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Due to a complex coupling between a large number of physical and chemical

processes that happen over a wide range of length and time scales, our current

fundamental understanding of wildland fire spread is limited. Wildland fire spread

is affected by many parameters, but two of the most important parameters are

wind and slope both of which tilt the flame and plume and bring them closer to

the unburnt fuel, which, among other things, increases the convective heat transfer

and hence the spread rate. The primary objective of this work is to enhance our

fundamental understanding of the effects of wind and slope on the structure of a

turbulent, buoyant line fire.

To meet the aforementioned objective we perform well-resolved Large Eddy

Simulations (LES) of a simplified configuration corresponding to a turbulent, buoy-

ant, methane-fueled, stationary, line fire and subjected to wind or slope. Simulations

are performed with an LES solver developed by FM Global and called FireFOAM

which is based on the OpenFOAM CFD library.



For the cases with wind, the transition from the buoyancy-dominated (in which

the flame and plume are mostly detached from the downwind surface and have a

tilted vertical shape; entrainment is two-sided; downwind surfaces experience con-

vective cooling) to wind-dominated (in which the flame and plume are attached to

the downwind surface; entrainment is one-sided; downwind surfaces experience con-

vective heating) regime happens when the Byram’s convection number NC is � 1.

The flame and plume attachment lengths (defined as the x-wall-distance downwind

of the burner within the flame and plume regions, respectively) are found to fluctuate

significantly in time.

For the cases with slope the transition from the detached regime (equivalent

to the buoyancy-dominated regime) to the attached regime (equivalent to the wind-

dominated regime) is found to happen between slopes of 16 and 32 degrees. Upslope

of the flame zone, the velocity tangent to the surface is found to change from a

relatively small negative value (� �0:3 m/s) to a relatively large positive value (�

2:5 m/s), when the slope is increased from 16 to 32 degrees. The flame attachment

length (defined as the tangential-wall-distance upslope of the burner within the flame

region) is again found to fluctuate significantly in time.

An integral model, capable of describing the effects of cross-wind on the struc-

ture of a turbulent, buoyant line fire, is also developed in this work. The model,

after some simplifications, suggests that the plume tilt angle is controlled by the

Byram’s convection number NC and the entrainment coefficients � and �. Detailed

comparisons are made between the model and LES and show that the model per-

forms well for the cases belonging to the buoyancy-dominated regime (NC & 1)



but fails to describe the cases belonging to the wind-dominated regime (NC . 1)

because of the absence of a wall attachment sub-model.
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WALE - Wall-Adapting Local Eddy-viscosity

TKE - Turbulent Kinetic Energy

UMD - University of Maryland

RTE - Radiative Transfer Equation

PDFs - Probability Density Functions

GER - Global Equivalence Ratio

Symbols
x - streamwise direction/distance
y - spanwise direction/distance
z - vertical direction/distance
xi - coordinate in index notation

t - time

i - index
ui - velocity component in index notation
gi - gravity component in index notation
p - pressure

T - temperature
Ru - universal gas constant
R = Ru=MWair - specific gas constant

MW - molecular weight
U1 - freestream or wind velocity
T1 - freestream temperature
hs - sensible enthalpy

Y - mass fraction

D - molecular diffusivity

u� =
p
�w=�w - friction velocity

x+ = (u�x)=�w - streamwise wall unit
y+ = (u�y)=�w - spanwise wall unit
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z+ = (u�z)=�w - vertical wall unit
g - gravity acceleration scalar value
cp - specific heat at constant pressure
Le = �=D - Lewis number
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Subscripts
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1: Introduction

Wildland �res can cause signi�cant economic losses (e.g., because of suppres-

sion e�orts and damage to property) and result in loss of life; and among other

things, they can also a�ect people's health (through increased pollution) and their

aftere�ects can include 
ooding, erosion, debris 
ows and landslides. Unfortunately,

the e�ects of wildland �res are expected to increase in the coming decades due to

the changing climate [2,3] and the ever increasing population.

Despite decades of research our current fundamental understanding of wild-

land �re spread is limited [4] because it involves a complex coupling between a

large number of physical and chemical processes that happen over a wide range of

length and time scales. Because of this the operational models [5] that are being

used at present (e.g., FARSITE [6]), by �re managers for making predictions, often

have limited accuracy. Accordingly, there is a need to enhance our fundamental

understanding of wildland �re spread, which can subsequently help in improving

the operational models and thus our ability to manage wildland �res in the future.

There are three major factors that in
uence wildland �re spread: fuel (�ne or

heavy, arrangement and continuity, fuel moisture etc.), topography (
at or sloped,

aspect etc.) and weather (wind, temperature, relative humidity, precipitation etc.);

see Figure 1.1. The present work is concerned with the e�ects of two key parameters,

wind and slope, that can a�ect wildland �re spread substantially [7{9]. In this study
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Figure 1.1: The �re behaviour triangle. Figure reproduced from [10].

the e�ects of wind and slope are studied separately i.e., either wind is considered

or slope is considered, cases where both of them are present simultaneously are

not studied. One of the primary reasons why wildland �re spread rate changes

signi�cantly because of changes in wind and/or slope is the resulting change in


ame and plume geometry (which is what the present study is focused on): as

wind and/or slope increases the 
ame and plume are pushed downstream (see e.g.,

Figures 1.2 and 1.3), closer to the fresh fuel (if any), which among other things,

increases the convective heat transfer to the fresh fuel and hence the spread rate.

The 
ame is considered to be the region with hot gases where combustion reactions

and heat release are taking place whereas the plume is considered to be the region

where the gas temperature is higher than ambient but there is no reaction.

The e�ects of wind on the 
ame and plume geometry have been studied

theoretically, numerically and experimentally over the past several decades. Note

that, theoretical work in this document refers to work that involves integral models

(e.g., [13{16]) which in the end also require numerical solutions of their equations;
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Figure 1.2: Line �re with cross-wind, side-view. In the top image buoyancy is dom-

inant (hence the 
ame is mostly detached from the downstream surface), whereas in

the bottom image cross-wind dominates the 
ow physics (hence the 
ame is mostly

attached to the downstream surface). Figure adapted from [11].
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Figure 1.3: E�ect of slope on the 
ame geometry. As the angle between the bottom

surface and the horizontal plane increases a larger portion of the 
ame becomes

attached to the downstream or upslope surface. Figure adapted from [12].
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and numerical work in this document refers to CFD based work (e.g., [17{20]).

Before discussing some of the relevant work on the e�ects of cross wind on


ame and/or plume geometry it is worth mentioning that the quantities of interest

in these studies are 
ame/plume attachment length, height, length and tilt angle

(see Figure 1.4 for a visualization of these quantities). Note that attachment length

is sometimes called \
ame drag" in the �re literature [21]. Most of the studies are

concerned with time averaged values of these quantities but recently the dynamics

has also started receiving some attention (see e.g., [22]). There is also a signi�cant

amount of interest in the transition from a buoyancy-dominated regime (in which the


ame and plume are mostly detached from the downstream surface and have a tilted

vertical shape; entrainment is two-sided; unburnt fuel experiences convective cooling;

see the top picture in Figure 1.2) to a wind-dominated regime (in which the 
ame and

plume are attached to the downstream surface; entrainment is one-sided; unburnt

fuel experiences convective heating; see the bottom picture in Figure 1.2). This

transition is generally considered to be controlled by Byram's convection number

NC = (2 Ig)=(� 1 cp;1 T1 U3
1 ) [23, 24]. See the nomenclature for the de�nition of

notations.

