 

required to guarantee pseudospectral mixed with finite difference method results in same physics 

as the pure finite difference. It would be useful to compare pseudospectral method and pure finite 

difference method using parameters such as heat release, fuel consumption, etc. 
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Appendix A: Planar Flame Propagating Into Isotropic Turbulence DNS Set-

Up 

A planar flame propagating into isotropic turbulence direct numerical simulation set-up can be 

represented by figure A1. The set-up is a rectangular domain with two periodic directions; Y and 

Z direction in figure A1. It has an NSCBC inlet and outlet along X direction. Turbulence is fed 

from the inlet and travels with the mean flow towards flame.  Flame is represented by isosurface 

shown in figure A1.  

 

 

 

Figure A1. Premixed Planar Flame Propagating Into Isotropic Turbulence Set-Up 
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Appendix B: Kokkos Sample Code Explanation. 

 

Kokkos arrays are called View and allocated as following 

View<double***> Array1 ("Array1 ", NX, NY, NZ, NSP);  // dynamic allocation 

View<double [NX] [NY] [NZ] [NSP] > Array2 ("Array2 ");  // static allocation 

Kokkos automatically set architecture proper layout but user can override it as following 

View<double**, LayoutLeft> Array1 ("Array1 ", NX, NY);  

Kokkos implicitly performs memory management but user can specify location explicitly  

View< double *, CudaSpace> Array1 ("Array1 ", Npts); // allocate array on CUDA device 

View< double *, HostSpace> Array2 ("Array2 ", Npts);  // allocate array on host 

Kokkos never implicitly performs expensive deep copies, but rather shallow ones. So if deep 

copy is necessary user must use following function 

deep_copy (Array1, Array2); // copy Array2 into Array1  

Operations on View array are performed using kokkos special functions. For example parallel for 

operation can be performed as 

parallel_for (Npts, KOKKOS_LAMBDA (const int i) {  /* do some work */  });  

or  

Kokkos::parallel_for(NYZ, userDefinedStruct (Array1, Array1)); 

where 

struct userDefinedStruct{ 

// input parameters 

  ViewType1 Array1; 

  ViewType2 Array2; 

//constructor 
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  userDefinedStruct (ViewType1 Array1_, ViewType2 Array1_) : 

                                                                                                          Array1 (Array1_),  

                                                                                                          Array2 (Array2_) { }; 

  KOKKOS_INLINE_FUNCTION 

    void operator()(const size_type i) const { /* do some work */ } 

}; // end of userDefinedStruct 
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Appendix C: Turbulence Forcing Code Explanation. 

 

Step 0. Find region where forcing should be applied 

 

 

Step 1. Find average turbulence kinetic energy and/or dissipation 

 

 

Step 2. Find proper forcing constant 

 

Step 3.  Modify momentum equation 
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Step 4. Calculate net added momentum 

 

 

Step 5. Remove net added momentum 
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Appendix D: Pseudospectral Method Implementation 

 

In KARFS pseudospectral method was implemented such that it does not interfere the main code 

flow. Fourier space derivatives are called same as finite difference derivatives using Denim class 

functions 

 

    Denim::denimy(Field1DVarType f, Field1DVarType df, double scale)// x- direction           

                                                                                            derivatives f is input and df is output  

 

User can choose which method he wants from input file. The chosen method will be applied 

internally as 

 

    static void denimy(Field1DVarType f, Field1DVarType df, const double scale) { 

        // if pseudospectral required then 

        if(param.present("periodic_y") && param.getbool("periodic_y") && 

           param.present("spectral_y") && param.getbool("spectral_y")){ 

            denimycalcspec(f, df, scale); 

        } // if finite difference required then 

        else { 

            GhostYVarType glysend("glysend"); 

            GhostYVarType grysend("grysend"); 

            GhostYVarType glyrecv("glyrecv"); 

            GhostYVarType gryrecv("gryrecv"); 

            denimypack(f, glysend, grysend); 

            denimycomm(glysend, grysend, glyrecv, gryrecv); 
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            denimycalc(f, df, glyrecv, gryrecv, scale); 

