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University of Washington
Abstract

A Numerical Investigation
of the Gas-Phase Dynamics of Small Pool Fires

Anay Luketa-Hanlin

Chair of the Supervisory Committee:
Professor Emeritus Richard C. Corlett
Mechanical Engineering

This work is an investigation, through direct numerical simulation, of the gas-
phase dynamics of small circular pool fires. The objectives are: to determine the
mechanisms that contribute to vortex formation and their relative magnitude as dependent
upon the Froude and Reynolds number, the frequency response of the flame as dependent
upon the Froude and Reynolds number; and to determine the diameter limit of the
axisymmetric assumption by formulating a local Reynolds number. The parametric range
investigated is 10™ < Fr < 10? and 10 < Re <10%. The effect of heat release rate, flame
temperature, fuel molecular weight and air-fuel ratio on the vortex formation mechanisms
is also investigated. The vortical formation mechanisms include baroclinic torque, density
gradient/gravity interaction, stratified shear layers, and density inversion. Stratified shear
layers and density inversion are investigated by formulating a kinetic energy of
fluctuation equation and evaluating the pertinent production terms. Time-averaged, as
well as Favre-averaged, spatially integrated values are obtained as a function of elevation.
The flow is modeled as axisymmetric, and an infinitely fast chemical reaction, thin-flame
sheet model is used along with a low Mach number approximation. The time-dependent
governing equations are solved in axisymmetric coordinates with an explicit, projection-
based algorithm. The results indicate that radial density gradients interacting with gravity
and unstable density stratification are the dominant mechanisms effecting vortex
formation. Baroclinic torque is also significant. The net effect of shear is to provide
stability, though local areas exist which are destabilizing. Local regions of stabilizing
density stratification also occur. The Froude number, Reynolds number, heat release rate,
flame temperature, fuel molecular weight and air-fuel ratio effect the investigated flame

dynamics. The Froude number is the dominant parameter effecting the investigated



vortex generation mechanisms. An approximate critical local Reynolds number can be
identified for which an axisymmetric model is valid. Using available experimental
evidence, this value as been found to be around 3000. It is concluded, for this range that
an axisymmetric, single-step, irreversible, reaction model with finite rate chemistry is

capable of capturing essential features of the gas-phase of small pool fires.
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Chapter 1

Introduction

The objective of this research is to determine, through numerical experiments, the
gas-phase dynamics of small circular pool fires. A pool fire is defined as a horizontally
configured condensed fuel, the vapor from which supports a flame that burns upwardly in
free convection. The combustion region is classified as a diffusion flame wherein fuel
and oxidant are initially separate and must diffuse together in order for chemical reaction
to occur. The pool fire fuel is typically a liquid but can be a solid. The fuel gasification
rate is controlled by heat transfer from the flame to the pool surface. This coupling is an
essential feature of pool fires. Thus, to fully characterize a pool fire. the heat and mass
transfer coupling between the pool surface and gaseous flame region must be taken into
account. In general, the mass flux rate of gasified fuel leaving the pool surface will vary
with time and location depending on pool size. For small pool fires, the flux of fuel at the
pool surface is approximately uniform in space with the exception at the pool edges
where flame attachment occurs.’2® In this work, only the region above the surface of the
issuing fuel is modeled and the fuel gasification velocity at the pool surface is
approximated as spatially uniform and constant in time. The fuel gasification velocity,
henceforth called the ‘inlet velocity’, is a parameter, to be explored over the typical range
of pool fire burning rates. The system configuration is one in which fuel with a constant
velocity exits from a circular region as in a burner and reacts with the surrounding air.
This configuration is sometimes termed a ‘pool-like gas fire’ in that the fuel supply rate
can be controlled independently. Though heat and mass transfer dynamics at the pool
surface are not modeled, the gas phase dynamics that are captured resemble that of a pool
fire.'* It follows that pool-like gas fires are described by the same model that describes
the gas-phase region of true pool fires.



For pool fires, fuel issues from the pool surface with inlet velocity, ~.01 m/s,
much lower than the buoyant velocity that develops in the flow (~1 m/s); thus pool fires
are buoyancy controlled. This is in contrast to jets, which have a much higher inlet fuel
velocity, so that momentum forces dominate. Hence, the Froude number, which is a
dimensionless parameter that measures the ratio of inertial to buoyancy forces, is very
low for pool fires. For small pool fires (<15 cm), the Froude number is (~107*-102) and
the Reynolds number is ~10'-10%. The Froude number is defined as vi,>/Dg, where vi, is
the fuel inlet velocity, D the pool diameter, and g the gravitational acceleration. The

Reynolds number is defined as v;, D/ vin, where vy, is the fuel inlet kinematic viscosity.

An interesting feature of circular pool fires is their pulsating nature in which
periodic behavior occurs in temperature, velocity, density, and pressure fields. Several
investigations obtaining measurements of these quantities show that a dominant
frequency, f, occurs.>*8%122138394244 * The frequency has a strong dependence on pool
diameter where f~ D, and is a function of the gravitational acceleration, where /'~ g%
The relationship, / ~ D, has been shown to be independent of fuel type and to hold over
a wide range of diameters (0.007 m — 50 m). Work done by Schonbucher et al.*® revealed
that, in addition to a dominant frequency, multiple frequencies occur throughout a fire.
Furthermore, the frequency behavior of a circular pool fire is linked to the formation and
shedding of vortices. Vortical structures form at the base of the fire, then rise up through
the flame and dissipate. The evolution of these structures is evident by the periodic flame
bulging and necking that occurs. Several experimental studies have shown a relationship
to exist between vortex formation and the oscillation of temperature or pressure
measurements by using time sequence imaging. *2'*** The mechanics of the formation

and shedding of these vortices are still not understood.

Various theories have been proposed to explain the flickering nature of diffusion
flames. Buckmaster and Peters’, using a boundary layer approximation, proposed that

flame pulsations are due to a modified Kelvin-Helmholtz instability, which arises when a



continuous variation of velocity and density occur over a finite thickness, and shear
causes the flow to destabilize."> The analysis done by Buckmaster and Peters is restricted
to very small laboratory-scale, diffusion flames (~2 mm) with Fr = 100 and Re = 200, and
is thus not applicable to pool fires which have Froude numbers under 0.1. Their
motivation for studying flames of such small diameter was to apply a similarity solution
to a boundary layer description of the flame. Similarly, Yuan et al.** experimentally
investigated the buoyant flow of helium that issued horizontally from a vertical slot. They
found the velocity profile to be similar to that of a reactive buoyant jet. The buoyant
acceleration induces a stratified layer between the low-density fluid of helium and the
higher density ambient fluid. The velocity profile of this layer is such that the vorticity
has a maximum value which causes it to roll up in a shear layer as in a Kelvin-Helmoltz
type of instability. This stratified layer can be influenced by perturbations resulting from

gravitational and viscous forces.

Vortex formation can also result from the misalignment of density gradients with
pressure gradients, resulting in what is known as baroclinic torque. Vorticity is generated
from the net pressure force not acting through the center of gravity of a volume element,
thereby creating a torque.?” Baroclinic flow can occur when density is a function of
temperature, as is the case for a chemically reacting flow. Based upon phenomenological
reasoning and observation of fires, the explanation of vortical structures for turbulent
pool fires have been presented by Tieszen et al.*? who state that the misalignment of
pressure and density gradients exists throughout the entire flow field to provide a source
of vorticity. The greatest vorticity generation occurs where the spatial separation between
hot and cold gases is the smallest. This would arise in the horizontal direction,
perpendicular to the flame sheet, where hot gases meet the ambient air. This density
gradient is misaligned with the vertical pressure gradient that exists as the hydrostatic
pressure field due to the gravitational force.



Cetegen and Kasper'' have argued that reacting and non-reacting buoyant flows
have an inherent instability caused by density stratification. They state that there can exist
a region of Rayleigh-Taylor instability and perturbations from gravitational forces can
rapidly amplify the instability. A Rayleigh-Taylor instability can occur when a region of
higher density fluid occurs on top of a lower density fluid in a gravitational field."® Jiang
and Luo?* concluded that a radial density gradient under the influence of gravity plays a

major role in vortex formation.

Thus, the basic mechanisms for vortex formation include: that due to shear, as in a
Kelvin-Helmoltz instability; that due to baroclinic torque; that due to radial density
gradients under the influence of gravity; and that due to density inversion, as in a
Rayleigh-Taylor instability. Yet to be determined is the relative contribution of these
mechanisms for highly buoyant, low-speed diffusion flames. It is the intent of this work
to isolate the individual role that each of these mechanisms contributes to vortex
formation and to determine the frequency response of the flame at various locations. The
above is investigated as dependent upon fuel inlet velocity and pool diameter. Thus, a

parametric study is performed by varying the Froude and Reynolds number.

Fuel characteristics such as heat release rate, stoichiometric air-fuel ratio, and fuel
molecular weight can influence flame behavior. Thus, the aforementioned vortex
formation mechanisms and frequency response is investigated by varying fuel molecular
weight, stoichiometric air-fuel ratios, and heat release rates. Definitions and discussion of

these fuel parameters are provided in Chapter 6.

In this work, the flow field is modeled as being axisymmetric. There are two
motivations for utilizing such a model. First, observations of experiments indicate that
laminar pool fires are essentially axisymmetric up to elevations of several diameters,
depending on pool size. Secondly, this model allows for a lower computational run time,

so that many more runs can be performed as required for investigation of the



aforementioned effects. For any given pool diameter, the elevation up to which an
axisymmetric model can be applied is uncertain. As elevation is increased,
circumferential instabilities eventually occur and the flow is no longer axisymmetric.
Thus, a further objective of this work is to estimate, for a particular diameter, the
elevation for which an axisymmetric model is valid. This is accomplished by determining
a local Reynolds number at any given elevation. This concept is analogous to the
transition criteria for the free convection flow of a heated vertical plate, wherein a local
Grashof number between 10® and 10° is the critical range for transition.'® The Grashof
number is a dimensionless group representing the ratio of buoyancy to viscous forces.
Since the local Grashof number is a function of the vertical distance along the plate, this
critical range of values implies an approximate height to which a boundary layer analysis

is valid.

One way to gain understanding of the dynamics of pool fires is to solve the full
governing conservation and chemical kinetic equations, namely through the Navier-
Stokes equations for ideal gases along with the conservation of species equations which
include the effects of chemical kinetics. Due to the limitations of present day computers
and to the time and length scales that need to be resolved in pool fires, a direct time-
dependent, three dimensional simulation is not practical for the range of Froude and
Reynolds numbers under investigation. The simulation must span length scales of
roughly three orders of magnitude, that is, from the combustion zone, which is on the
order of a millimeter, up to several pool diameters. Simplifications must be introduced to
focus on the dominant effects. Thus, an axisymmetric simulation with a simplified
combustion model is used. The use of this facilitates a larger number of runs as necessary
to accomplish a parametric study. Though only small pool fires are considered, the model
and methodology used could be extended to larger pool fires in the near future when
computing power allows a three-dimensional simulation in a reasonable length of run
time. It is then that circumferential instabilities can be investigated. The intent of the

present work is to utilize the full potential of an axisymmetric model.



In this work, the coupled, time-dependent equations are solved numerically in
axisymmetric coordinates using an explicit, projection based algorithm. A finite volume
formulation on a staggered grid is used. The approach is to focus on the fluid dynamics of
the fire rather than its chemical kinetics since non-chemical effects are responsible for the
formation of vortices that control entrainment and stability behavior. Thus, a single-step,
irreversible, reaction model with infinitely fast chemistry is used. Furthermore, radiation
modeling is not included. Additional simplifications include: the use of the low Mach
number approximation, thin flame sheet approximation®, and a Lewis number of unity.

Justification and discussion of these approximations will be given in following sections.

1.1 Objectives

Numerical experiments are performed on laminar, gas-phase, circular pool fires with

the following specific goals:

e To determine the relative contributions to vortex formation of the
following: baroclinic torque, radial density gradients in a gravitational
field, stratified shear layers, and density inversion.

¢ To determine the multiple frequency response at various locations.

e To perform a parametric study of the vortex formation mechanisms and
frequency response as dependent upon the source Reynolds and Froude
number.

e To determine the influence of fuel molecular weight, air-fuel ratio, and
heat release rates on vortex formation mechanisms and frequency
response.

e To estimate the pool diameter limit for which an axisymmetric model can
be applied by identifying and interpreting a local Reynolds number.



1.2 Organization

Chapter 2, Background: Previous research on pool fires by other investigators is

presented.

Chapter 3, Mathematical Model: In this chapter the major assumptions are discussed.