As far as theoretical work is concerned; Hoult et al. [13] appear to be the

�rst to have created a fairly complete theoretical or integral model for predicting

the geometry of a turbulent plume in the presence of cross wind. Key assump-

tions made in this study are: the e�ects of turbulence in the cross-wind are not

important; the wind direction is uniform; the pro�les of di�erent variables are self-

similar and have a top-hat form; the shape of the plume is circular; entrainment
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Figure 1.4: Geometrical parameters of a line 
ame or plume in cross-wind. Here,

x fa , H f , L f and � f (xpa, Hp, Lp and � p) refer to 
ame (plume) attachment length,

height, length and tilt angle, respectively.

rate is proportional to the di�erence between the plume velocity and the ambient

velocity both in the direction parallel and perpendicular to the plume centerline,

ue = � jup � U1 cos(� )j + � jU1 sin(� )j. Here, ue is the entrainment velocity, up is

the plume centerline velocity,� is the angle that the plume centerline makes with

the horizontal and � and � are entrainment coe�cients. The model consists of six

coupled ordinary di�erential equations ODEs (for mass, momentum in the direction

parallel to the plume centerline, momentum in the direction perpendicular to the

plume centerline, energy,x and z locations of the plume centerline) which are to

be integrated along the plume centerline. Laboratory scale tests are conducted to

determine � and � , which are found to be universal constants. The plume height

predicted by the theory is found to be within 15% of the observed plume height
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(which is about the uncertainty in the observations considered in this study). Some

issues with this model are: this model invokes the Boussinesq approximation and

can not handle large di�erences in density between the plume and the surround-

ing air, the model is not capable of describing combustion and radiation, and it is

designed for circular plumes, as mentioned above.

Escudier [14] extended the integral model created by Hoult et al. [13], by

removing the Boussinesq approximation and including the e�ects of combustion

and radiation. To account for large density di�erences the author followed the idea

by Ricou and Spalding [25] and scaled the entrainment velocity expression of Hoult

et al. by (�=� 1 )1=2 and wrote it asue = ( � jup � U1 cos(� )j + � jU1 sin(� )j)( �=� 1 )1=2.

Two reaction rate models are considered in this study and both of them produced

similar results. One of the models is from Nielsen and Tao [26], which assumes that

both reaction and mixing rates inside the plume are in�nitely fast; this model has

no model \constant". For radiation it is assumed that the heat loss from the edges

of the plume to the environment is the dominant e�ect. Escudier's integral model

has four equations (for the species; fuel, O2, CO2 and H2O) in addition to the six

equations in the Hoult et al. model. Plume trajectories, temperature pro�les etc.

predicted by the integral model for di�erent cross-
ow velocities are presented and

discussed. Major issues with this study are: the model is again designed for circular

plumes, the fuel jets considered in this study are momentum dominated (speci�cally

in the 
ame zone) and are not relevant to �res which are buoyancy dominated, and

the model is not validated in any way in this study.

Albini [15] developed an integral model for predicting the e�ect of wind on

7



the structure or geometry of a turbulent buoyant line �re. The entrainment idea

exploited by Hoult et al. [13], Escudier [14] and many others is replaced by accretion

in this model, which is assumed to be proportional to the cross-wind velocity,ue =

�U 1 (� is the entrainment coe�cient). The reaction is considered to be mixing-

controlled with the rate being proportional to the mean rate of strain. Radiation is

neglected in this model. The model consists of four ODEs (for mass,x-momentum,

z-momentum and fuel mass fraction) which are to be integrated along the verticalz-

direction. Sample calculations for uniform cross-wind speed are performed and they

suggest, among other things, that the 
ame tilt angle is nearly constant throughout

the 
ame zone. This observation is then used to come up with an approximate

expression for the 
ame tilt angle which suggests that the tangent of the tilt angle

is proportional to the inverse of the square root of the Froude number based on


ame height, tan(� ) / (F r = U2
1 =gHf )� 1=2, with the constant of proportionality

dependent only on the choice of the 
ame tip temperature (a value of 500 K is used

in this study for which the constant of proportionality is 3/2). Note that the tilt

angle is measured from the vertical direction in [15] but it is measured from the

horizontal plane in the present study. Flame height predicted by the model is found

to be controlled by the product of the Froude number (based on the burner length

or the burner dimension in the wind direction,D) and the ratio of the cross-wind

velocity to the fuel injection velocity (w0), U3
1 =(gDw0). Flame height variations

are � 30% which if neglected suggest that the 
ame entrains around ten times the

stoichiometric amount of air. The 
ame length reaches a minimum value withU1 ,

which happens at� � 35 degrees. The minimum 
ame length is found to be/ I 2=3.
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The predicted mean 
ame height, tilt angle and length are found to be in reasonable

agreement with the experimental data gathered by burning pine needle beds in a

wind tunnel. Some of the issues with this study are: the model developed in this

study is applicable only in the 
ame zone, by design this model will fail for lower wind

velocities (this can be clearly seen in a recent paper by Nelson et al. [23]), limited

amount of experimental data is used for model validation, an untested model is used

for relating the fuel consumption rate with the rate of production of combustible

volatiles and an unjusti�ed assumption of 70% of wind being accreted in the 
ame

is used.

Mercer and Weber [16] developed an integral model for describing, exclusively,

the plume zone of wind-blown line �res. This model is heavily inspired by the

Hoult et al. [13] model discussed above, the major di�erence being that this model

is designed for line plumes. Being a plume zone model, this model requires the

initial width, velocity and temperature of the plume above the 
ame zone; which

can be either determined from experiments or from 
ame zone models like the one

developed by Albini [15], discussed above. The model consists of six ODEs (for

mass, momentum in the direction parallel to the plume centerline, momentum in

the direction perpendicular to the plume centerline, energy,x and z locations of

the plume centerline) which are to be integrated along the plume centerline. The

equations are solved for di�erent but uniformU1 values. The calculations clearly

show that, away from the source, the plume trajectory is a straight line (z / x)

or the plume angle is constant. Drawbacks of this study are: the model is only

applicable away from the 
ame zone and no validation of the model is provided.
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Putnam [27] experimentally studied the geometry of wind-blown line �res

(which were created with a series of point sources). Fuel used in this study is

natural gas. Photographs are used for quantifying the 
ame geometry. The 
ame

height in this study is found to vary asH f =Hf; 0 = (1 + 4Fr 0)� 1=2 and the tangent

of the 
ame tilt angle is found to be / Fr � 1=2
0 . Here, Fr0 = ( U2

1 =gHf; 0) is the

Froude number based on the 
ame height in the absence of wind,H f; 0. Note that

H f; 0 / (I=(� 1 cp;1 T1
p

g))2=3, so Fr0 / N � 2=3
C which suggests that tan(� ) / N 1=3

C .

One of the issues with this study is that the line �re is created from point sources

and does not represent an ideal line �re scenario.

Nelson et al. [23] recently used experimental data (22 wind aided pine litter

�res in a laboratory and 32 �eld �res in southern rough and litter-grass fuels),

theoretical models (including the one from Albini [15]) and regression techniques to

come up with expressions for 
ame tilt angle and 
ame height. The two regimes

(buoyancy- and wind-dominated), discussed above, are seen in most of the data:

buoyancy-dominated forNC > 10 and wind-dominated forNC < 10. The tangent

of the 
ame tilt angle is found to be / N 1=2
C (if entrainment is assumed to be

proportional to U1 , following Albini [15]) and / N 1=3
C (if entrainment is assumed

to be proportional to the buoyant velocity wB = U1 N 1=3
C ) for NC < 10. But for

NC > 10 the tangent of the tilt angle is/ N 2=3
C . For �eld �res the tangent of the


ame tilt angle is independent ofNC for all values ofNC . The 
ame height is found

to be / I 2=3 with the constant of proportionality di�erent for NC > 10 andNC < 10

for the laboratory �res.