        } 

    }; 

 

Derivatives in spectral space are found in DerivSpec class  

 

    // Y direction derivative.  Note should be used only after transposition 

    static void Yderiv(SendRcvType input, 

                       SendRcvType deriv, 

                       double scale){ 

      // trasposed dimensions 

      int NX = fft::Instance().getNxTr(), 

          NY = fft::Instance().getNyTr(), 

          NZ = fft::Instance().getNzTr(); 

      int Re = 0; 

      int Im = 1; 

      double normConst = 1.0/NZ; 

      double normConstSqr = normConst*normConst*scale; 

      int NG = NX*NY*NZ; 

      int Np = NX*NY; 

      Kokkos::View<double ***>  data("fdata",NX,NY,NZ); 

      // weavefield 

      Kokkos::parallel_for(NG, KOKKOS_LAMBDA(const size_type n){ 

        int k = n/NX/NY; 

        int j = (n-k*NX*NY)/NX; 

        int i = (n-k*NX*NY)%NX; 

        data(i,j,k) = input(n); 

      }); 
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      Kokkos::parallel_for(Np, KOKKOS_LAMBDA(const size_type n){ 

        int j = n/NX; 

        int i = n%NX; 

        // ============= 

        for (int k = 0; k < NZ; k++) { 

          fft::Instance().in_y[n][k] = data(i,j,k); 

        } 

        fftw_execute_dft_r2c(fft::Instance().plan_f_y, fft::Instance().in_y[n], fft::Instance().out_y[n]); 

        for (int k = 0; k < NZ; k++) { 

          double kzw = fft::Instance().derivCoeffY[k]; 

          double dummy = fft::Instance().out_y[n][k][Re]; 

          fft::Instance().out_y[n][k][Re] = -kzw*fft::Instance().out_y[n][k][Im]; 

          fft::Instance().out_y[n][k][Im] =  kzw*dummy; 

        } 

        fftw_execute_dft_c2r(fft::Instance().plan_b_y, fft::Instance().out_y[n], fft::Instance().in_y[n]); 

        for (int k = 0; k < NZ; k++) { 

          int l=k*Np+j*NX+i; 

          deriv(l) = fft::Instance().in_y[n][k]*normConstSqr; 

        } 

      }); 

    } // end of Yderiv 

 

Array transposition is implemented in Transpose class  

 

    // forward transpose in YZ plane 

    static void forwardYZ(Field1DVarType f, 

                          SendRecvType fTransposed){ 

      int NG = NX*NY*NZ; 
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      int sendSize = NG/cartcomm.yz.size(); 

      SendRecvType tempSend("tempSend"); 

      // get trasnposed dimensions 

      int Nx = fft::Instance().getNxTr(), 

          Ny = fft::Instance().getNyTr(), 

          Nz = fft::Instance().getNzTr(); 

      // convert into non-strided since I can send only non-strided 

      Kokkos::parallel_for(NG, KOKKOS_LAMBDA(const size_type n) {tempSend(n)=f(n);}); 

      // send MPI 

      boost::mpi::all_to_all(cartcomm.yz, tempSend.ptr_on_device(), sendSize, fTransposed.ptr_on_device()); 

       // local transpose 

      Kokkos::parallel_for(NG, KOKKOS_LAMBDA ( size_type n ){ tempSend(n) = fTransposed(n);}); 

      Kokkos::parallel_for(NG, KOKKOS_LAMBDA ( size_type n ){ 

        size_type rankRecvdFrom = n/sendSize; 

        size_type local_n = n-rankRecvdFrom*sendSize; 

        size_type k=local_n/Nx/Ny; 

        size_type j=(local_n-k*Nx*Ny)/Nx; 

        size_type i=(local_n-k*Nx*Ny)%Nx; 

        // Nurzhan : no idea why this works. TODO: figure this out 

        size_type shift = (k-j)*Nx*Ny+(j-k)*Nx-(NY-Ny)*j*Nx; 

        fTransposed(n) = tempSend( n - shift ); 

      }); 

    } // end of forwardYZ 

     