The governing equations are stated with the low Mach number approximation, and a
detailed statement of the problem is made.

Chapter 4, Numerical Model: In this chapter the numerical model is discussed in detail.

and numerical boundary conditions are given.

Chapter 5, Model Validation: In this chapter the mathematical model is compared with

experiments done by other researchers.

Chapter 6, Results and Discussion: In this chapter the results are presented and

discussed.

Chapter 7, Conclusions: In this chapter a summary and implications of the results, and
recommendations for future work is presented.



Chapter 2

Background

The purpose of this chapter is to provide background for the current research, and
to elucidate some features of pool fires, primarily their pulsating nature and the
mechanics of vortical structures. Previous experimental and numerical research done on
the pulsating nature of pool fires and on the mechanisms involved in the formation of

vortical structures is presented.

2.1 Previous Experimental Research on Pulsation Frequency of Pool Fires

The first major experimental investigation of pool fires was by Blinov and
Khudyakov.® They performed experiments on pool fires ranging is size from 1.1 cm to
30 m for several liquid fuels. Flame structure was strongly dependent on pool diameter. A
Reynolds number for these experiments, as interpreted by Hottel.” is based upon the
gaseous burning velocity of the fuel, pool diameter, and viscosity of the cold or non-
burning fuel vapor. For pool diameters approximately 5 cm or less the visible flame was
laminar (Re<20), for diameters between 5 cm and 1 m it was in transition (Re~ 20-200),
and for diameter greater than 1 m it was in the turbulent regime (Re>200). From a
diameter around 1.1 cm the structure of the flame is steady and conical until at around 3
cm it exhibits a pulsating tip which has a maximum frequency of about 18-20 Hz. A
further increase in diameter causes the pulsating portion of the flame to shift downward
and the frequency to decrease. The burning rate was found to depend on pool diameter.
For the laminar regime the burning rate decreases as a function of pool diameter, and
from the transition to turbulent regime it increases, until it reaches a constant value

independent of pool diameter.



By measuring time-traces of velocity, pressure, and temperature near the base of
pool fires, Hamins et. al.,*' obtained the pulsation frequency of several gaseous and liquid
fuels, over a wide range of burner diameters (0.0074 m ~ 0.30 m), Froude number
(10"~10%), Reynolds number (10~10%), both based on burner diameter, inlet fuel velocity
and properties. They investigated the effects of varying the heat release rate. fuel exit
velocity and burner diameter on the pulsation frequency of flames. They found that there
is a minimum critical fuel flow rate needed to initiate pulsations. This minimum critical
velocity is dependent on fuel type and diameter, approximately D'°. They also found
that the higher the exit velocity, the closer that vortical structures are to the pool surface.
Pulsation frequency is weakly dependent on fuel exit velocity. The heat release rate was
varied through nitrogen dilution of the fuel stream. The authors point out that nitrogen
dilution changes the stoichiometry, adiabatic flame temperature, oxygen demand, total air
entrainment, and density distribution of the flow field. The heat release rate did not have
an effect on the pulsation frequency. For all fuels tested the Strouhal number (=f D/v.)
was found to be inversely proportional to the Froude number. A best-fit power law to all

of the data gave Str~Fr?®Y,

r-0.38

Isothermal helium plumes were also tested and the
relationship Str~F was found. The authors conclude that due to the difference in the
Strouhal-Froude relationship between the reacting and non-reacting flows that
entrainment and vorticity cannot be modeled through studies of isothermal buoyant flows
such as helium. This is due to the steep density gradients present in reacting flows,

whereas non-reacting flows have more of a Gaussian density distribution.

Cetegen and Ahmed® investigated the periodic oscillations of pool fires by
conducting a series of experiments on 0.1 and 0.3 m diameter propane fires and non-
reacting helium plumes. Pressure fluctuations were synchronized with video recordings,
temperature, and velocity measurements at the pool surface. The effect of changes in
heat release, by way of fuel dilution with CO,, was also investigated. A decrease in heat
release causes the intensity of the pressure fluctuations at the pool surface to decrease,

but does not effect the frequency. Helium plumes similarly display a “puffing” frequency,
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scaling with D%, This suggests that the puffing phenomenon is associated with
instabilities of a buoyant flow. The results for the propane pool fires indicate that
periodic formation and shedding of vortices occurs. They form a short distance above the
pool surface, within one diameter, and are thought to be responsible for the periodic
nature of pool fires. The puffing frequency for pool fires was found to scale as D?°.

Weckman and Sobiesiak** took detailed velocity and temperature measurements
on a 30 cm acetone pool fire by using laser Doppler anemometry and thermocouples.
They found that large-scale structures develop with a frequency dependent on pool
diameter. These structures originate at the base of the fire as vortices that rise up to
converge to form a large plume that is shed. The authors describe these structures to be
formed in two stages. There is first a well-ordered flame composed of a series of vertical
ribs connected by curved flame sheets to form channels. At this stage a vortex ring
outside the base of the fire develops. In the second stage this vortex ring pulls up the
flame sheet to form an initial instability that amplifies and travels to the centerline to
create vortices. These vortices then accelerate upward and break down to form a large-
scale structure that expands. With this expansion a narrow flame base is once again
formed. The authors point out that a consistent explanation is needed for the processes
that cause the formation of these large-scale structures and how their behavior is reiated

to entrainment and mixing.

Cetegen and Dong'®, performing experiments on propane diffusion flames of
diameters 2.5 to 10.2 centimeters, showed that two modes of instabilities occur, the
sinuous mode and varicose mode. The sinuous mode of instability is characterized by a
vortex ring becoming tilted and causing a wave-like appearance to the flame. This type of
instability first begins in the contracting region of the flame, then fully develops
significantly downstream of the fuel surface. The varicose mode is characterized by a
vortex ring, which remains horizontal as it travels upward through the flame, and is
responsible for the flame height fluctuations. This type of instability develops very near
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the pool surface. The probability of observing the varicose mode increases with

increasing Richardson number, or equivalently inverse Froude number (g Dive).

Davis et al.'” conducted a numerical and experimental investigation on low-speed
buoyant jet of propane diluted with 50% nitrogen. They found that buoyancy-induced,
counter rotating vortical structures form to cause bulging and necking of the flame as
well as flickering. It was also found that with zero gravity the flow does not deveiop

vortical structures, but results in a steady flame with no flickering.

Schonbucher et al.*? performed experiments on pool fires of several different fuels
for diameters ranging from 1 cm to 10 cm. Using real-time, holographic, interferometry
they found organized structures, which they termed ‘density parcels’. These structures
depend on the height above the pool surface. pool diameter. fuel supply rate. equivalence
ratio, and fuel type. They also display mono-, quasi- and non-periodic behavior. Mono-
periodic behavior is defined as the occurrence of a fundamental frequency along with
frequencies that are multiples of the fundamental frequency, also termed harmonic.
Quasi-periodic behavior results in independent frequencies that are not multiples of a
fundamental frequency. Non-periodic behavior occurs in convection velocities, refractive
indices, mass densities, and temperatures. The mechanisms of origin of ‘density parcels’
is unknown, but the authors believe that they are influenced both by hydrodynamic and
combustion-generated instabilities. Harmonics are found in lower elevations,

approximately two diameters and under, while independent frequencies occur in higher

elevations.

2.2 Previous Numerical Work

Jiang and Luo?* performed a numerical simulation of a buoyant diffusion flame to
determine the dependence of vorticity generation on Froude number. They found that

buoyancy induced effects due to the interaction between gravity and radial density
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gradients are the dominant mode of vorticity generation and oscillation of the flame. The
Froude number range used (0.2 — « (g=0)) corresponds to a low-speed, buoyant jet,
rather than to Froude numbers for pool fires (Fr ~ 10~ — 107).

Ghoniem et al.?° performed a numerical simulation of an axisymmetric fire plume
(Fr=.04, Re=200) in order to determine the source of vorticity generation. The results
indicate that the origin of the instability is due to radial density gradients between the fire
plume and air. A shear layer exits in this region so that a Kelvin-Helmoltz type of
instability occurs. This instability begins very close to the pool surface, within a pool
radius. They found that non-reacting and reacting plumes have similar density fields

close to the pool surface, which results in similar puffing characteristics.

Mell et al.’' performed a numerical simulation of a 10-cm-diameter methanol pool
fire in an enclosure. The numerical model was based upon axial symmetry, the low Mach
number approximation, and a mixture-fraction formulation. The results agreed well with
experiment for heights one diameter above the pool surface. but not for heights greater
than this. They attribute the disagreement to the assumption of axial symmetry.
Simulations were also performed with and without baroclinic torque. When the baroclinic

term was removed the pulsation frequency increased and the onset of oscillations was

delayed.

Lee and Baek®® numerically simulated ethylene pool fires of 0.02, 0.05, and 0.10
m in diameter. The pool fire was modeled using the geometry of coaxial cylinders in
which fuel exits the inner cylinder and oxidant the outer. Infinitely fast chemistry and
axial symmetry were assumed. Soot formation was also included in the model. The
oscillation frequency for each diameter agreed with experimental resuits from other
researchers, and the periodic formation of large-scale vortical structures was captured.

The authors conclude that changes in diameter effects flow dynamics.
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Kuldeep et al.® numerically simulated a 1-cm-diameter methanol pool fire. The
fire was modeled in two-dimensional Cartesian coordinates and a single-step chemical
reaction was assumed. The liquid phase was also taken into account to capture the
burning rate. The numerical results were compared to the experimental results of a slot
burner. They compared favorably for puffing frequency, temperature, and burning rate.
The simulations were performed with varying speeds of co-flowing oxidant. For air
velocities of 2 and 10 cm/s the flame was unsteady, while for velocities of 20 and 40 cm/s
the flame became steady. The authors conclude that increasing the air co-flow velocity
stabilizes the flame by pushing the vortices away from the flame region. Increasing the
co-flow velocity also resulted in an increase in the burning rate. The results indicate that

the burning rate is significantly higher at the burner edge than at the pool center.

The aforementioned experimental work on pool fires provide much information
on flame structure and periodic behavior, as well as the effect of various parameters such
as heat release rate, fuel exit velocity, and ambient conditions for many different fueis
and for a large range of Froude number. Laboratory experimental work has the advantage
of observing a large range of Froude and Reynolds number, but has the disadvantage that
quantities such as vorticity production terms are difficult to measure. Numerical
experiments offer the advantage that these quantities can be obtained. The approach of
the current work is to use direct numerical simulation on small pool fires to capture
quantities that would be difficult or impossible to obtain in the laboratory. The quantities
of interest as previously specified in Chapter 1 have yet to be obtained for pool fires for
the Froude and Reynolds number range specified either experimentally or numerically.
The aforementioned bodies of numerical work have focused on larger Froude numbers,
thus less buoyant flows that do not reflect the behavior of the gas-phase of pool fires,
and/or they have not obtained the vortex generation mechanisms of present interest for a
parametric study. Nor has a local Reynolds number been formulated for pool fires. Thus,

the intent of this work is to extent the current knowledge of pool fires by examining a
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lower range of Froude number and to capture the vortex generation mechanisms

previously mentioned, as well as formulate a local Reynolds number.
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Chapter 3

Mathematical Model

In this chapter the major assumptions and equations used to describe the gas-
phase region of a pool fire are specified. The equations include the conservation of mass
and momentum for gaseous mixtures along with a mixture fraction equation. The low
Mach number approximation is used and the appropriate equations assuming such an

approximation are derived.

3.1 Problem Statement

This work is concerned with the gas phase dynamics of pool fires, which are
highly buoyant (Fr ~ 10* — 10%), and have Reynolds numbers in the range of (~ 10' -
10%). Fuel issues from a circular, horizontal surface with a uniform velocity to react with
the surrounding, initially quiescent, air. This geometry allows for comparison with
experiments done by other researchers, and offers simplicity in that the flame can be
modeled as being axisymmetric. For the diameters considered, the visible flame is in the
laminar to transitional region of the flow field. The ignition of fuel and air is not
considered in this work and thus is not modeled. Also, the region of interest is above the

fuel surface, thus heat feedback dynamics are not considered.

Major assumptions include:

—

. The flame chemistry is represented by a single-step, irreversible reaction.
Fast chemistry in which the reaction takes place in an infinitely thin flame-sheet.
A unity Lewis number.

!\)

> oW

The effect of soot formation is negligible.
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5. Radiation is not modeled and is considered to be a secondary mode of heat
transfer for the size of pool fires considered.
6. The low Mach number approximation.

7. Axial symmetry of the flow field

The working equations along with the initial and boundary conditions are

collected at the end of this chapter.