Tang et al. [11] recently studied the structure of wind blown line �res pro-
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duced using stationary gas burners. The authors observed the two 
ame regimes:

buoyancy-dominated (for lower wind speeds) and wind-dominated (for higher wind

speeds). As far as 
ame geometry is concerned the focus in this study was placed

on the 
ame attachment length instead of 
ame height, length and tilt angle.

The 
ame attachment length is found to be linearly correlated with the location

where Rix = Gr x=Re2
x = g� (Tf � T1 )x=U2

1 reaches a value of unity;x fa =DH =

1:55 + 0:5(xRix =1 =DH ). Here, x is measured from the leading edge of a metal plate

placed before the burner,� is the coe�cient of thermal expansion,Tf is the 
ame

temperature andDH is the hydraulic diameter. In a subsequent study Tang et al. [22]

studied the dynamics of wind blown line �res, again using stationary gas burners.

With increasing wind velocity 
ames are found to extend further downstream from

the mean 
ame position. The variance of the 
ame attachment length is found to

be strongly correlated with Fr2=3
D H

=Q� . Here, FrD H = U2
1 =gDH is the Froude number

based on the hydraulic diameter of the gas burner,Q� = _Q=(� 1 cp;1 T1
p

gD2:5
H )

is the non-dimensional heat release rate and_Q is the heat release rate of the �re.

One of the issues with these two studies is that the 
ames are small and not fully

turbulent.

Porterie et al. [17] seem to be the �rst to apply classical CFD to a wind-blown

buoyant plume. Some sample solutions with di�erent ambient wind velocity pro�les

are presented in this study. The temperature distributions predicted by the model

are in reasonable agreement with those predicted by the integral model of Mercer

and Weber [16], discussed above. Velocity vectors are also presented which show

reversed 
ow downstream of the plume. The model used in this study is not capable
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of describing the 
ame zone; in addition, the e�ects of turbulence are completely

ignored in the model. This model was later enhanced, by e.g., including the e�ects

of turbulence through the RNG k-� model and those of combustion through the

EDC model [28]; and was used to study a wind-blown turbulent buoyant di�usion


ame by the same group [18]. The authors saw the two 
ame regimes in their

simulations: buoyancy-dominated (for lower values ofU1 ) and wind-dominated (for

larger values ofU1 ). In the former regime large oscillations e.g., of the 
ame height

are seen because of the pu�ng instabilities; whereas in the latter regime the 
ame

is much more stable. Because of the RANS framework the model is only capable of

describing mean 
ow 
uctuations, 
uctuations due to turbulence are not captured.

In a subsequent study from the same group [19], propagation of wind-blown

line �res through fuel beds, corresponding to the experiments by Mendes-Lopez et

al. [29], was studied using RANS simulations. Simulations with three wind velocities

(1, 2, and 3 m/s) are performed. Again as the wind speed is increased the situa-

tion transitions from being buoyancy-dominated to wind-dominated. The predicted


ame geometry (in terms of 
ame height, length and tilt angle) agrees satisfactorily

with the experiment [29] for the 1 m/s case. For the 2 m/s case the simulations

underpredict the 
ame height, length and tilt angle; it is argued that this is because

of the 2D nature of the simulations in this study, which leads to over-attachment

of the 
ame [30]. The 3 m/s case, in addition to the over attachment issue, never

reached a quasi-steady state in the simulations. In addition to comparisons with

the corresponding experiments [29] the authors also compared the predicted 
ame

height, length and tilt angle for the three cases with the correlations available in
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the literature. For the 1 m/s case the simulations overpredicted the angle and for

the other two cases the angle was underpredicted. The 
ame height and length

were underpredicted for all three cases when compared to the correlations. Again it

was argued that this is due to the over-attachment in the simulations due their 2D

nature.

Nmira et al. [20] used RANS simulations to study the geometry of stationary

vegetation based line �res. Predicted values of 
ame height, length and tilt angle are

in agreement with the data available in the literature. Results suggest that the 
ame

length and height normalized with the 
ame depthD, scale with FrD = U2
1 =gD and

the dimensionless heat release rate. Predicted streamlines are almost straight in the


ame and plume zones suggesting that a far �eld analysis might be enough for

determining the 
ame tilt angle. Such an analysis leads to the conclusion that the


ame tilt angle should scale with Froude number based on the characteristic length

scale of the plume FrL c = U2
1 =gLc, whereL c = ( I=� 1 cp;1 T1

p
g)2=3 which suggests

that Fr L c / N � 2=3
C . In terms of NC this study suggests that the tangent of the 
ame

tilt angle is / N 0:71(2=3)
C . The correlations proposed in this study are supported by

both laboratory-scale and �eld scale experiments.

From the literature survey it appears that the e�ects of slope, on the 
ame

and plume geometry, have received signi�cantly less attention than the e�ects of

wind. It also seems that most of attention in this scenario is given to the transition

from the detached regime (in which the 
ame and plume are mostly detached from

the downstream surface and are almost vertical in shape; entrainment is two-sided;

unburnt fuel experiences convective cooling; see the 0 degrees case in Figure 1.3) to
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the attached regime (in which the 
ame and plume are attached to the downstream

surface; entrainment is one-sided; unburnt fuel experiences convective heating; see

the cases with inclination� 45 degrees in Figure 1.3). Again most of the times the


ame and plume geometry is analyzed in the mean sense and no heed is paid to the

dynamics.

Theoretical work for this con�guration is almost non-existent, probably be-

cause the change in 
ame and plume geometry in this con�guration happens be-

cause of an imbalance in entrainment on the two sides of the 
ame/plume, due to

the inclination of the bottom surface, which may not be straightforward to include

in a 1D integral model framework. As far as experimental and numerical studies

are concerned the e�ect of slope on a �re attracted signi�cant amount of attention

(albeit the con�guration in most of these studies contains side walls) because of the

King's Cross �re in 1987 which spread rapidly and killed 31 people and injured sev-

eral more. Subsequent investigations [31{33] revealed that if the inclination angle

is above a certain critical value then the 
ame and/or plume get(s) attached to the

downstream surface and the rate of spread increases dramatically. Note that the


ame/plume attachment phenomenon is called \trench e�ect" in the papers related

to this event. Roughly a decade ago the wildland �re community also started paying

attention to the transition from a detached regime to an attached regime [34,35].

Wu et al. [36] used a schlieren system to analyze the e�ects of slope on the

geometry of a line �re produced using a stationary gas burner. They found that

the plume attachment length increases sharply when the slope is increased beyond

24 degrees (which is the critical angle). Critical angle is found not to change sig-
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ni�cantly with heat release rate of the �re and also with the downstream surface

conditions (adiabatic or isothermal). However, the 
ames considered in this study

are small, 1 to 3 kW, and are not turbulent.

Morandini et al. [37] recently performed experiments on a porous bed of excel-

sior in a large-scale facility with two slopes (0 and 30 degrees) and three fuel loads.