    // backward transpose in YZ plane 

    static void backwardYZ(SendRecvType ftransposed, 

                           Field1DVarType f){ 

      int NG = NX*NY*NZ; 
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      int sendSize = NG/cartcomm.yz.size(); 

      int ranksRECVD = cartcomm.yz.size(); 

      SendRecvType tempRcv("tempRcv"); 

      // get trasnposed dimensions 

      int Nx = fft::Instance().getNxTr(), 

          Ny = fft::Instance().getNyTr(), 

          Nz = fft::Instance().getNzTr(); 

      // send MPI 

      boost::mpi::all_to_all(cartcomm.yz, ftransposed.ptr_on_device(), sendSize, tempRcv.ptr_on_device()); 

      // local transpose 

      Kokkos::parallel_for(NG, KOKKOS_LAMBDA ( size_type n ){ 

        size_type rankRecvdFrom = n/sendSize; 

        size_type local_n = n-rankRecvdFrom*sendSize; 

        size_type k=local_n/NX/NY; 

        size_type j=(local_n-k*NX*NY)/NX; 

        size_type i=(local_n-k*NX*NY)%NX; 

        // Nurzhan : no idea why this works. TODO: figure this out 

        size_type shift = (k-j)*NX*NY+(j-k)*NX+(NY-Ny)*j*NX; 

        f(n) = tempRcv( n - shift ); 

      }); 

    } // end of backwardYZ 

 

All FFTW required initializations are performed in a Singletone FFT class 

    // create a single instance 

    static FFT & Instance(){ 

        static FFT<Nx, Ny, Nz> thisInstance; 

        return thisInstance; 

    } 
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FFTW plans are initialized using FFTW_PATIENT flag, which was claimed to result in the best 

result 

 

   plan_f_z = fftw_plan_dft_r2c_1d(Nz, in_z[0], out_z[0], FFTW_PATIENT); 

 

Spectral space filtering was implemented in FilterSpec class 

 

    // Y direction derivative.  Note should be used only after transposition 

    static void Yfilter(SendRcvType input, 

                        SendRcvType filter){ 

        // trasposed dimensions 

        int NX = fft::Instance().getNxTr(), 

        NY = fft::Instance().getNyTr(), 

        NZ = fft::Instance().getNzTr(); 

        int Re = 0; 

        int Im = 1; 

        double normConst = 1.0/NZ; 

        double pi = 4.0*atan(1.0); 

        int NG = NX*NY*NZ; 

        int Np = NX*NY; 

        Kokkos::View<double ***>  data("fdata",NX,NY,NZ); 

        // weavefield 

        Kokkos::parallel_for(NG, KOKKOS_LAMBDA(const size_type n){ 

            int k = n/NX/NY; 

            int j = (n-k*NX*NY)/NX; 

            int i = (n-k*NX*NY)%NX; 



	

	

65	

            data(i,j,k) = input(n); 

        }); 

        Kokkos::parallel_for(Np, KOKKOS_LAMBDA(const size_type n){ 

            int j = n/NX; 

            int i = n%NX; 

            // ============= 

            for (int k = 0; k < NZ; k++) { 

                fft::Instance().in_y[n][k] = data(i,j,k); 

            } 

            fftw_execute_dft_r2c(fft::Instance().plan_f_y, fft::Instance().in_y[n], fft::Instance().out_y[n]); 

            for (int k = 0; k < NZ; k++) { 

                fft::Instance().out_y[n][k][Re] =  fft::Instance().filterCoeffY[k] 

                                                  *fft::Instance().out_y[n][k][Re]; 

                fft::Instance().out_y[n][k][Im] =  fft::Instance().filterCoeffY[k] 

                                                  *fft::Instance().out_y[n][k][Im]; 

            } 

            fftw_execute_dft_c2r(fft::Instance().plan_b_y, fft::Instance().out_y[n], fft::Instance().in_y[n]); 

            for (int k = 0; k < NZ; k++) { 

                int l=k*Np+j*NX+i; 

                filter(l) = fft::Instance().in_y[n][k]*normConst; 

            } 

        }); 

    } // end of Yfilter 
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