3.2 Governing Equations for a Reacting Flow

For a reacting flow the conservation of mass, momentum, and species along with
an equation of state for mixtures must be invoked to completely describe the velocity,
pressure, species, and temperature fields.® The following differential forms of the
equations assume an Eulerian frame of reference in which quantities are evaluated at a
fixed point over time. The mixture is made up of N fluids, each having a velocity. These

velocities are mass averaged to obtain a mixture velocity, defined as
v=)> Yyv, G.D
where the Y; are mass fractions with

Yv =1 (3:2)

=1

The separate densities are defined as p, = pY;, where p is the density of the mixture.

The conservation of mass for individual species is

%+V.(pﬁvi)=(‘;i, (3-3)
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where ©; is the production rate of specie i in units of mass per unit volume per unit time.

Summing over all species gives

Yo =0 (3.4)

Summing equation (3.3) over all species and using equations (3.1), (3.2), and (3.4) results
in the continuity equation.

op <
L +V. =0 3.5
2t +V.e(pv) (3.5)

To determine the mass flux of species relative to the surface moving with the mass

average velocity. the diffusion velocity is defined,

V.=v, -v. (3.6)

Note that 5‘; Y,V,; =0, which follows from equation (3.1), (3.2), and (3.6). Using (3.6)

and (3.5), (3.3) may be written as
aYl' ®
p?+p\roVYi =0i-V.(pY,V;). 3.7

Equation (3.7) accounts for preferential diffusion, in which the diffusion of a species into
all other specie of the system is included. In this work D,; is approximated by making ail

binary diffusion coefficients equal for each side of the flame sheet, which simplifies
equation (3.7). This approximation is only valid when the molecular weights of the
species are all on the same order. For fuels considered in this work this condition is

approximately satisfied.
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Using Fick’s Law,

N
Y,Vi=-3 DijVYj (3.%)

=t
where D;; is the diffusion coefficient, equation (3.7) may be written as,

5Y,

p p +pv.VY, =(:)i+V-(pDVYi) 3.9)

The differential form of the conservation of momentum is expressed by the

Navier-Stokes equations for a viscous, compressible fluid using the mixture velocity.

ggg—%)-+v.(pw)=—Vp+V-T+pg, 3.10)

where g is the average body force per unit mass, and

T= —%(pV- vl +p.[Vv +(VV)T]

I is the unit tensor and p is the dynamic viscosity.

The differential form of the conservation of energy equation is expressed as the

following.
oT .
pcpE+pcpv-VT=V.(le)+Qmp (3.11)

where x is the mixture thermal conductivity and,
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The h, are the standard heat of formation of species i, suffix F denotes fuel, O denotes
oxidant, P denotes products, MW molecular weight, and v, the stoichiometric coefficient

for species i.

The equation of state is the ideal gas equation for mixtures:

Y.
= RTi—‘—. 3.12
P=PRTD Vw (3.12)

where the MW, are molecular weights, R is the universal gas constant, T the absolute

temperature, and p the thermodynamic pressure.

3.3 Global, one-step reaction model

In this work elementary reactions are ignored since their inclusion would have
negligible impact on the fluid dynamics.'*?* Capturing the heat release from the overall
chemical reaction is what is essential in modeling a buoyancy dominated flow. This
simplifies the problem to make it much more tractable. Thus, a global, single-step
reaction model is used and the chemical reaction is represented as a fuel mixture
combining with an oxidant mixture in stoichiometric proportions to form products, that
is,

1 mass of fuel + A mass of oxidant — (A + 1) mass of products

where A is the stoichiometric ratio of oxidant to fuel by mass, that is



3= YoMWo G.13)
v MW,
The reaction rates are then related by:
(:) —lc:)o-— ! (:)rod (3.19)
TR W R ’
Then using (3.9) and (3.14), specie equations can be written as,
oY, .
;)74»;)V.VYF =V.(pDVY)+o0F (3.15)
oY, .
p7+pv-VYo =V.(pDVY,) + A oF (3.16)

paaYtP +pveVY, =V (pDVY,) - (A + 1) ok (3.17)

An equation may now be formed which is independent of a chemical source term. By

multiplying equation (3.15) by A and subtracting equation (3.16) the following equation

results:

p%+pv.VB=V.(pDVB) (3.18)

where,

B=AY; — Y. (3.19)
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The variable B is a conserved scalar, that is, it is independent of chemical reaction, and is

known as a Schwab-Zeldovich variable. Similarly, another Schwab-Zeldovich variable

can be formed by using equations (3.11) and (3.17).

Q/cp v

=T~
4 T+a P

(3.20)

where c, is the mixture specific heat at constant pressure,

i=1

This variable also obeys equation (3.18).

The fast-chemistry limit in which the Damkohler number approaches an infinite
value is also assumed. The Damkohler number is defined as the ratio of mixing time to
chemical reaction time.’ In this limit chemical reaction occurs many orders of magnitude
faster than the time needed for mixing. Instantaneous reaction occurs when fuel and
oxidant come in contact. The chemical reaction is then confined to an infinitesimally thin

flame surface that separates fuel and oxidant with implications that fuel and oxidant
cannot coexist, that is,

YrYo=0 (3.2

The mixture fraction Z, a normalized variable that is defined in terms of f, may
be utilized.

7= B-Bo =[1-YF“Y0] -[AYe -Yolo
Be —Bo [AYe-Yole-[Ye-Yol,

(3.22)
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where the suffix F and O, respectively, denote streams of fuel mixture and oxidant
mixture, as prescribed. The equations are the same if the stream of fuel is pure and if the
stream of oxidant is pure, as opposed to a mixture. Thus, in what follows each stream will

be denoted as pure, though it is allowable for the streams to be comprised of a mixture.

In the pure fuel stream

Yo =0, Y, =Y =1, (3.23)

and in the pure oxidant stream

Y: =0, Y, =Y (3.24)
Using (3.23) and (3.24) equation (3.22) reduces to

z=Me=Yot¥o = (.74 (3.25)
A+Y,

The mixture fraction is linearly related to B, thus it is a conserved scalar and also

obeys the transport equation.

p% +pveVZ =V.(pDVZ) (3.26)

At the flame sheet neither fuel or oxygen is present and z is defined there as:

YII
Z, =—2— 3.27
A+Y,
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This defines the location of the flame sheet were chemical reaction takes place,
and the boundary that separates fuel and oxygen. The flame sheet acts as the source of
products and a sink for fuel and oxidant. Thus,

z=—YO +Y0

- 0<Z<Z,, Yp=0 (3.28)
A+Yq

z=Hif?— Z,<Z<1, Yo=0 (3.29)
A+Y,

Using equations (3.27-3.29), mass fractions for fuel and oxygen can be obtained.

Y, = Z-2y Z,<Z<1, Y,=0 (3.30)
1-Z,

Y0=ZS'2'ZY;;, 0<Z<Z,, Y;=0 (3.31)
st

The mass fraction for the inert species nitrogen is obtained by the linear relationship
Yy, =Yy, (1-2Z), (3.32)
and using equation (3.2), the mass fraction of products,
Yp =1-(Ye - Yo - Yy, ) (3.33)
The mass fraction of individual species in the products is obtained by

(MW, )v;)

g;(Mwixvi)’

Y, =Y, (3.34)



where the summation is over M product species.

Similarly the variable, y, can be linearly related to the mixture fraction by

[T_Q/CP YP]—{T—Q/CP YP]
7_Y"Yo 1+A 1+A o

Ye Yo [T—Q—/—(;E-YP] _[ _QL(E_PYP]
A F o

(3.35)

In the pure fuel stream and the pure oxidant stream Y, =0, thus equation (3.35) becomes

[T-Q-/c" YP:I-—TO
7=

1+2 (3.36)
TF - TO
The temperature field can now be expressed in terms of Z by equation (3.36).
/¢
T=T, +? ; Y, +(Tr - To)Z (3.37)
+

The mixture fraction formulation allows a single transport equation to be solved instead
of N-1 specie equations. This has the advantage of providing a substantial reduction in
computational effort, while allowing the essential physics to be captured. Once the
mixture fraction is known the temperature field can be solved for and, using the ideal gas

equation, the density field can then be obtained.

A detailed approach to modeling radiation is not adopted in this work.
Approximately 15% of the heat generated from a 8.3 cm methane pool fire is lost due to
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radiation to the surroundings.” For smaller diameters such as .5 cm this fraction reduces
to .1. This fraction can change not only with diameter, but also with fuel type. Fuels that
have high soot production will have a larger fraction of heat lost to the surroundings than
fuels with low soot production. Furthermore, the fraction of radiation to the pool surface
is also secondary compared to convection for the diameters considered. For very small
pool fires (D~0.01 m), conduction dominates the heat feedback to the pool surface,
whereas for diameters up to 0.1 meters convection dominates.”> For diameters greater
than 0.5 meters radiation then becomes the leading mode of heat transfer. For diameters

and fuels considered in this work, radiation is not the dominant mode of heat transfer.

Temperature-dependent transport properties are modeled with the Chapman-
Enskog theory and the Lennard-Jones potentials for the viscosity and binary diffusion
coefficients.’® The mixture viscosity is determined using the formula by Wilke.*’ On the
fuel side of the flame sheet all species are assumed to have the binary diffusion
coefficient of fuel and nitrogen, and on the other side of the flame sheet that of oxygen

and nitrogen. Thus, fuel and oxidizer are allowed to diffuse at different rates.
3.4 Low Mach Number Approximation

The diffusion flames considered have a very low Mach number (< 0.1). Thus, the
low Mach number approximation, which is a non-singular, perturbation approach, can be
applied.’> The advantage of such an approximation is that the characteristic time scale
comes either from chemical reaction, diffusion, or convection times, rather than acoustic
times. For flows such as in noise generation systems, acoustic wave time scales must be
resolved, which is computationally expensive. This approximation allows the elimination
of these acoustic waves, but the resulting equations still allow for large density variation
that occur in reacting flows. The pertinent equations to consider include equations (3.5),

(3-10), (3.12), (3.26), (3.30-3.34), and (3.37). These equations are nondimensionalized
by the scales:



v, - Inlet fuel velocity

D - Pooldiameter

Pin - [Inlet fuel density

T® - Ambient temperature

¢” - Ambient specific heat at constant pressure
c; - Ambient specific heat at constant volume

- Inlet fuel viscosity

D - Ambient binary diffusion coefficient

Pressure is scaled by pi,,R,,i,Tac . Equations (3.5), (3.10), (3.12), and (3.26) then become

op
—+Ve(pv)=0 338
2 (pv) (3.38)
o(pv) 1 1 1
4+ V.(pvw)=- Vp+—V.T+— 3.39
P (pvv) yMaz P Re Frpg ( )
oz 1
—_—+ OVZ= Vo DVZ 3.40
P % pv Re S () ) (3.40)
p=pT (3.41)

where the dimensionless parameters are defined as
. v c. : .
Re=pmva’ Fr=—“', .Y=_:_’ Ma2= Vin , Sc = Hin

Hin Dg c.

Since the Mach number is small, so is the term yMa?2. Thus, let

€= 'YMaz (342)



All variables can be expanded in powers of € in the form

0) 2..(2)

v=v® ey 4e3y

and substituted into equations (3.34-3.37). Equating zeroth order terms the following

equations are obtained.

ap(o)

SV OV =0 G4)

Vp® =0 (3.44)
(0) (0

op''v )+V.(p‘°’v‘°’v‘°’)=-Vp‘” +LV.T‘°’ .,._l_p(mgw) (3.45)
ot Re Fr

@ oo yz-_1_g.0poyz 3.46

PR TP T Rese P ) (3.46)

p? = pOT® (3.47)

Equation (3.44) states that the zeroth order term for pressure is constant. This
term is called the ambient or thermodynamic pressure. Only small pressure perturbations
from the ambient pressure are significant in the momentum equation. This
approximation removes the acoustic waves by not allowing variations in pressure to
cause changes in density as is evident by equation (3.47). Thus, these equations are

incompressible, but they still allow variation in density caused by chemical heat release.



3.5 Working Equations

The following provide the working equations assuming a low Mach number
approximation. Due to the near symmetric behavior of the flow field the equations are
solved in cylindrical coordinates in two dimensions. Thus, only variations in the (r,z)
directions are considered, where r and z are the radial and axial directions respectively. In
the following conditions and equations, all variables refer to the zeroth order terms in

eqns 3.43 — 3.47, except for pressure, which refers a first order kinematic pressure.