They used PIV, recorded video images and measured heat 
ux and temperature. In

the 0 degrees case: the plume is quasi-vertical, characterized by equal entrainment

from both sides of the 
ame, which leads to convective cooling of the fuel ahead of

the �re. In the 30 degrees case: the plume is tilted towards the downstream surface,

entrainment on the burnt side was found to increase signi�cantly, in addition the


ow on the unburnt side was found to be in the same direction as the �re direction

and detached at a certain characteristic distance from the �re. The periodical bursts

of 
ame were also identi�ed as a mechanism by which convective heating occurred,

far downstream of the 
ame, and increased the spread rate in the 30 degrees slope

case.

The numerical study by Woodburn and Drysdale [38] included 2D RANS sim-

ulations of a �re on an inclined plane, which is a con�guration that is quite relevant

to the present study. The primary objective behind these 2D simulations was to

�nd out the critical inclination angle above which the 
ame and plume remain com-

pletely attached to the downstream surface. The predicted critical angle was 10

degrees which seemed correct based on some of the experiments reported in [39],

that were close to this 2D con�guration.

Overall, the literature survey suggests that there is at present no theoretical
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or integral model that can describe the e�ects of wind on both the 
ame and plume

geometries of a turbulent buoyant line �re. This study aims to �ll that gap. A

theoretical framework is needed because e.g., with the help of some assumptions it

can provide considerable insights into the scaling of some of the geometrical param-

eters [13, 14], speci�cally the tilt angle (Figure 1.4). And expressions provided by

such a theoretical model are expected to be more versatile than the expressions that

have appeared in the literature over the past several decades (some of which were

discussed above).

The literature survey also suggests that the past experimental studies typi-

cally use a limited range of diagnostics, primarily video imaging and temperature

measurements, while past numerical (or CFD) studies typically use a lower-order

approach, RANS simulations, that does not resolve the relevant turbulent 
ow and


ame scales. Thus, an understanding of the e�ects of wind and slope on the dy-

namics of the 
ame and plume geometries of a turbulent buoyant line �re is lacking.

Filling this gap is one of the goals of this study. For doing so we perform well- and

wall-resolved LES of turbulent, buoyant, methane-fueled, stationary line 
ames in

the presence of cross-wind and slope. In addition to shedding light on 
ame and

plume geometry dynamics, these simulations provide extensive data for validation

and calibration of the integral model discussed above.

En route to accomplishing the aforementioned goals (related to the wildland

�re spread problem) we have also attempted to �ll in the following gaps in the �re

and CFD (more precisely, OpenFOAM) literatures. First, higher order validation of

LES for �re simulations, using a co-
ow stabilized turbulent buoyant line �re. The
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point is that while several successful LES based validation studies have been reported

in the �re literature, see e.g., [40{43] for pool �re based investigations, in most such

studies, comparisons are limited to �rst and second order moments or sometimes

even to �rst order moments [40, 43], which are insu�cient for proper validation of

an approach like LES. Additionally, the investigated 
ames are in some cases not

fully turbulent and are not practically relevant. Finally, most studies feature coarse

LES simulations [41] and hence have room for improvement.

Second, a better understanding of the convection schemes available in the

OpenFOAM library. Despite OpenFOAM's large user base and its object oriented

open-source nature, understanding its various elements (e.g., solvers, boundary con-

ditions and numerical schemes) is far from trivial probably because many of its parts

are developed on the 
y and never documented (e.g., the extra undocumented term

in OpenFOAM's PISO algorithm [44]) and also because of the huge size of the code.

Accordingly, over the past several years many researchers have worked on the de-

scription and assessment of the di�erent elements of OpenFOAM, see e.g., [45,46];

work of this kind has attracted a lot of attention. During the course of this study

it became clear that there is a need for a better description and assessment of some

of the most popular convection schemes in OpenFOAM.

1.1 Thesis outline

This thesis is organized as follows. In Chapter 2 the numerical aspects are

discussed. First, a brief description of the governing equations is provided, then

a description and assessment of some of the most popular convection schemes in
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OpenFOAM is presented, followed by the description and assessment of time inte-

gration schemes. After that the turbulence models invoked in the present study are

discussed brie
y. The combustion model is presented �rst and then the radiation

model.

In Chapter 3 a higher order validation of our numerical methodology is pre-

sented. Well resolved LES of a co-
ow stabilized, methane-fueled, turbulent, buoy-

ant, line �re (in the absence of cross-wind or slope e�ects) are considered in this

chapter. In addition to comparisons of mean vertical velocity pro�les with the cor-

relations in the literature and comparisons of mean andrms temperature pro�les

with experimental data; integral time scales and temperature Probability Density

Functions (PDFs) are also compared with those measured in the measurements.

Chapter 4 considers the e�ects of cross wind on the 
ame and plume geometry

of a turbulent buoyant line �re. Well- and wall-resolved LES of a turbulent, buoyant,

methane-fueled, stationary, line 
ame are presented in this chapter. In addition to

the mean 
ame and plume geometry, the 
ame dynamics are also studied. An

integral model that is applicable both in the 
ame and plume zones of a turbulent,

buoyant, line �re in cross-wind is also presented. Finally, detailed comparisons

between the integral model and LES are made.

Chapter 5 discusses the e�ects of slope on the geometry of a turbulent buoyant

line �re. Well- and wall-resolved LES of a turbulent, buoyant, methane-fueled,

stationary, line 
ame are considered in this chapter. In addition to the mean 
ame

and plume geometry, the 
ame dynamics are also studied.

Finally, in Chapter 6 the present study is summarized and future work is
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discussed.
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2: FireFOAM (OpenFOAM)

All the simulations in the present study are performed using FireFOAM [47],

which is based on the OpenFOAM CFD library [48]. OpenFOAM has attracted a

lot of attention in the past decade (both from the academia and the industry) due,

primarily, to the following main features:

� Open access to its source code.

� Ease of extensibility due to object oriented C++ [49]; which is of paramount

importance, especially in a research environment as new models, solvers, and

boundary-conditions can be implemented fairly easily.

� Availability of a number of advanced models for describing multi-physics 
ow

problems (e.g., models for describing turbulence, combustion, heat transfer,

multiple phases).

� Ability to handle polyhedral meshes; which makes it fairly straightforward to

transition from simulations of canonical/academic problems to simulations of

practical devices/problems.

� Good scalability up to 1000s of processors.

� Absence of licensing cost (a major factor for the industry).

� Wide range of ready-made pre- and post-processing utilities.
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FireFOAM is an LES based �re dynamics solver that uses Favre-�ltered com-

pressible Navier-Stokes equations [50] (see Section 2.1) and provides additional mod-

els for the treatment of turbulent reactive 
ows [51], solid fuel pyrolysis [52], soot

radiation [53] and transport of liquid water sprays and surface wetting [54].

Next, the governing equations relevant to FireFOAM (and LES) are presented.

Then some of the convection schemes available in OpenFOAM are described and

assessed. The OpenFOAM temporal schemes are also detailed and evaluated. Tur-

bulence models invoked in this study are then discussed, followed by a description

of the combustion model used in the present work. Finally, the radiation model

leveraged in the present study is described.

2.1 Governing equations

Favre-�ltered mass, momentum, sensible enthalpy and species equations [50],

solved by FireFOAM, are written below:

Mass:

@�
@t

+
@(� euj )

@xj
= 0 (2.1)

Momentum:

@(� eui )
@t

+
@(� eui euj )

@xj
= �

@p
@xi

+
@

@xj

�
� (� + � SGS)

�
@eui

@xj
+

@euj

@xi
�

2
3

@euk

@xk
� ij

��
+ �g i

(2.2)

Sensible enthalpy:

@
�

� ehs

�

@t
+

@(� euj
ehs)

@xj
=

Dp
Dt

+
@

@xj

 

�
�

� +
� SGS

PrSGS

�
@ehs

@xj

!

+ _! 000

hs
� _q000

r (2.3)
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Species mass fraction:

@
�

� eYk

�

@t
+

@(� euj
eYk)

@xj
=

@
@xj

 

�
�

DYk +
� SGS

ScSGS

�
@eYk

@xj

!

+ _! 000

Yk
(2.4)

where ~ is the Favre �lter operator and � ij refers to the Kronecker delta

symbol. The �ltered chemical source terms,_! 000

Yk
, and the volumetric heat release rate

(HRR), _! 000

hs
, require closure modeling. In this study, an Eddy dissipation Concept

(EDC) model (Section 2.5) is used to estimate the chemical source terms,_! 000

Yk
, and

the volumetric heat release rate (HRR),_! 000

hs
. The radiation source term, _q000

r , will be

described in the radiation section (2.6). The Lewis number is de�ned as:

Lek =
�

DYk

=
thermal di�usivity

mass di�usivity of speciesk
(2.5)

We assume Lek = 1.

A combination of the PISO and SIMPLE solution algorithms, referred to as

PIMPLE in the OpenFOAM framework, is used for handling pressure velocity cou-

pling. Additional information about the iteration procedure can be found in [55].

We now focus our attention on the description and assessment of some of the

convection schemes in OpenFOAM.

2.2 Convection schemes

One of the more important aspects in the numerical procedure for solving the

equations presented in Section 2.1 is the discretization of the convective term (the

second term on the left hand side of Equations 2.2 to 2.4).

Discretization of the convective term has already been discussed extensively

in the literature. Some of the schemes that were developed, but never reported,
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by the developers of OpenFOAM, have also been described (albeit brie
y) in the

literature in recent years (see e.g., [56{58]). Nevertheless, some of the convection

schemes available in OpenFOAM are discussed in the following because during the

course of this study:

� Implementation of one of the most thoroughly described and frequently used

schemes in OpenFOAM (the Gamma scheme [59]) was found to be bugged.

� A couple of widely used schemes in the context of OpenFOAM (limitedLin-

ear and linearUpwind schemes) were found to be incorrectly described in the

OpenFOAM documentation [58].

� It was found that the description of one of the schemes in OpenFOAM (i.e.,

�lteredLinear2) that has been used for the past several years in the author's

present group [43,60,61] has been far from satisfactory so far (see e.g., [62]).

In the cell-centred, �nite-volume (or OpenFOAM) framework [46] the problem

of discretization of the convective term (@(uj � )=@xj ) in the transport equation for

a scalar � boils down to �nding the value of � at the face (� f ) using information

available in the neighboring cells. On uniform meshes; most of the relevant schemes

that are up to second order accurate, require only the values of� ; in the upwind

(C), downwind (D) and far-upwind (U) cells (see Figure 2.1 for an illustration of

the arrangement of cells with respect to the face under consideration).

One convenient framework for analyzing convection schemes, in situations

represented by Figure 2.1, is the Normalized Variable Diagram (NVD) framework
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Figure 2.1: A schematic showing a facef and the neighboring cells, on a uniform

mesh, used in constructing convection schemes. Most of the schemes in OpenFOAM

can be represented with local information at the upwind (C), downwind (D) and

far-upwind cells (U).
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[46,63,64]; in which the variable� is normalized as follows:

e� =
� � � U

� D � � U
(2.6)

With this normalization, any scheme that needs only the values of� in cells C, D

and U for evaluating � f can be written in the following manner:

e� f = f ( e� C ) (2.7)

with

e� C =
� C � � U

� D � � U
(2.8)

and

e� f =
� f � � U

� D � � U
(2.9)

As a consequence, all such schemes can be straightforwardly described by plotting

e� f as a function ofe� C (with the ensuing plot being called the NVD diagram). The

region on an NVD diagram which corresponds to bounded behaviour, and called the

Convection Boundedness Criterion (CBC), is well-known [46,59,64]; which makes it

easy to see which scheme possesses boundedness and which one does not (the CBC

is presented in Figure 2.2, see [46] for details on the CBC). Accordingly, the NVD

framework will be used in the following, whenever possible.

Discussion of all the schemes in OpenFOAM is beyond the scope of the present

study. Only �ve schemes are presented (linearUpwind, LUST, Gamma, limitedLinear

and �lteredLinear2 ): some because they are commonly invoked and some because

of their relevance to the author's present group.

We will start with the linearUpwind scheme, followed by the Linear-Upwind

Stabilised Transport (LUST ) scheme. Then theGamma scheme will be discussed
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Figure 2.2: The Convection Boundedness Criterion (CBC), colored with grey, on

the NVD diagram. It includes the line (e� f = e� C ).
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after which the limitedLinear scheme will be delineated. Finally, the�lteredLinear2

scheme will be presented.

2.2.1 linearUpwind scheme

The linearUpwind scheme implemented in OpenFOAM operates as follows:

� f = � C + r � (r � )C (2.10)

where r denotes the vector connecting the center of the upwind cellC with the

center of the facef (where the value of� is being evaluated) and (r � )C is the

gradient of � at the center of the upwind cellC.

For a uniform grid and \central di�erence" approximation of (r � )C ; Equa-

tion 2.10 becomes:

� f = � C +
1
4

� D �
1
4

� U (2.11)

which after normalization [63,64] can be expressed as:

e� f = e� C +
1
4

(2.12)

Equations 2.11 and 2.12 clarify that the OpenFOAMlinearUpwind scheme (when

combined with central di�erencing for evaluation of the gradient) corresponds to the

FROMM scheme [46] and not to the Second Order Upwind (SOU) scheme, as has

been (incorrectly) alluded to in the OpenFOAM Documentation [58]. It is worth

mentioning, however, that for \backward di�erence" approximation of the gradient

(which is rarely, if ever, used to the best of the present author's knowledge) the

linearUpwind scheme indeed reduces to the SOU scheme (Equations 2.13 and 2.14).

27



� f =
3
2

� C �
1
2

� U (2.13)

e� f =
3
2

e� C (2.14)

The linearUpwind scheme (Equation 2.12) is presented on the NVD diagram in

Figure 2.3, along with the SOU scheme (Equation 2.14). As is well-known these

schemes do not satisfy the CBC. Since thelinearUpwind scheme is closer to the

linear scheme (or the central di�erence scheme) as compared to the SOU scheme,

it is expected to be less dissipative than the SOU scheme.

We will now turn to the discussion of theLUST scheme.

2.2.2 Linear-Upwind Stabilised Transport (LUST) scheme

The Linear-Upwind Stabilised Transport (LUST ) scheme is simply a blend

of the linear (or central di�erence) and linearUpwind (or FROMM) schemes. The

version available in OpenFOAM has a hard-coded 75 (25) percent contribution from

the former (latter); which is recommended in [65]. Accordingly, this scheme is given

as:

� f = 0:75(f x � C + (1 � f x )� D ) + 0 :25(� C + r � (r � )C ) (2.15)

where f x represents the mesh non-uniformity in the direction of the vectorr . For

uniform grids (for which f x = 1=2) and \central di�erence" approximation of (r � )C ,

Equation 2.15 becomes:

� f =
10
16

� C +
7
16

� D �
1
16

� U (2.16)
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Figure 2.3: The linearUpwind scheme, along with the Second Order Upwind (SOU)

scheme, on the NVD diagram. For reference theupwind and linear schemes are also

presented. The light grey region is the Convection Boundedness Criterion (CBC),

which includes the upwind line (e� f = e� C ).
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Figure 2.4: The Linear-Upwind Stabilised Transport (LUST ) scheme on the NVD

diagram. For reference theupwind and linear schemes are also presented. The

light grey region is the Convection Boundedness Criterion (CBC), which includes

the upwind line (e� f = e� C ).

which after normalization gives:

e� f =
10
16

e� C +
7
16

(2.17)

This scheme is presented on the NVD diagram in Figure 2.4: as expected, it does

not satisfy CBC; and is quite close to thelinear scheme.