Initial conditions (t = 0):

\

o

<

z

<
-
i
(=]

]
-

F O<z<w

8

O<r<w

]
o © v

NB©B O ~H
i

Boundary conditions:

For the boundary condition at z = 0, conditions for two different cases are
specified, no co-flow and co-flow. A co-flow configuration is co-annular cylinders with
the inner cylinder issuing fuel and the outer cylinder issuing air. Two simulations
performed in Chapter 5 for model validation have a co-flow condition. These two cases
have the outer cylinder extending up to 20 diameters axially, acting as a shield against
disturbances. Thus, different boundary conditions apply for this configuration at the
shield boundary than for the case with no co-flow. All other simulations in this work are
performed without co-flow. Conditions at all other boundaries are the same for both

cases.



The boundary condition at z = 0 for no co-flow is the following:

vz Vin

v, =0

=1 l<e<p
T=Til‘l

P=Pin

p=0 |

v,=0 ]

v. =0 bz=0,t>0
aZ_,

oz

ﬂ—O \D<r<ow
oz

% _o

oz

p=0

The boundary condition at z = 0 for co-flow is the following:

V2 =Vin

v, =0

Z=1

T=T, 0SS Mg,
P=Pin

3;3 mﬂ: L2=0, t>0
v, =0

=0 br  <r<T,
T= Ty, [ ™ outer
P = Ping,

p=0
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The boundary condition at r = o for no co-flow is the following:
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The boundary condition for co-flow at r = rouer With the outer cylinder extending axially

to act as a shield is the following:

v, =0
v, =0
2Z_o
or ¥r=routcr’[>0
T=T"
p=p
p=0

Note that the radius of the outer cylinder shield is much larger than the inner cylinder
radius, by approximately 5 diameters. Thus, at r = roue the temperature and density

remain that of ambient.

The V operator is defined as

1 0
=E——r+—
r oz
Continuity:
249 =0 (3.48)

Miomentum (first order perturbation pressure):

a(pv) 1 Lip”
———+V(pvw)=-Vp+—V.T+—| —-p (3.49)
ot Re Fr P,



(93]
o

where the viscosity term in the r-direction, assuming zero bulk viscosity is

v.T|, =3[2 a—v—épv ] ai [a

d or

and in the z-direction

0 ou 2

oz 3

Zu—--u—

VoTl =——-[2 ————pV-u]+lip

rcéz

(3.50)

3.51)

Note that the hydrostatic pressure has been subtracted out in equation (3.49) to give a

kinematic pressure.

Mixture Fraction:

oz 1
— +pv.VZ=
pat P Re Sc

where,
z-2Ye-Yo+¥o 0<zZ<1
A+ Yo
Temperature
Q/c
T=T, + 1+; Y, +(Te -To)Z

(3.52)

(3.53)



[deal gas for mixtures (thermodynamic pressure; zeroth order):

Y.
= R'['i_l
p=p e MW,

Mass fraction of fuel:

Mass fraction of nitrogen:
Yy, = Y§,(1-2)
Mass fraction of products:
Yo =1-(Ye - Yo - Yy, )

Mass fraction of individual species in products:

33

(3.54)

(3.55)

(3.56)

3.57

(3.58)

(3.59)
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Chapter 4

Numerical Method

In this chapter, the numerical method used to solve the set of equations for a low
speed, reacting flow as specified in Chapter 3 is described. The discrete formulation of
the coupled set of partial differential equations is specified as well as the methodology for

their solution.

4.1 Discrete Formulation

In this work the finite volume method is used to represent the discretized form of
the conservation equations which are cast in axisymmetric coordinates (r,z). This method
uses the integral form of the conservation equations and is applied to each control volume
that subdivides the domain. Finite volume formulations guarantee local conservation for
each control volume as well as global conservation for the entire domain.'”** The

conservation equations can be written in the generalized form
@ﬂ»v.(puq)):v.(rw)ﬂusd, 4.1)

where ¢ can represent any dependent variable of the system, t is a diffusion coefficient,
and S, is a source term that includes any remaining significant terms. Equation (4.1) is

integrated over a control volume and with respect to time over a time interval of At to

result in

I j’%o dvdt + j j'v.(pu¢) dvdt = | [V.@ve)dvar+ | j's, dvidt 4.2)

AaCY AtCvV AtCV AtCvV
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By using Gauss’ theorem the convective and diffusive integral terms in (4.2) can be

rewritten as integrals over the entire bounding surface of the control volume.

| I@ dth+;!Jn.(pu¢)dAdt= [ fn-G@vo)dadt+ | fs, avar 4.3)

ACV AtA AtCV

where n is the unit vector normal to the bounding surface.

Equation (4.3) contains surface integrals that must be evaluated. In order to
evaluate surface integrals exactly the integrand must be known everywhere on the
volume surface. Since only the nodal value at the center of the control volume is
available, an approximation must be introduced. This can be done by interpolating the
value at the cell face from nodal values and then using the midpoint rule where the

integral is the product of the integrand at the cell face center and the cell face area.

Other approximations such as the trapezoid rule in which comer values are
averaged can be used as well as higher order approximations. Both the midpoint and
trapezoid approximation are of second order. In this work a midpoint formulation is
invoked for simplicity. Similarly, volume integrals must be approximated in equation
(4.3). This is done by approximating the integral as the product of the nodal value at the
volume center and the cell volume. Since all variables are known at nodal values no

interpolation is necessary.

Cell face values are obtained by interpolation from nodal values in order to
evaluate the convective fluxes. The simplest first order scheme is upwind interpolation'®

(UDS) in which face values are approximated as follows:
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o, ={¢[ if (ven), >0 (4.4)

b if (V‘n)i <0

where the index ‘i’ refers to face location and ‘I’ to nodal location as shown in figure 4.1,

which illustrates a one-dimensional grid.

Figure 4.1: A control volume illustrating nodal and volume face indexing on a one-
dimensional grid.

This scheme never produces numerical oscillations, thus it is very stable, but introduces

large amounts of numerical diffusion thereby reducing the accuracy.

The simplest second order scheme is central differencing'® (CDS) in which values

are obtained by a linear interpolation between the two nearest nodes to a face.

Xi =X

¢; =¢a; +¢,(1-a;), where a; = 4.5)

X1 — Xy

The leading truncation error term for CDS is proportional to the square of the grid
spacing. Schemes of order higher than two are more accurate, but require a greater
number of nodal values thereby increasing the computational effort. Boundary conditions
also become more difficult to implement. Thus, due to its simplicity and to its sufficient
level of accuracy, the central differencing scheme is utilized in this work. Gradients at

cell faces using CDS are approximated with the second order representation
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¢[+l _¢l
@® =+t T (4.6)
(&)fm Xie1 Xy

Approximation to the temporal integrals in (4.3) is done by an Adams-Bashforth
scheme'?, which involves fitting a polynomial to the temporal derivatives at a number of

points in time. This second order approximation is represented by

¢(t""')=¢(t")+%£{3f[t“,¢(t“)]—f[t“",¢(t“" )]} where f = @.7

2|8

4.2 Solution Method of Discrete Equations

The approach to obtaining a numerical solution to the working equations is an
explicit, projection based method developed by McMurtry et al.”’ To begin, it is assumed
that all variables are known at time steps n and n-1. First, the mixture fraction equation
(3.52) is integrated with respect to time using the Adams-Bashforth method to obtain
Z™!. Then T™' and p™" are obtained by using equation (3.53) and the ideal gas equation

(3.54) respectively. Next, the momentum equation is integrated with respect to time using

the Adams-Bashforth method'? resulting in

V)" =(pv)" -AtVp + At[—;—l'l" -%n“" ) 4.8)

where
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a0
['I=—V.(pvv)+LV-'I’+L p—-p g
Re Fr P,

Since p is needed for the time advancement of equation (4.8), a Poisson equation

for p is formed by taking the divergence of equation (4.8) to obtain
V= —i [V (V)™ -V (pv) ]+ V. (% n" - %l‘["'l ) (4.9)

The term V.« (pv)"*' is evaluated by utilizing the continuity equation.

a n+l
Vel(pv)™ = {—p) (4.10)

ot

The term on the right hand side of equation (4.10) is approximated by

I 4.11)

The strategy involves first computing convective and viscous terms that will be
utilized in a Poisson equation for the average pressure p. Once p is obtained velocity
values at the n+1 time step can be obtained with the use of the momentum equation (4.8).
The discretized Poisson equation forms a set of simultaneous equations that are solved

using a conjugate gradient method."
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4.3 Grid

A staggered grid is used as shown in figure 4.2. Equation (4.3) is applied to each
control volume that subdivides the domain. Scalar values are evaluated at locations
shown by dots, and velocity values are evaluated at locations indicated by arrows. Each

control volume has four plane faces and a central node P.

/i
/ / : SRR

o] Control volume for axial velocity

] Control volume for scalar values

Figure 4.2: Control volume arrangement for a staggered grid
This grid structure is chosen so that no pressure nodes appear on the boundary,
thus pressure boundary conditions are unnecessary. Only mass fluxes are needed at the

boundary, which are prescribed and will be stated in the next section.

The grid is stretched in the radial and axial direction using the function

x=L (+1) —i(a D[ +1) (a_- 1)] (1-x)
[(@+1) (@ - 1)] (1-x)

}} wherel<a <w, 0<x<L (4.12)

X is generated from a uniform grid where 0 <X <1. The grid clusters near zero as
a —» 1. The grid is concentrated near the pool surface in the axial direction and near the
axis of symmetry in the radial direction. The time step is limited by the minimum grid
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spacing. Thus, the degree of clustering, indicated by a, was chosen by satisfying a unity
Courant number where a fluid particle is not allows to travel more than one grid length in

a time step. A unity Courant number requires At < Ax;j/u; or Ax; < u; At.

4.4 Boundary Conditions

The domain is axisymmetric in (r,z) coordinates, where u, and u_ are the axial
and radial velocities respectively. The interior nodes are indexed as i = 2,...NZ-1 and j =

2,..,.NR-1. Boundary nodes are located at i =1, NZ, and j =1, NR. Neumann boundary

conditions are represented by ¢|lj =¢|2j and ¢|, =4¢|,,, where the gradient of the

variable is zero in the i and j" direction respectively, and are of second order accuracy.
Inflow condition:

At the inflow all variables are specified, that is the velocity components.

temperature, density, and mixture fraction are given set values. The values are prescribed

as follows:

U, =Uj,

u, =

Z=1.0 ;0<r<poolradius (4.13)
P=Pin

T= in J
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For no co-flow:

U, = U,
u =0

le.j = le.j L
pl;,j =Py
Ty =T

pool radius < r < length of radial domain 4.14)

Two of the simulations run in Chapter 5 for model validation were performed with co-

flow in which an inner co-annular cylinder issues fuel, and an outer co-annular cylinder

issues air. The boundary condition for co-flow is equation (4.14) for the inner cylinder

issuing fuel, and for the outer cylinder issuing air it is the following:

U, = Uinair
u =0
Z2=0

P = Ping,
T=T,

| pool radius < r < radius of outercylinder 4.15)

Centerline ¢

The domain

ondition:

is axisymmetric, thus at the centerline the axial velocity gradient and scalar

gradients in the radial direction are zero, and the radial velocity is zero, that is:



zliy = Yali
Ul =0
Z, =2,
Pl = pli.z
T, =T,

Air Entrainment Boundary:

Velocity values at the air entrainment boundary are unknown. Thus. the radial
velocity component is determined by using the continuity equation. The axial velocity is
computed by linear extrapolation. The pressure node at the scalar control volume nearest

the boundary is set to zero. The boundary conditions are the following:

pINR =0
l n+i _pn
Uenr = oy | AU )inra +PAL, ) oy —(PAY, ), o —
Fli, NR (pAli.NR r/; 1 zJi-I,NR-1 z/iN At -
ulli.NR = zuzli.NR-l _uzli.NR—Z
Ti.NR = Ti.NR—l

Zi.NR = Zi.NR—l

Pi.NR = Pi.NR-I

As previously mentioned, runs were performed for model validation in Chapter 5 with
boundary conditions representing an outer cylindrical shield enclosing the fire. Those

boundary conditions are as follows:
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Outflow:

Two boundary conditions were tested for the outflow boundary. One was a

convective condition for all variables prescribed at the inflow'?:
—+U—=0 (4.16)

U is a constant velocity that is chosen so that the outflow mass flux is equal to the
incoming mass flux. The second condition tested is a Neumann condition with the normal

derivative of all variables set to zero:

7}
e 0 4.17)
[t was found that either condition is sufficient for this flow problem. Due to its simplicity,
all quantities at the outflow boundary are prescribed with the Neumann boundary
condition (4.17). The placement of the boundary was found to have the greatest effect on
the flow field. It was found that the outflow boundary should be placed at least 20
diameters away. Thus, in these simulations the outflow boundary is placed far from the
inflow (~30 — 50 diameters). Simulations of varying domain size were performed to

ensure that boundary interference is minimized. Once the solution is invariant, the

domain size is considered large enough.



The outflow boundary conditions are as follows:

uZINZ—l.j = UZINz—z,j
ul’lNZ.j = u"INZ—l.j

Z NZj Z NZ-1,j
Pz, i = Al NZ-1j

T NZj T NZ-1j

4.5 Initial Conditions

Simulations are begun with the uniform values:

Z!t=o =0
Al =P=
-qt=0 =T°°
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Chapter 5

Model Validation

In this section, the combustion model is compared with the experimental results
of other investigators. The first comparison is made with the work done by Santoro et
al.*’ on a 1.11 cm ethane diffusion flame, the second with the experiments performed by
Smooke et al.*' on 1.11 ¢cm methane diffusion flame, and lastly the experimental results
by Schonbucher et al.’® on a 4.6 cm diameter, n-hexane pool fire. Though a co-flow
configuration is different from a pool fire or a pool-like gas fire, it can be utilized for
model validation by invoking the appropriate boundary conditions as specified in Chapter
4. The following sections state the experimental configuration for the aforementioned
research, the comparison between these experimental results and the results from using
the combustion model uvsed in this work, as well as a discussion on the experimental
results. It should be noted that in Chapter 6 further model validation is provided by

comparison with experiment on the relationship between the Strouhal and Froude

number.

5.1 Ethane Diffusion Flame (1.11 ¢cm)

Santoro et al.’” performed experiments on a co-annular, ethane, laminar diffusion
flame. The inner cylinder of 1.11 c¢m in diameter had fuel exiting with a velocity of .0398
m/s, and the outer 10.16 cm cylinder issued air at .089 m/s. Based on the inlet fuel
velocity, inner cylinder diameter, and ambient viscosity of air the Froude and Reynolds
number are 0.015 and 25, respectively. A cylindrical shield of 40.5 cm in height was used
to prevent flame disturbances. Temperature, velocity, and soot measurements were
taken to provide radial profiles of these quantities at several different axial locations.

Figure 5.1 compares the calculated axial velocity profiles from this work with the
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measured axial velocity profiles by Santoro et al. The radial and temperature profiles

have not been presented due to reasons stated in the discussion section of this chapter.
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(@) (b)

Figure 5.1: (a) Axial velocity at various elevations, (b) centerline axial velocity (ref. 37)

5.2 Methane Diffusion Flame (1.11 cm)

Smooke et al.*! took temperature, species, and soot measurements of a co-annular.
methane diffusion flame. The inner cylinder of 1.11 ¢cm in diameter had fuel exiting with
a velocity of .0552 m/s, and the outer 9.53 cm cylinder issued air at .1254 m/s. Based on
the inlet fuel velocity, inner cylinder diameter, and ambient viscosity of air the Froude
and Reynolds number are 0.028 and 34, respectively. The outer cylinder extended
beyond the inner cylinder to provide a barrier against disturbances. Figure 5.2 compares

the calculated temperature values from this work with the measured temperature values

by Smooke et al. at various elevations.
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Figure 5.2: Comparison between calculated and measured temperature values at various
elevations (ref. 41).

5.3 N-Hexane Pool Fire (4.6 cm)

Schonbucher et al.’® performed experiments on several different fuels for

diameters between 1<d <10 cm, and used real-time, holographic interferometry to

determine the density field, which revealed organized structures they termed ‘density

parcels’. The geometric configuration is one in which fuel exits from a circular burner

into ambient still air.



48

They provide frequency data at various elevations for a 4.6 cm, n-hexane pool fire with a
fuel exit velocity of .011 m/s (Fr =.00027, Re = 29). The mean frequency data for up to 8
cm (1.74 dia.) indicate that there is one independent frequency of 3 Hz and two
harmonics of 9 and 12 Hz as shown in Figure 5.3. The frequency of 3 Hz is associated
with the formation of the density parcel configuration, and that of 9 Hz with vertical
oscillations of the fuel boundary layer. The frequency of 12 Hz is associated with the
following processes: wave motion of the visible fire shape, oscillations of density parcels
at the fire rim, helical wave motion of the thermal boundary layer, and the rise of density

parcels.

@ - Vertical oscillation of the fuel boundary layer (9 Hz)
@ - Helical wave motion of the thermal boundary layer (12 Hz)
@ - Rise of density parcels (12 Hz)

@ - Oscillations of density parcels at the pool rim (12Hz)

Figure 5.3: Mean frequency profile of 4.6 cm n-hexane pool fire
for height region 0 <z <8 cm (ref. 39).

From this work, the resuits for temperature and temperature frequency response
values are shown in Figures 5.4 - 5.7. The averaged frequency was determined by using
an amplitude-weighted average. At a location that corresponds to the fuel boundary layer
in Figure 5.3, the average frequency is 9.33 Hz (Fig. 5.4), as compared to the
experimental value of 9 Hz.
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Figure 5.4: Centerline temperature (a) and temperature frequency response (b) at
elevation z = .026 cm.

At a location that corresponds to the rise of density parcels in Figure 5.3, the

average frequency is 11.55 Hz (Fig. 5.5), as compared to the experimental value of
12 Hz.
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Figure 5.5: Centerline temperature (a) and temperature frequency response (b) at
elevation z=5.61 cm.
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At a location that corresponds to the thermal boundary layer in Figurc 5.3, the

average frequency is 12.1 Hz (Fig. 5.6), as compared to the experimental value of 12 Hz.

435

bbby

time (sec)

9 8
L BV

temperature (K)
a

Frequency (Hz)

(a) (b)

Figure 5.6: Temperature (a) and temperature frequency response (b) at elevation z = 5.61
cm and radial location r = 1.98 cm.

At a location that corresponds to the oscillation of density parcels at the pool rim

in Figure 5.3, the average frequency is 10.55 Hz (Fig. 5.7), as compared to the
experimental value of 12 Hz.
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Figure 5.7: Temperature (a) and temperature frequency response (b) at elevation z = .094
cm and radial location r = 1.98 cm.
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5.4 Discussion

The numerical results from this work indicate good agreement with the
experimental results as shown in Figures 5.1-5.7. A few remarks should be made
concerning the experimental results. The centerline axial velocity measurements by
Santoro et al. (Fig. 5.1b) show a deviation from the experimental trend line around 6 cm.
Similarly, the radial velocity measurements shown in the work by Santoro et al. are
highly asymmetric for heights greater than 4 cm. They state that this is probably due to
room disturbances made allowable by large slot openings used in the chimney. They also
state that the temperature profiles are of a qualitative nature due to multiple sources of

error. Thus. radial velocity and temperature profile comparisons have not been presented

in this work.

For temperature measurements Smooke et al. state that using a 75-um
thermocouple wire gives less error than a 125-um wire, which can have conduction errors
up to 100 K. They estimate that the absolute error in the gas temperatures is less than 50
K in soot-free flame regions. No estimate is given for soot flame regions. They also
performed a numerical simulation of the methane diffusion flame and found
disagreement with experimental temperature measurements. Their numerical model
includes finite rate chemistry with a detailed soot growth formulation. Figure 5.8 shows
a comparison between their numerical results and experimental values. Their numerical
results are too low up to the flame edge by about 100 tc 150 K, and too high past the
flame edge by 200 to 500 K. The flame edge is also over predicted with a radial
difference of .05 to .1 cm. They attribute the disagreement to the uncertainty of the inlet
boundary conditions as well as the lack of including in their model the absorption by
methane of energy radiated from the flame front. They state that conduction and

radiation from the base of the flame to the burner exit tube caused significant preheating
of both inlet fuel and air streams.
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Figure 5.8: Comparison between calculated and measured temperature values at various
elevations from numerical and experimental work by Smooke et. al. (ref. 41).

It is also of interest to note a comparison between the work done by Smooke et al. and

work done by Mitchell et al.’>** Mitchell et al. provided experimental and numerical

results for a co-annular, methane diffusion flame of 1.27 cm diameter with a fuel exit

velocity of .045 m/s, and air co-flow of .0988 m/s. The Froude and Reynolds number are

.016 and 32 respectively, which is similar to the system investigated by Smooke et al.

with a Froude and Reynolds number of .028 and 34 respectively. When the results of

these two bodies of work are compared there is a discrepancy in centerline temperatures

at similar heights of 400 to 500 K. The difference in the Froude number is not great
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enough to explain such a large discrepancy. Mitchell et al. state that errors from incorrect
emissivity values for thermocouple measurements can cause significant temperature
errors. Temperature measurements can have sources of error from radiation effects,
conduction along thermocouple wire, catalytic effects due to the presence of bare
thermocouple wire, and soot coating of thermocouples that change emissivity values. The
point to be made about these two experimental studies is the difficulty in obtaining
agreement. Experimental results can differ from multiple sources of error. Experimental

boundary conditions can also be difficult to control as was pointed out in the work done

by Santoro et al.

The numerical results show good agreement with three different variables,
namely, velocity, temperature, and frequency for independent experimental
investigations. As stated previously, further model validation is provided in Chapter 6
wherein agreement with experiment is found for the relationship between the Strouhal
and Froude number. The model is also tested for a non-uniform inlet velocity profile in
order to ascertain the effect on the dynamics investigated. The results shown in Chapter 6
indicate that an exponential inlet velocity profile does not effect the dynamics of interest.
This further supports the validity of the model by indicating that the gaseous region of
pool-like gas fires are similar to pool fires. This will be further discussed in Chapter 6.
Given the good agreement with the experimental studies provided, it can be concluded
that the model is capable of capturing the pertinent characteristics of pool-like gas fires.
and thus ultimately the gas-phase of small pool fires.
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Chapter 6

Results and Discussion

In this chapter numerical results are presented for the following parametric cases:
(Fr =.01, Re = 40), (Fr = .001, Re = 40), (Fr = .0001, Re = 40), (Fr =.001, Re = 10), and
(Fr=.001, Re = 100). The Froude number is defined as Fr = vi,.Z/Dg, where vy, is the fuel
velocity at the pool surface, D the pool diameter, and g the gravitational constant. The
Reynolds number is defined as Re = v;,D/vi,, where v;,, is the fuel inlet kinematic
viscosity. For each case, results comparing the magnitude of baroclinic torque and
density gradient/gravity interaction are presented, as well as the shear and buoyancy
production terms in the equation for the kinetic energy of fluctuating motion. The results
showing the effect of heat release rate, fuel molecular weight, air-fuel ratio, and inlet
velocity profile on the energetics, vorticity generation, and frequency response are
provided for the case Fr = .01, Re = 40. For all cases, a local Reynolds and Froude
number is identified as a function of axial location. Contour and velocity vector plots
showing instantaneous values for the case, Fr = .001, Re = 40 are presented. Temperature

frequency response is computed and compared for all cases at various locations. A

discussion of the results is also provided in this chapter.

The simulations were performed on a computational domain of 30 diameters in
the axial direction and 6 diameters in the radial direction. For all cases, the time step was
chosen so that a fluid particle does not travel more than one grid length in a single time
step. Thus, the time step satisfies a Courant number, c, of less than 1.0, where ¢ = y;
AVAx;." Thus, At < Az/u and At < Ar/v. For cases (Fr = .01, Re = 40) and (Fr = .001, Re
= 10) the grid was stretched in the axial direction with minimum grid spacing of .103
diameters and 100 nodes, and in the radial direction with minimum grid spacing of .0278
diameters and 75 nodes. Thus, 24 axial nodes are concentrated under 5 axial diameters,
and 18 radial nodes are concentrated under 1 radial diameter. The time step used is 10 in
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dimensionless time. This corresponds to 4.25 x 10™ and 1.25 x 10 seconds in real time
for cases (Fr = .01, Re = 40) and (Fr =.001, Re = 10), respectively. For cases (Fr =.001,
Re = 40), (Fr = .0001, Re = 40), and (Fr = .001, Re = 100) the grid was stretched in the
axial direction with minimum grid spacing of .045 1diameters and 100 nodes, and in the
radial direction with minimum grid spacing of .0133 diameters and 75 nodes. Thus, 36
axial nodes are concentrated under 5 axial diameters, and 27 radial nodes are
concentrated under | radial diameter. The time steps used is 10 in dimensionless time.
This corresponds to 3.8 x 10, 2.65 x 10™, and 9 x 10™ seconds in real time for cases (Fr
= 001, Re = 40), (Fr =.001, Re = 100), and (Fr =.0001, Re = 40), respectively. The runs
were performed on a 1GHz single processor PC operating on Microsoft Windows. The
code was programmed in Fortran 90 using Compaq Visual Fortran as the compiler. The
computational time to reach a converged state was approximately 1 hour for cases
(Fr=.01, Re =40) and (Fr = .001, Re =10), and 10 hours for cases (Fr = .001, Re = 40), (Fr
=.0001, Re = 40), and (Fr = .001, Re = 100). To obtain time averages the computational
time was approximately 15 minutes for cases (Fr=.01, Re =40) and (Fr = .001, Re =10),
and 2.5 hours for cases (Fr = .001, Re = 40), (Fr = .0001, Re = 40), and (Fr = .001, Re =
100). Inlet fuel temperature and density values are 295 K and .66 kg/m’, respectively.