In the context of OpenFOAM, the LUST scheme has been used quite success-

fully by various independent groups [57,65{67] for performing LES.

Next, we will consider theGamma scheme.
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2.2.3 Gamma scheme

The Gamma scheme [59], which by design satis�es the CBC, is one of the

more popular schemes in the OpenFOAM library. It blends theupwind and linear

schemes, and works as follows:

� f =

8
>>>>>>>><

>>>>>>>>:

(1 � 
 (1 � f x )) � C + 
 (1 � f x )� D 0 < e� C <
k
2

f x � C + (1 � f x )� D
k
2

� e� C < 1

� C elsewhere

(2.18)

where 
 = (2 e� C=k) is the blending factor andk is a factor speci�ed by the

user (to be discussed later). In Equation 2.18,e� C is evaluated using the following

expression, which is valid for complex meshes (see [59] for details).

e� C = 1 �
� D � � C

2(r � )C � d
(2.19)

with d denoting the vector connecting the center of the upwind cellC with the

center of the downwind cellD.

When uniform grids are considered, Equation 2.18 reduces to the following

form:

� f =

8
>>>>>>>><

>>>>>>>>:

(1 �


2

)� C +


2

� D 0 < e� C <
k
2

1
2

� C +
1
2

� D
k
2

� e� C < 1

� C elsewhere

(2.20)

Finally, after approximating (r � )C (in Equation 2.19) through central di�erencing,

substituting the resulting expression for
 , and normalization, we �nd the following
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form for the Gamma scheme:

e� f =

8
>>>>>>>>><

>>>>>>>>>:

�
e� 2

C

k
+

�
1 +

1
k

�
e� C 0 < e� C <

k
2

1
2

e� C +
1
2

k
2

� e� C < 1

e� C elsewhere

(2.21)

The user speci�ed factork, which can only take values between 0 and 1, controls

the transition betweenupwind and linear schemes: lower values ofk correspond to

a faster transition, with k = 0 leading to the bounded linear (or central di�erence)

scheme [46]. The e�ect ofk is illustrated in Figure 2.5, which presents theGamma

scheme (Equation 2.21) on the NVD diagram fork = 1 and 0:2.

Note that the factor k used here is twice the factor� m (k = 2� m ) used in [59].

Furthermore, in [59] the user is recommended not to use� m < 0:1 (or k < 0:2)

because doing so was found to introduce the \switching" instability due to an abrupt

transition from the upwind scheme to thelinear scheme. As will be discussed later,

we experienced the same unstable behaviour.

Based on the present author's inspection of the code it seems that the imple-

mentation of this scheme in OpenFOAM is bugged and the implemented version

works as follows (in terms of normalized variables):

e� f =

8
>>>>>>>>><

>>>>>>>>>:

�
e� 2

C

k
+

�
1 +

1
k

�
e� C 0 < e� C <

k
2

1
2

e� C +
1
2

k
2

� e� C

e� C elsewhere

(2.22)

Figure 2.6 presents Equations 2.21 and 2.22, fork = 0:2, on the NVD diagram.

Clearly, the implemented version does not satisfy the CBC (becausee� f 6= e� C for
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Figure 2.5: The Gamma scheme on the NVD diagram fork = 1 and 0.2. For

reference theupwind and linear schemes are also presented. The light grey region

is the Convection Boundedness Criterion (CBC), which includes the upwind line

( e� f = e� C ).
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Figure 2.6: The two versions of theGamma scheme (�rst, proposed in [59] and

second, implemented in OpenFOAM) on the NVD diagram fork = 0:2. Note the

di�erence between the two schemes fore� C > 1. For reference theupwind and linear

schemes are also presented. The light grey region is the Convection Boundedness

Criterion (CBC), which includes the upwind line (e� f = e� C ).

e� C > 1), which could be the reason behind some of the dispersion related issues

reported in the literature with this scheme in OpenFOAM (see e.g., [68,69]).

In the next section we will discuss thelimitedLinear scheme.

2.2.4 limitedLinear scheme

The limitedLinear scheme is another very popular scheme in the context of

OpenFOAM, which is again a blend of theupwind and linear schemes, and satis�es
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the CBC by design. It works as follows:

� f =

8
>>>>>>>><

>>>>>>>>:

(1 �
2r
k

(1 � f x )) � C +
2r
k

(1 � f x )� D 0 < r <
k
2

f x � C + (1 � f x )� D
k
2

� r

� C elsewhere

(2.23)

wherer is expressed as:

r =
2(r � )C � d
� D � � C

� 1 (2.24)

The factor k will be discussed later. For uniform grids Equation 2.23 takes the

following form:

� f =

8
>>>>>>>><

>>>>>>>>:

(1 �
r
k

)� C +
r
k

� D 0 < r <
k
2

1
2

� C +
1
2

� D
k
2

� r

� C elsewhere

(2.25)

After invoking a \central di�erence" approximation for ( r � )C and normaliza-

tion, Equation 2.23 becomes:

e� f =

8
>>>>>>>>><

>>>>>>>>>:

�
1 +

1
k

�
e� C 0 < e� C <

k
2 + k

1
2

e� C +
1
2

k
2 + k

� e� C < 1

e� C elsewhere

(2.26)

Similar to the Gamma scheme, the factork in this scheme is speci�ed by the user

and controls the transition from the upwind scheme to the linear scheme; with

lower values leading to a faster transition andk = 0 leading to the bounded linear

(or central di�erence) scheme. Againk can only take values between 0 and 1 in
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Figure 2.7: The limitedLinear scheme on the NVD diagram fork = 1 and 0.2. For

reference theupwind and linear schemes are also presented. The light grey region

is the Convection Boundedness Criterion (CBC), which includes the upwind line

( e� f = e� C ).

OpenFOAM. The e�ect of k for this scheme is illustrated in Figure 2.7, which

presents it (Equation 2.26) on the NVD diagram fork = 1 and 0:2.

In Figure 2.8 this scheme is again presented on the NVD diagram withk = 1;

but this �gure also includes the curve used to represent this scheme in the Open-

FOAM Documentation [58]. As can be seen, this scheme is incorrectly described on

the NVD diagram in the OpenFOAM Documentation [58].

Finally, this scheme is compared with theGammascheme. Figures 2.9 and 2.10

present thelimitedLinear and Gamma schemes on the NVD diagram fork = 1 and
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Figure 2.8: The limitedLinear scheme on the NVD diagram fork = 1. Two versions

of this scheme are presented: one based on inspection of the code and the other from

the OpenFOAM Documentation [58]. For reference theupwind and linear schemes

are also presented. The light grey region is the Convection Boundedness Criterion

(CBC), which includes the upwind line (e� f = e� C ).
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0.2, respectively. Note that in these �gures the correct version of theGammascheme

(called hereafterdbGamma) is shown and not the bugged one from OpenFOAM.