Corresponding values of fuel inlet velocity and diameter for the various parametric cases

is shown in Table 6.1.

Table 6.1: Corresponding fuel inlet velocities and diameters for parametric cases

Parametric Values Fuel inlet velocity (m/s) Diameter (m)
Fr=.001,Re=10 012 015
Fr=.01,Re =40 .040 017
Fr=.001, Re =40 .019 .038
Fr=.001, Re =100 .026 .069

Fr=.0001, Re =40 .009 .080
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It was found that the flow was able to develop oscillations without the deliberate
introduction of a perturbation. Thus, numerical perturbations were sufficient to excite the
flow. In order to perturb the flow with a wide range of unbiased frequencies the
following perturbation was introduced into the axial velocity at three grid points just
above the inflow boundary:

u=u(1+.01*sin(random number*t)), where O<random number<1000.

Thus, a perturbation with a maximum of 1% variation from the axial velocity value at

those three locations is provided.

For the results that follow it should be noted that though calculations were done
for a 30 diameters axial extent the validity of the solution pertains only to much lower
elevations depending on the parametric values. This is due to the breakdown of the
axisymmetric assumption. The elevation of solution validity decreases as the Froude
number decreases and as the Reynolds number increases. Thus, for the cases of
(Fr=.0001, Re=40) and (Fr=.001, Re=100) elevations up to 1 to 2 diameters should be
considered to be valid. Determining the elevation at which an axisymmetric solution is

valid will be addressed in a later section of this chapter.

6.1 Vorticity Generation Terms

To facilitate understanding of the resuits and discussion to follow, the vorticity

transport equation in terms of dimensionless variables is explained:
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where,

£

I
ﬁ’!%’
JE

Note that the dynamic viscosity is temperature dependent and dimensionless. On the
right-hand side, the first and second term represents vortex stretching and expansion,
which can either increase or decrease vorticity. The third term is baroclinic torque, which
generates vorticity by the misalignment of density and pressure gradients. In baroclinic
flow, a volume element will have net pressure forces acting through its center, but not
through its center of mass. The center of volume and the center of mass do not coincide
for baroclinic flow. Thus, the net pressure force acting on a volume element creates a
torque about the center of mass, which is perpendicular to both the pressure and density
gradients. To aid understanding, consider a block comprised of two different materials,

where p; > p2 as shown in Figure 6.1.

Center of mass
|
l Pressure T
M e P2 gradient
direction

[ 3

Net Pressure Force

Figure 6.1: Block made of two different materials illustrating baroclinic torque.

If a surface comprising both materials is oriented perpendicular to the direction of the

pressure gradients then a torque will be generated. The denser material will be rotated
below the lighter material.
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The fourth term is the gravitational term, which can generate vorticity due to the
interaction between the radial density gradients and gravity. This term generates vorticity
by the action of gravity, which forces the heavier or denser part of a volume element
below the lighter part thereby creating rotation. The last term is the diffusion of vorticity
and its effect is to redistribute vorticity, not generate it. Baroclinic torque and the
gravitational term are responsible for the initiation of vorticity. They are evaluated for

each parametric case and presented in this section.

Figure 6.2 shows the spatially integrated, absolute values of the vorticity
production terms time-averaged over a cycle for varying Froude and Reynolds number.
Total values are plotted against axial distance in diameters. The parametric cases shown
are for methane pool-like gas fires. The results indicate that the gravitational production
term has a greater influence on vorticity generation than baroclinic torque. Decreasing the
Froude number results in both production terms increasing, while increasing the
Reynolds number results in a slight decrease in the gravitational term. The baroclinic
torque term decreases once the Reynolds number is at a large enough value. The greatest
effect of baroclinic torque occurs at lower elevation as can be seen by the higher
gradients in the first few diameters. The effect of the gravitational term has a more

constant gradient that continues up through higher elevations, though its highest gradients

occur at lower elevations as well.

The increase in the gravitational term for decreasing Froude number is indicative
of the greater buoyancy forces for lower Froude numbers. The gravitational term has a
factor of the inverse Froude number. Thus, for a decrease of a factor of 10 in Froude
number, this term should increase by a factor of 10. Instead, the results show this term
increasing by a factor of approximately 5 for every order of magnitude decrease in
Froude number. This difference can be attributed to the radial density gradients
decreasing for decreasing Froude number. As the Froude number decreases there is

greater entrainment resulting in greater mixing, thereby decreasing the radial density
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gradients. This effect can be seen from time-averaged temperature contours in Figure
6.51. It can also be seen that as the Froude number is decreased, axial density gradients
increase near the pool surface. This can be attributed to the action of the stronger vortices
pushing the flame inward as shown in Figure 6.51. It would then be expected that the
axial density gradients increase as well as the radial pressure gradients, while the radial
density gradients decrease. Thus, by examining the terms that comprise baroclinic torque
in equation (6.1), it would be expected that baroclinic torque would increase for

decreasing Froude number.

The decrease in the gravitational term for an increase in Reynolds number can be
explained by looking at the time-averaged temperature contours shown in Figure 6.51.
For a change in Reynolds number from 10 to 40, the flame sheet becomes less defined.
For Re = 10, viscous forces are higher and tend to stabilize the flow. and thus the time-
averaged temperature contours show the flame sheet up to 2 diameters above the pool
surface. For Re = 40, greater entrainment occurs which brings in air at a lower
temperature resulting in the time-averaged temperature gradients decreasing. Thus, the
radial density gradients decrease. Since the Froude number is kept constant and radial
density gradients are decreasing, the gravitational term decreases. The axial density
gradients also increase at lower elevation, thereby causing an increase in the baroclinic

torque at lower elevations.

The decrease of the gravitational term for an increase of Reynolds number from
40 to 100 can be attributed to the narrowing of the flame, rather than greater entrainment.
For an increase in Reynolds number from 40 to 100, the flame height increases and
narrows as can be seen from Figure 6.51. Thus, the spatially integrated values of radial
density gradients would then decrease due to the narrowing of the flame. The axial

density gradients decrease as well, thereby causing the baroclinic torque term to decrease.
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Figure 6.2: Time averaged, spatially integrated, absolute values of vorticity production
terms.

Figure 6.3 shows the spatially integrated, absolute value of vorticity over one
cycle for all cases. The vorticity increases with decreasing Froude number, and decreases
with increasing Reynolds number. These values of vorticity reflect the same pattern as

that found for the vorticity production terms in Figure 6.2.
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Figure 6.3: Time averaged, spatially integrated, absolute value of vorticity.

6.2 Shear and Buoyancy Production

In order to access the relative contributions of shear and buoyancy instabilities, the
energetics of the flow was examined by considering the kinetic energy of fluctuations
from a mean flow. A kinetic energy equation for these fluctuations was formed and the
shear and buoyancy production terms evaluated. This equation is similar to that of the
turbulent kinetic energy equation, though in this work the flows are not turbulent; the
fluctuations are ordered rather than random. The mean is considered to be Favre-
averaged quantities for velocity, and time averaged quantities for all other variables over
one cycle. Since quantities are not exactly uniform from one cycle to the next, averages
are obtained over many cycles. For all runs, it was found that five cycles are sufficient for
averages to become invariant. Once averages are obtained. a second run is performed to
obtain the fluctuating quantities by subtracting the average values from the total values.
The kinetic energy equation for fluctuations is derived by subtracting the momentum
equation of the Favre-averaged mean flow from the total flow. Total values are

decomposed into mean and fluctuating quantities as: u, =4, +u}, p=p+p’, p=p+p".

Favre-averaging results in p—u‘; =0, F=O, ? =0. The momentum equation for
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fluctuations is then multiplied by uf and Favre-averaged to arrive at an equation for the

kinetic energy of fluctuations. The equation is as follows:
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The second and fourth terms on the right-hand side are kinetic energy production of
fluctuations due to shear and to buoyancy, respectively. If the shear production term with
its sign included is positive, it represents a gain in the kinetic energy of the fluctuations
and a loss to the mean flow. Thus, in this case, shear production would be providing
instability to the flow by generating energy for fluctuations. Conversely, a negative value
would indicate a loss to the kinetic energy of the fluctuations and a gain to the mean flow,
and thus providing stability to the flow. A positive value for the buoyancy production
term reflects positive density gradients. A positive density gradient implies that a rising
fluid elements will more likely have a positive velocity fluctuation, as well as a negative
density fluctuation, thereby giving a positive value for this term. Positive buoyancy
production is hence reflective of areas where heaver fluid lies on top of lighter fluid as in
a Rayleigh-Taylor instability.
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Figure 6.4 shows the spatially integrated values for shear production and buoyancy

production.

The results indicate that buoyancy production provides a much greater

contribution to the kinetic energy of fluctuations than shear production for all cases.
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Figure 6.4: Favre-averaged, spatially integrated values of production terms for the kinetic

energy of fluctuations.
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Buoyancy production increases with decreasing Froude number, and increases with
increasing Reynolds number. Thus, a lower Froude number results in more areas where
axial density gradients result in buoyant motion. The shear production from averaged
radial velocity gradients in the axial direction is negligible in all cases. For all cases, the
shear production from averaged axial velocity gradients in the radial direction is negative.
This indicates that shear has an overall stabilizing influence, though it should be noted
that areas of positive shear production occur, but when spatially integrated the net effect
is negative. For the case of (Fr=.001, Re=100) shear production has negative values
below S axial diameters, and positive values above 5 axial diameters. This would indicate
that once a sufficiently high Reynolds number is reached, shear production becomes
destabilizing due to the higher momentum forces. Negative shear production increases as
the Froude number is decreased, and decreases as the Reynolds number is increased. To
illustrate how a negative value for shear production can occur consider a mean velocity
profile as shown with velocity vectors in Figure 6.5. If a fluid particle at point A has a

disturbance causing the particle to travel to a region to the left such as point B, then this

'B\\\\. A

r

Figure 6.5: Velocity vectors of a mean flow
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particle would tend to decrease the magnitude or slow down the fluid at point B since it
has come from a region of slower moving fluid. This would result in a negative value for
u’ and a positive value for v'. The sign of the mean axial velocity gradient in the radial
direction is negative. Thus, the total sign of the shear production term would be negative
as can be seen from equation 6.2. The shear production term would then have a
stabilizing influence. This same flow pattern can be seen in Figure 6.52 shown at the end
of this chapter. If the velocity vectors in Figure 6.5 were oriented parallel to the z-axis
where the v-component is zero, then u’ would be negative and v’ would be negative since
the mean value for v is zero. The shear production term would then have a positive sign.
Thus, the shear production term would have a destabilizing influence. This can explain
the trend seen as the Froude number is decreased, as well as when the Reynolds number
is increased. As the Froude number decreases the radial velocity component becomes
greater in magnitude in the negative radial direction, thus, the orientation of the mean
velocity vectors become increasingly similar to those shown in Figure 6.5. Whereas, for
the case with Re = 100, the mean velocity vectors have a lower v-component and thus are

closer to an orientation where the vectors are parallel to the z-axis.

The spatially, integrated values of kinetic energy per unit mass of fluctuations is
shown in Figure 6.6. The kinetic energy increases with decreasing Froude number, and

increases with increasing Reynolds number.
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Figure 6.6: Favre-averaged, spatially integrated values for kinetic energy of fluctuations.
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6.3 Frequency Spectrum

The temperature frequency spectrum as a function of varying Froude number and
Reynolds number is show in Figures 6.7-6.10 at four different locations. At all locations,
the results indicate that the dominant frequency decreases with decreasing Froude
number, and decreases with increasing Reynolds number. The dominant frequency

remains the same at all locations for these cases, but the amplitudes and number of
harmonics differ.
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Figure 6.7: Temperature frequency spectrum for various Froude and Reynolds number.
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Figure 6.8: Temperature frequency spectrum for various Froude and Reynolds number.
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Figure 6.10: Temperature frequency spectrum for various Froude and Reynolds number.
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It can also be seen that harmonics with the highest amplitudes occur at the
centerline and axial location of .52 diameters for all cases. At this location, the largest
amplitudes of fluctuations occur and increase with decreasing Froude number, and

increases with increasing Reynolds number.

The frequency results agree with the experimental finding of Hamins, et al. They
found that for methane the Strouhal number (S = fD/v) is proportional to Fr ~*>. For the
results from this work, Strouhal numbers were formed for the cases with constant
Reynolds number, but varying Froude number. A curve fit shows S = .318 Fr %7 in
Figure 6.11a. Similarly, Strouhal numbers were formed for the cases with constant
Froude number, but varying Reynolds number. Figure 6.11b also shows the Strouhal
number to be independent of the Reynolds number past Re = 20, and have a minor
dependence for Re < 20. This result agrees with work by Hamins, et al. where it was
found that the Strouhal number did not correlate with the Reynolds number. Thus, the

results compare well with experiment.

50 — _ - 20
PR -
40 P 15 -— - — - — -
30 7 -~ «
W s _ - 547 » 10
20 — - S=318Fr
/s
'S
104 7 . . . . . 5
‘ 0
! | ! | I 1 | I [ [ T ] ]
0 2000 4000 6000 8000 10000 0 20 40 60 80 100 120
1/Fr Re
(a) (b)

Figure 6.11: Strouhal number as a function of (a) Froude number, and (b) Reynolds
number.



6.4 Local Reynolds number

As was previously noted, an axisymmetric simulation is valid only when
azimuthal variations are not present, such as when the flow is laminar. Once transition to
turbulence occurs the axisymmetric assumption cannot be used. Thus, the current model
is applicable only up to a certain elevation above the pool surface for any particular case.
The extent of this elevation is dependent upon the parametric values such that it decreases
with decreasing source Froude number, and decreases with increasing source Reynolds
number. The existence of a transition from laminar to turbulent flow suggests that a local
Reynolds number as a function of axial location can be identified. By determining from
previous experimental investigations the axial extent for which a flow is laminar, an
approximate local Reynolds number for transition can be ascertained. In the following, a

local Reynolds number is presented and the results for each case compared.

The local Reynolds number is defined as,

Re =—= (6.3)

where,

v - axial mean velocity

D, - effective diameter

VvV - mean kinematic viscosity

Quantities are determined by a mass flow average, that is, for any quantity x

XM = jx pv2nrdr (6.4)
0
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M= Ipv21trdr (mass flow) (6.5)
0

Thus, the mass-flow, averaged velocity, V. and kinematic viscosity, v, are defined as,

®

pv2 2nrdr
v=0___ ., and (6.6)
M
“-pv 2nrdr
V= °—-M— (6.7)

An effective diameter, D, , can be determined by defining a volume flow, Q.. by

Q, =Mt = Iv 2nrdr = %DCZV (6.8)
0

thus,

.= [T
T Vv

(6.9)

Time-averaged, local values of Reynolds number as a function of axial location
are shown for each case in Figure 6.12. The results indicate that the local Reynolds
number increases with increasing source Reynolds number, and increases with decreasing
source Froude number. The case with the lowest source Froude number, .0001, has the
highest values of local Reynolds number at any given axial location. Thus, this case has
the lowest axial extent to which the axisymmetric assumption applies.
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Figure 6.12: Time-averaged, local Reynolds number at various elevations for all cases.

This trend agrees with the experiments done by Blinov and Khudyakov’ where it
was found that the laminar region of the visible flame decreases with decreasing source
Froude number. By comparing with experimental work done by other researchers, an
approximate critical local Reynolds number for which axial symmetry applies can be
determined. The experimental and numerical work done by Mell et al.”? on a 10-cm-
diameter pool fire indicates that an axisymmetric simulation is applicable up to t
diameter above the pool surface. The case (Fr=.0001, Re=40) which has the highest local
values of Reynolds number in Fig. 6.12 corresponds to a diameter of 8.0 cm. Thus, for
this diameter the axial extent of validity should be slightly greater than for a 10 cm fire,
and thus would be greater than 1 diameter. A local Reynolds number of approximately
3000 corresponds to an axial location of 1.5 diameters for this case. Further evidence, are
photographs taken by Sibulkin and Hansen on PMMA pool fires which show that for a 5
cm fire the laminar region goes up to approximately 4 diameters. The case (Fr = .001, Re
= 40) corresponds to a 3.75 cm pool fire, thus it would have a greater axial extent of
validity than a 5 cm fire. Figure 6.12 shows that for this case an axial extent of 6
diameters corresponds to a local Reynolds of approximately 3000. Additionally, in the
work done by Blinov and Khudyakov® it was found that for a 1.1 cm pool fire the flame
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remains completely laminar, and that for a 3 cm fire the upper part of the flame becomes
unstable. Thus, it can be expected that for pool fires under 2 cm in diameter the visible
flame is laminar. The cases of (Fr = .001, Re = 10) and (Fr = .01, Re = 40) correspond to
pool fire diameters of 1.4 cm and 1.7 cm respectively. Figure 6.12 indicates that if the
critical Reynolds is 3000, the flame remains laminar for these two cases. Thus, using the
current available experimental evidence, the critical local Reynolds number is
approximately 3000. It should be noted that in order to completely substantiate a critical

local Reynolds number a rigorous experimental investigation is needed.

6.5 Effect of Fuel Properties

6.5.1 Effect of Heat Release Rate

The following results show the effect of heat release rate on the vorticity
production terms, kinetic energy of fluctuations production terms, local Reynolds
number, and frequency. Heat release rate, Q, is defined as the product of the mass of fuel

leaving the pool surface per unit time and the heat of combustion. That is,
Q=mHC =pinAvian (6l0)

where, p,,,A, v, .and H_ are the density of the fuel vapors leaving the pool surface,

pool surface area, velocity of fuel vapors at pool surface, and heat of combustion
respectively. This definition of the heat release rate is theoretical since it is assumed that
all of the fuel leaving the pool surface goes towards complete combustion, and that the
fuel velocity and density are constant. The actual heat release rate will be less than
theoretical due to incomplete combustion, and due to the possibility of some fuel not
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taking part in burning. Furthermore, the mass flux at the pool surface can vary in space
and time, thus the heat release will be a function of space and time.

The heat release rate can be altered by changing any of the variables in its
definition, though in order to maintain a constant Froude and Reynolds number, the pool
area and inlet fuel velocity were kept constant. Only the fuel vapor density at the pool
surface and the heat of combustion were varied. Changing the inlet fuel vapor density
results in a change in inlet fuel temperature. This implies a change in the fuel inlet
kinematic viscosity, thereby changing the Reynolds number. In order to preserve the
Reynolds number, the kinematic viscosity was held constant by adjusting the dynamic
viscosity at the fuel inlet. This cannot be realized in an actual laboratory, since it does not
reflect the true kinematic viscosity at the specified fuel inlet temperature. In the following
subsections, the first shows results for the effect of heat release rate varied by way of the
fuel vapor density at the pool surface. The second subsection shows results for the effect

of heat release rate varied by way of the heat of combustion.

6.5.1.1 Inlet Fuel Density Varied

Results are shown for the effect of heat release rate altered by way of the fuel
vapor density at the pool surface or the inlet fuel density. The inlet fuel temperature was
determined by using this value for density and the ideal gas equation. Thus, a decrease in
inlet fuel density indicates a rise in inlet fuel temperature. Table 6.2 specifies heat release

rate, corresponding inlet temperatures and densities for each case using methane.

Table 6.2: Heat release rates and inlet temperatures and densities

Fuel Heat Release Rate (W) Inlet temperature (K)  Inlet density (kg/m’)
Methane 200 443 44
300 295 66

400 221 .88
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All cases were run for Fr = .01 and Re = 40. Figure 6.13 shows the time-
averaged, spatially integrated, absolute values of the vorticity production terms. The
results indicate that these terms are not significantly effected by changes in heat release
rate. Similarly, there is negligible difference in the time-averaged, absolute values of

vorticity for each case as shown in Figure 6.14.

15x10°

Integrated Absolute Value

------ baroclinic torque
gravitational term

Figure 6.13: Integrated, absolute values of baroclinic torque and gravitational term for
heat release rates of 200W, 300W, and 400W. Inlet fuel density varied. Case (Fr=.01, Re
= 40).
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Figure 6.14: Integrated, absolute values of vorticity for heat release rates of 200W,
300W, and 400W. Inlet fuel density varied. Case (Fr=.01, Re=40).
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Figure 6.15 shows the spatially integrated values for the kinetic energy of fluctuations
production terms. Heat release rate does not influence buoyant production, but does
influence shear production. An increase in the heat release rate causes shear production

from axial velocity gradients in the radial direction to increase.
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Figure 6.15: Integrated values of shear and buoyancy production for theoretical heat
release rates of 200W, 300W, and 400W. Inlet fuel density varied. Case (Fr=.01, Re=40).

The spatially integrated values of kinetic energy of fluctuations are shown in Figure 6.16.

The results indicate that the kinetic energy of fluctuations increases with increasing heat

release rate.
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Figure 6.16: Integrated values of kinetic energy of fluctuations for theoretical heat release
rates of 200W, 300W, and 400W. Inlet fuel density varied. Case (Fr=.01, Re=40).
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The local values of Reynolds number are shown in Figure 6.17. The results

indicate that local Reynolds number is not significantly effected by heat release rate.
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Figure 6.17: Local values of Reynolds number for theoretical heat release rates of 200W.
300W, and 400W. Inlet fuel density varied. Case (Fr=.01, Re=40).

Figure 6.18 shows the frequency spectrum of temperature at a location of z = 0.52
diameters and centerline. The dominant frequency (9.19 Hz), amplitude, and harmonics

are not effected by heat release rate.
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Figure 6.18: Temperature frequency spectrum for theoretical heat release rates of 200W,
300W, and 400W at location of z =0.52 and centerline. Inlet fuel density varied. Case:
(Fr=.01, Re=40).
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Time-averaged, temperature contours are shown in Figure 6.19. The time-
averaged flame-sheet location indicated by the hottest region becomes higher for
increasing heat release rate. The trend of this result agrees with the finding of Zukowski'!
and Heskestad'® that flame height is proportional to heat release rate. Thus, an increase in

flame height is expected for an increase in the heat release rate.

Figure 6.19: Time-averaged, temperature contours for theoretical heat release rates of
200W, 300W, and 400W. Inlet fuel density varied. Dimensions are in diameters. Case:
(Fr=.01, Re=40).
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6.5.1.2 Heat of Combustion Varied

Results are shown for the effect of heat release rate altered by way of the heat of
combustion. The flame temperature is changed as a result. It should be noted that all
other cases performed in this work have similar maximum flame temperature. Flame
temperature is altered only in this section. Results show a comparison between heat
release rates of 200 and 300 W, as well as the case for heat release varied by way of fuel
inlet density with a heat release rate of 200 W. This is provided in order to compare the
difference between the two methods of altering the heat release rate. Inlet fuel
temperature and density are respectively 295 K and .66 kg/m’ for the case varied by heat
of combustion. Figure 6.20 shows the time-average, integrated absolute values of the
vorticity production terms. The results show that flame temperature has an effect on these
terms, but not heat release rate. The vorticity production terms decrease as the flame
temperature is decreased. Similarly, Figure 6.21 showing the integrated, absolute values
of vorticity indicate that flame temperature has a greater effect than heat release rate on

vorticity. Thus, flame temperature is an influential parameter effecting flame dynamics.