From Figure 2.9 it is clear that, for k = 1, if stability is desired then the Gamma

scheme would be a better choice; because of a smoother transition fromupwind to

linear scheme. Fork = 0:2 (Figure 2.10) these two schemes are practically identical.

So, if the Gamma scheme can lead to the \switching" instability for k < 0:2 (as

found in [59]) then thelimitedLinear scheme is expected to show the same behaviour

and should not be used withk < 0:2. It is worth mentioning here that the author's

present group has been using thelimitedLinear scheme withk = 0:1 for the past

several years [43,61]. Consequently, the e�ect of the factork on the performance of

this scheme will be checked later by simulating a representative test case.

We will now move on to discussing the �nal convection scheme i.e., the�l-

teredLinear2 scheme.

2.2.5 �lteredLinear2 scheme

The �lteredLinear2 scheme is not commonly used and to the best of the present

author's knowledge has never been satisfactorily described anywhere. Based on the

inspection of the code, it can be written as:

� f =

8
>>>>>>>><

>>>>>>>>:

(1 � r (1 � f x )) � C + r (1 � f x )� D 0 < r < 1

f x � C + (1 � f x )� D 1 � r

� C elsewhere

(2.27)
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Figure 2.9: The limitedLinear and Gammaschemes on the NVD diagram fork = 1.

For reference theupwind and linear schemes are also presented. The light grey

region is the Convection Boundedness Criterion (CBC), which includes the upwind

line (e� f = e� C ).
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Figure 2.10: The limitedLinear and Gamma schemes on the NVD diagram for

k = 0:2. For reference theupwind and linear schemes are also presented. The

light grey region is the Convection Boundedness Criterion (CBC), which includes

the upwind line (e� f = e� C ).
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wherer is expressed as:

r = 1+ l� k
�

min(max(( � D � � C ) � 2d � (r � )C ; 0); max((� D � � C ) � 2d � (r � )D ; 0))
max(j� D � � C j; max(j2d � (r � )C j; j2d � (r � )D j))

�

(2.28)

if ( � D � � C ) > 0 and as:

r = 1+ l� k
�

min(max(2d � (r � )C � (� D � � C ); 0); max(2d � (r � )D � (� D � � C ); 0))
max(j� D � � C j; max(j2d � (r � )C j; j2d � (r � )D j))

�

(2.29)

if ( � D � � C ) � 0. The factorsk and l are controlled by the user and take values

between 0 and 1; and will be discussed further in the following. This scheme is

invoked as follows in the OpenFOAM framework: �lteredLinear2 k l , with the

speci�cation of k preceding that of l .

For uniform grids and \central di�erence" approximation of (r � )C and (r � )D ;

the �lteredLinear2 scheme becomes:

� f =

8
>>>>>>>><

>>>>>>>>:

(1 �
r
2

)� C +
r
2

� D 0 < r < 1

1
2

� C +
1
2

� D 1 � r

� C elsewhere

(2.30)

with r reducing to the following form:

r = 1 + l � k
�

min(max(� U � � C ; 0); max(� D � � DD ; 0))
max(j� D � � C j; max(j� D � � U j; j� DD � � C j))

�
(2.31)

for (� D � � C ) > 0 and to:

r = 1 + l � k
�

min(max(� C � � U ; 0); max(� DD � � D ; 0))
max(j� D � � C j; max(j� D � � U j; j� DD � � C j))

�
(2.32)

for (� D � � C ) � 0. Since this scheme requires the value of� not only at cells
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C, D and U but also at cell DD , it can not be completely represented on an NVD

diagram. Notwithstanding, the following comments can be made about this scheme:

� This scheme is also clearly a blend of theupwind and linear schemes, like the

Gamma and limitedLinear schemes.

� The factor k scales the amount of overall upwinding that is applied based on

the di�erences in � in the neighboring cells; with an increase ink from 0 to 1

leading to higher amount of upwinding, overall.

� Specifying k = 0 reduces this scheme to alinear scheme, regardless of the

value of the factorl .

� As the factor l is increased from 0 to 1 the amount of overall upwinding is

reduced independent of the state of the 
ow.

No attempt is made to further understand this scheme because the simula-

tions of a representative test case (discussed next) clearly show that this scheme is

handicapped by severe dispersion issues.

2.2.6 Assessment of di�erent schemes

In this section we will evaluate the performance of di�erent convection schemes

discussed in the previous section, along with the classicalupwind and linear schemes,

using a representative test case. We will also study the e�ects of the scheme's

parameters (k and or l) wherever applicable.

We follow [70] and consider a 2D test case in which a prescribed pro�le of a

scalar� is advected, in the absence of di�usion, by a velocity �eld that corresponds
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to solid-body-rotation. The adopted variation of� is, however, di�erent from those

used in [70] and consists of three disparate pro�les selected in [63]: a step, a sin2

wave and a semi-ellipse.

The numerical con�guration for the test case is illustrated in Figure 2.11.

The computational domain is 400-cm-long in thex-direction, 200-cm-wide in the

y-direction. In the x-direction the domain starts at x = � 200 cm and extends up

to x = 200 cm; and in they-direction it starts (ends) at y = 0 (200) cm.

The velocity �eld used in this case is given as:

(ux ; uy) = ( y; � x) (2.33)

which corresponds to a clockwise solid-body-rotation, around the origin (x; y) =

(0; 0), with an angular velocity of 1 rad/s. The vectors in Figure 2.11 present the

velocity �eld given by Equation 2.33.

The domain is initialized with � = 0. The pro�le of � imposed at the inlet

(y = 0 and x < 0) is

� (x) =

8
>>>>>>>>>>>>>><

>>>>>>>>>>>>>>:

1 for x < = � 150

sin2

�
� (x + 110)

20

�
for � 110� x � � 90

s

1 �
�

x + 50
10

� 2

for � 60 � x � � 40

0 elsewhere

(2.34)

which, as mentioned above, contains a step, a sin2 wave and a semi-ellipse; arranged

from left to right in the x-direction. Equation 2.34 is plotted in Figure 2.12. The

value of� is set to 1 at the left (x = � 200 cm), top (y = 200 cm) and right (x = 200
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Figure 2.11: The numerical con�guration for the solid-body-rotation case for eval-

uating the performance of di�erent convection schemes in OpenFOAM.

cm) boundaries. At the outlet boundary (y = 0 and x > 0) a zero-gradient boundary

condition is applied for � (@�=@xi = 0).

The mesh consists of 400 (200) cells in thex- (y-) direction, yielding � x =

� y = 1 cm. This resolution corresponds to 20 cells across the sin2 wave and the

semi-ellipse at the inlet.

FireFOAM was adapted to solve this case in the steady state framework in

the SIMPLE mode:

@(uj � )
@xj

= 0 (2.35)

In order to avoid the concomitant convergence issues, relaxation had to be used. In

OpenFOAM one has a choice between relaxing either the variable or the equation.

We relaxed the latter with a factor of 0.8. Simulations were considered converged
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Figure 2.12: Pro�le of the scalar � imposed at the inlet in the solid-body-rotation

case for evaluating the performance of di�erent convection schemes. The pro�le

consists of a step, a sin2 wave and a semi-ellipse; see Equation 2.34.
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when OpenFOAM's \Intial residual" became smaller than 1e-05; and every iteration

within the simulations was considered converged when OpenFOAM's \Final resid-

ual" became less than 1e-09. The Preconditioned Bi-Conjugate Gradient (PBiCG)

linear-solver was used along with the Diagonal-based Incomplete LU (DILU) pre-

conditioner for solving the system.

The exact solution for this test is given by Equation 2.34, withr =
p

x2 + y2

replacing x; because in the absence of di�usion the pro�le imposed at the inlet

should remain unchanged while undergoing solid-body-rotation and should reach

the outlet as is.

Figures 2.13 to 2.26 present results for theupwind, linear, linearUpwind grad(U),

LUST grad(U), dbGamma 1, Gamma 1, dbGamma 0.2, dbGamma 0.1, limitedLin-

ear 1, limitedLinear 0.2, limitedLinear 0.1, �lteredLinear2 1 0.05, �lteredLinear2 0.1

0.05, and �lteredLinear2 1 1 schemes, respectively. The top panels in these �gures

contain the steady-state contours of� and the bottom panels present� , plotted as a

function of r , at the inlet and outlet boundary faces and inside all the computational

cells.

For a quantitative performance assessment, of the di�erent choices for the

convection scheme listed above, Table 2.1 provides the following quantities:

� The L1-norm error; � = (
P N cells

n=1 j� n � � exact j)=Ncells

� A measure of unboundedness (or the amount of overshoots and undershoots)

in the solution; OU =
P N cells

n=1 (max(� n � 1; 0) + max( � � n ; 0))

� Number of iterations required to bring OpenFOAM's \Initial residual" below
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1e-05;N it

� Average number of steps required during each iteration to make OpenFOAM's

\Final residual" smaller than 1e-09;nst

� The convergence speed measured by the reciprocal of the product ofN it and

nst , (N it � nst )� 1. The higher the value of (N it � nst )� 1 the faster the conver-

gence.

The results shown in Figures 2.13 to 2.26 and in Table 2.1 are summarized

below:

� As expected theupwind scheme is too di�usive and smears the shapes of the

three pro�les signi�cantly, after only half a rotation (Figure 2.13). It has the

largest error � ; which renders it unusable despite being bounded and having

the best convergence speed.

� As also expected, the solution given by thelinear scheme is plagued by disper-

sion and boundedness issues (Figure 2.14). In addition the linear scheme has

a signi�cantly worse convergence speed as compared to the upwind scheme.

� The linearUpwind grad(U) scheme has a signi�cantly smaller error, when com-

pared to both theupwind and linear schemes, but it is unbounded as one may

expect (Figure 2.15). Its convergence speed is as good as the upwind scheme.

� Overall, the LUST grad(U) scheme is more accurate than thelinearUpwind

grad(U) scheme; but the latter outperforms the former in terms of boundedness

and convergence speed.
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� When the dbGammascheme is invoked with the factork set to 1, the solu-

tion overall is not as accurate as those given by thelinearUpwind grad(U) and

LUST grad(U) schemes. This is probably due to the inability ofdbGammato

maintain the peak of the sin2 wave; a well-known issue, known as \clipping"

in the literature [59]. But dbGammawith k = 1 is bounded and has a conver-

gence speed that is nearly as good as theLUST grad(U) scheme. For this test

the performance ofdbGammais almost identical to that of Gamma. When

dbGammais used withk = 0:2, its accuracy lies between that oflinearUpwind

grad(U) and LUST grad(U); the solution is also bounded. However, the sim-

ulation with k = 0:2 never converges; in other words, OpenFOAM's \Initial

residual" for this scheme never drops below 1e-05. Further discussion of the

convergence issue is beyond the scope of the present work, but it should be

noted that this is a well-known issue with NVD-type schemes [59]. Finally,

whendbGammais used withk = 0:1, the solution is slightly less accurate than

that given by dbGammawith k = 0:2; in addition, the solution is unbounded.

This behaviour is probably due to the onset of the so-called \switching" in-

stability [59].

� For k = 1 the limitedLinear scheme produces a slightly more accurate solution

than dbGamma, probably because of a faster switch to the linear scheme (Fig-

ure 2.9). On the other hand, the convergence speed fordbGammais better

(although not signi�cantly) than that of limitedLinear. For k = 0:2 and 0.1

the performance oflimitedLinear is practically identical to that of dbGamma,
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which may have been expected due to their similarity on the NVD diagram

for smaller values ofk (Figure 2.10).

� The overall performance of the�lteredLinear2 scheme, for di�erent combina-

tions of the factorsk and l, is quite similar to the linear scheme and hence

this scheme should be avoided. Settingk = 1 and prescribing a value close to

0 for l de�nitely improves its behaviour, but not enough to make it usable.

Overall, the limitedLinear 1 scheme has the best performance in this test;

considering accuracy, boundedness and convergence speed. One should have in mind

that the convergence behaviour heavily depends up on the selected tolerance value

(as mentioned above we use 1e-05 for determining convergence). And currently it is

unclear what level of tolerance is enough. Accordingly, schemes at this stage can not

be disregarded solely based on their convergence behaviour. So, if convergence speed

is ignored then bothlimitedLinear 0.2 anddbGamma 0.2have the best performance.

Note that this conclusion is independent of grid resolution; see Tables 2.2 and 2.3,

which present results from a coarser (�x = � y = 2 cm) and �ner (� x = � y = 0:5

cm) grid, respectively.

Before going further, it is worth mentioning that the solid-body-rotation test

was performed after �nishing the simulations reported in Chapters 3 to 5. Sim-

ulations reported in those chapters use the�lteredLinear2 scheme (with k = 0:1

and l = 0:05) for the convection terms in the momentum equations (and use the

limitedLinear scheme withk = 0:1 for the convection terms in the scalar equa-

tions, see below), because the same choices were made in one of the recent studies
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in our group [43]. Speci�cally, the V version of the�lteredLinear2 scheme, called

�lteredLinear2V , is used in the simulations in those chapters. The V version of

di�erent schemes in OpenFOAM are speci�cally designed for the convective terms

in the momentum equations: they are more dissipative than the baseline schemes,

see [58,71]. As mentioned above, thelimitedLinear scheme (withk = 0:1) is used for

the convective terms in the scalar transport equations. For mass fraction transport

equations the 01 version of this scheme, calledlimitedLinear01, is used. The 01 ver-

sion of di�erent schemes bounds the values of the scalar between 0 and 1; see [58].

In the future, we will choose convection schemes based on their performance in

representative test cases like the one used in this section.

We now turn to the description and assessment of the temporal schemes avail-

able in the OpenFOAM library.

2.3 Temporal schemes

In this section we will describe and assess the time integration schemes avail-

able in OpenFOAM. We will also study the e�ects of CFL and the parameternOuter-

Correctors (to be described brie
y later) on the solution.

Since the time integration schemes in OpenFOAM have already been detailed

in the literature (see e.g., [46]); we will restrict ourselves to their brief descrip-

tion. OpenFOAM provides three temporal schemes; namedEuler, backward and

CrankNicolson. Euler is the classical backward Euler scheme and is given as:

@�
@t

�
� t � � t � � t

� t
(2.36)

The rest of the terms (convection, source, etc.) are evaluated at timet which requires
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Figure 2.13: Results for the upwind scheme; steady state contour of� (top) and

variation of � plotted against r at faces on the inlet and outlet boundaries and in all

the cells inside the domain (bottom). In the contour, dark blue (red) corresponds

to � = � 0:2 (1.2). For an ideal convection scheme the pro�le imposed at the inlet

would remain unchanged while undergoing solid-body-rotation and hence, the black

and grey symbols would overlap the black solid line, which represents the exact

solution.
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Figure 2.14: Results for thelinear scheme. See Figure 2.13 caption for additional

details.
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Figure 2.15: Results for thelinearUpwind grad(U) scheme. See Figure 2.13 caption

for additional details.
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