Q=300 W Q=200W Q=200W
Tiave =1860 K T tsave =1860 K Toave =1393 K
p=.66 kg/m’ p=.44 kg/m’ p= .66 kg/m

- -

Integrated Absolute Value

o 1 2 3 4 5 0 1 2 3 4 5 o 1 2 3 4 5

...... baroclinic torque
gravitational term

Figure 6.20: Integrated, absolute values of vorticity production terms. Heat release,
average flame-sheet temperature, and inlet fuel density is indicated. Case (Fr = .01, Re =
40)
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Q=300 W (T, =1860K.p, = .66 kgm )
Q=200 W (T =1860K.p_ = 44 kgm’)

— - — Q=200W (T, =1393K.p,= 66kgm’)

Figure 6.21: Integrated, absolute values of vorticity. Heat release, average flame-sheet
temperature, and inlet fuel density is indicated. Case (Fr = .01, Re = 40)

Figure 6.22 shows the integrated values of shear and buoyancy production of

kinetic energy of fluctuations. The results indicate that for a 25% change in average

flame-sheet temperature there is a negligible change in the shear and buoyancy

production from the case with equivalent heat release. The flame temperature does effect

the kinetic energy of fluctuations as shown in Figure 6.23. The time-averaged, integrated

values of kinetic energy of fluctuations decrease with decreasing flame temperature.
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shear production (dv/dz)
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Figure 6.22: Integrated values of shear and buoyancy production of kinetic energy of
fluctuations. Heat release, average flame-sheet temperature, and inlet fuel density is

indicated. Case

(Fr=.01, Re =40)
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Figure 6.23: Integrated values of kinetic energy of fluctuations. Heat release, average
flame-sheet temperature, and inlet fuel density is indicated. Case: (Fr = .01, Re = 40)

Results showing the local Reynolds number values in Figure 6.24 indicate that
flame temperature does not effect these values significantly. Results showing the
temperature frequency spectra at location of z = .52 diameters and centerline in Figure
6.25 indicate that the dominant frequency is not effected by flame temperature. The

amplitude does change with heat release rate.
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Figure 6.24: Local values of Reynolds number. Average flame-sheet temperature is
indicated. Q=200 W. Case: (Fr =.01, Re = 40)
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Figure 6.25: Temperature frequency spectrum at location z = .52 diameters and

centerline. Average flame-sheet temperature is indicated. Q=200 W. Case: (Fr = .01, Re
=40)

Figure 6.26 shows the time-averaged temperature contours for average flame-sheet
temperatures of 1393 K and 1890 K. Both cases have equivalent heat release rates of
200W. The figures show that the average flame-sheet location is similar for both cases.
Due to the higher average flame temperature, the case for average Tg= 1890 K is more
radially diffused than the case for average T=1393 K.

T, =1393K T, =1890K
Ve

iave

00 1.0 00 1.0

Figure 6.26: Time-averaged, temperature contours. Q= 200 W. Dimensions are in
diameters. Case: (Fr = .01, Re = 40)
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6.5.2 Fuel Molecular Weight

The effect of fuel molecular weight on vorticity generation, energetics, and
frequency spectrum was also investigated for the parametric case of (Fr =.01, Re = 40).
In order to ascertain only the effect of fuel molecular weight, fuels were chosen that have
similar air-fuel ratios. The fuels compared are methane, ethane, and propane. Methane is
lighter than air, and propane is heavier than air. Thus, the effect of molecular weight
different from ambient can be ascertained. These fuels have different viscosities and
densities, thus the inlet temperature was adjusted to preserve the source Reynolds
number. By changing the inlet fuel density and preserving the Reynolds number, a
change in heat release occurs. The results shown previously in section 6.5.1.1 indicate the
isolated effect of heat release rate. Thus, the difference between the results that follow in
this section and the results for heat release rate varied by way of inlet fuel density can be
utilized to ascertain the effect of fuel molecular weight. It should be noted that the
Reynolds number could have been artificially preserved by altering the inlet viscosities of
the different fuels, but the intent was to simulate conditions that could be realizable in a
laboratory. Table 6.3 shows the fuel properties and inlet conditions used. The spatially
integrated, absolute values of baroclinic torque and the gravitational term for these fuels
are shown in Figure 6.27. The spatially integrated, absolute values of vorticity are shown
in Figure 6.28 for each case. The results indicate that fuel molecular weight does not

appreciably effect vorticity or its production terms. This was also true for the effect of

heat release rate in section 6.5.1.1.

Table 6.3: Fuel properties and inlet conditions for methane, ethane and propane

3 Heat Release
Fuel MW A Tia (K) Pu (kg/m”)
Rate (W)
Methane 16 17.3 293 66 300
Ethane 30 16.1 455 .80 363

Propane 44 15.7 610 1.2 545
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Figure 6.27: Integrated, absolute values of baroclinic torque and gravitational term for
different fuel molecular weights. Case (Fr=.01, Re = 40)
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Figure 6.28: Integrated, absolute values of vorticity for different fuel molecular weights.
Case (Fr=.01, Re = 40).

Figure 6.29 shows integrated values of shear and buoyancy production of kinetic
energy of fluctuations for increasing fuel molecular weight. The buoyant production term
is not appreciably effected by fuel molecular weight, nor was it by heat release rate.
There is a slight increase in the buoyant production term for MW = 44 above
approximately 1 diameter. The shear production term from axial velocity gradient in the
radial direction slightly decreases with a fuel molecular weight lighter than air. This can
be seen by considering the shear production term for MW = 30. The heat release rate is
reduced by 63 W for MW = 16, which should result in a decrease of approximately 10%
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from the results obtained in section 6.5.1.1, but the figure shows that it decreases by more
than that. Thus, this additional decrease can be attributed to the change in molecular
weight lighter than air. This is also the case for a fuel molecular weight heavier than air.
The heat release rate is increase by 182 W, which should result in an increase of almost
50%, but instead it shows negligible change in Figure 6.29 for MW = 44. Thus, a fuel
molecular weight heavier than air causes the shear production term to decrease. The shear

production term from radial velocity gradients in the axial direction is negligible for all
cases.
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Figure 6.29: Total and radially integrated values of shear and buoyancy production for
different fuel molecular weights. Case (Fr=.01, Re = 40).

Figure 6.30 shows the integrated values for the kinetic energy of fluctuations for
the various fuel molecular weights. The kinetic energy of fluctuations decreases slightly
with increasing fuel molecular weight even though the heat release is increasing.
Increasing heat release was found to increase these values. Thus, fuel molecular does
effect the kinetic energy of fluctuations. For a fuel lighter than air the kinetic energy of
fluctuations increases slightly, and for a fuel heavier than air it decreases, but it both

cases the change is not great. For a 175% change in fuel molecular weight the maximum
change in kinetic energy of fluctuations is 25%.



88

£ 3
< 08x10”
g 074 - S
2 0.6 — : A
8 0.5 — : - : e
E 83 ] . . A’ ,//
E 02 - A y 3 : 7 — MW-=16
B o1+ & ---- MW=30
u ) — - —— =
= 00 T T T 1 MW =44
1 2 3 4 3
Axial Location (diameters)

Figure 6.30: Integrated values of kinetic energy of fluctuations for different fuel
molecular weights. Case (Fr=.01, Re = 40).

Figure 6.31 shows the local Reynolds number as a function of axial extent for
various fuel molecular weights. The local Reynolds number has negligible variation with

fuel molecular weight.
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Figure 6.31: Local Reynolds at different axial locations for various fuel molecular
weights. Case (Fr=.01, Re = 40).

Figure 6.32 shows a comparison of temperature frequency spectra for various fuel
molecular weights at a location of z = .52 diameters and centerline. The dominant
frequency of 9.19 Hz does not change with fuel molecular weight. The amplitude of the

fluctuations decreases with increasing fuel molecular weight.
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Figure 6.32: Temperature frequency spectra for various fuel molecular weights at
location of z =0.52 and centerline. Case (Fr=.01, Re = 40).

Time averaged temperature contours are shown in Figure 6.33. The height of the time-
averaged flame-sheet is similar for all cases. It would be expected that since the heat
release rate is increasing as the fuel molecular weight is increased that the flame height
should increase, but the increasing fuel molecular weight is counteracting this effect.

Thus, increasing fuel molecular weight tends to decrease flame height.
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Figure 6.33: Temperature frequency spectra for various fuel molecular weights at
location of z =0.52 and centerline. Case (Fr=.01, Re = 40).
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6.5.3 Effect of Air-Fuel Ratio

The effect of the air-fuel ratio on vorticity generation, energetics, and frequency

spectrum was also investigated for the parametric case of (Fr =.01, Re = 40). The air-
fuel ratio is defined as

_ VoMW,
VFMWF

A 6.11)

The two cases for comparison have a fuel molecular weight of 30. The maximum flame
temperature for both cases is approximately 2000K. Carbon monoxide is mixed with
methanol to have a molecular weight of 30 and an air-fuel ratio of 4.6 by mass. This case
is compared with ethane with an air-fuel ratio of 16.1. The Reynolds number was
preserved by changing the inlet viscosity. Heat release rate, inlet fuel temperature and
density, as well as flame-sheet temperature are equal for both cases. Figure 6.34 shows
the time-averaged, integrated, absolute values of baroclinic torque and the gravitational
term. Both terms decrease with decreasing air-fuel ratio, though the change is not large
for such a significant change in air-fuel ratio. This is also true for the time-averaged,
integrated, absolute values of vorticity shown in Figure 6.35. Thus, the air-fuel ratio does

not have a great influence on the vorticity, and the vorticity production terms.
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Figure 6.34: Integrated, absolute values of baroclinic torque and gravitational term for
air-fuel ratio of 4.6 and 16.1. Case (Fr=.01, Re = 40).
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Figure 6.35: Integrated, absolute values of vorticity for air-fuel ratio of 4.6 and 16.1. Case
(Fr=.01, Re = 40).

Figure 6.36 shows the integrated value of shear and buoyancy production for different
air-fuel ratios. The buoyant production terms increases with a decrease in air-fuel ratio.
whereas the shear production term from axial velocity gradients in the radial direction
decreases. The shear production term from radial velocity gradients in the axial direction
is negligible for both cases. Integrated values of kinetic energy of fluctuations for both
air-fuel ratio cases are shown in Figure 6.37. The kinetic energy of fluctuations decreases

with a decrease in air-fuel ratio for elevations greater than 2 diameters.
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Figure 6.36: Integrated values of buoyancy and shear production for air-fuel ratio of 4.6
and 16.1. Case (Fr=.01, Re =40).
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Figure 6.37: Integrated values of kinetic energy of fluctuations for air-fuel ratio of 4.6
and 16.1. Case (Fr=.01, Re = 40).

Temperature frequency spectra comparing air-fuel ratios of 4.6 and 16.1 are

shown in Figure 6.38. The results indicate that the dominant frequency at z = 0.52 and

centerline does not change with air-fuel ratio. The amplitude greatly increases for A = 4.6.

The time-averaged temperature contours in Figure 6.40 indicate that the average flame-

sheet height is much lower for A = 4.6, thus the point at which the frequency is sampled is

nearer to the flame-sheet where larger amplitude fluctuations occur.
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Figure 6.38: Temperature frequency response for air-fuel ratio of 4.6 and 16.1 at location
of z=0.52 and centerline. Case: Fr(.01), Re(40).
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Time-averaged, local values of Reynolds number for A =4.6 and 16.1 are shown in

Figure 6.39. Air-fuel ratio does not significantly effect these values.
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Figure 6.39: Local Reynolds and Froude number at different axial locations for air-fuel
ratio 0of 4.6 and 16.1. Case (Fr=.01, Re = 40).

Figure 6.40: Time-averaged temperature contours for air-fuel ratio of 4.6 and 16.1.
Dimensions are in diameters. Case: Fr(.01), Re(40).
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6.6 Effect of Inlet Velocity Profile

As noted earlier, the fuel velocity at the pool surface is not spatially uniform and
can vary with time for pool fires. Akita and Yumoto' measured the burning rates of
liquid methanol pool fires and found that the burning rate is higher at the pool rim. For a
5.33 cm diameter fire, the burning rate was approximately 5 times higher at the rim than
in the center of the pool. For a 14.4 cm diameter fire, the burning rate was approximately
2 times higher at the rim than in the center of the pool. The work performed by Kuldeep.
et al.?® on the condensed and gas phase regions of a 1.1 cm pool fire, indicate that
velocities at the pool rim are ~20 times greater than those at the inner regions. The
velocity profile appears exponential, with approximately constant velocities within 0.4
radii, then increasing to a maximum value at the pool rim. This is due to flame
attachment at the pool rim. As the pool diameter is decreased, the difference between
pool rim velocities and inner region velocities increase. To further test whether pool like
gas fires have similar flame dynamics as pool fires, the effect of an inlet fuel velocity
profile reflecting flame attachment is investigated, and the results are presented in this
section. These results should go in Chapter 5 for model validation, but are presented here
due to the discussion provided in this chapter concerning the dynamics of interest. The
following cases are for methane and (Fr = .01, Re = 40). The boundary condition for the
inlet fuel velocity is specified as

v, =0.145*exp((2.141)°)°, 0<r<0.5 diameters (6.12)

This function, along with the constant velocity profile, is shown in Figure 6.41. This
velocity profile was chosen so that the dimensionless, area-weighted, average velocity is
1. The constants in equation (6.12) can be varied to satisfy this condition since the

average can change depending on how the grid is stretched. For the discrete radial
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locations specified by the chosen grid, the velocity values at the pool rim are ~20 times
higher than the values under .4 radii.
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Figure 6.41: Comparison of inlet fuel velocity profiles.

A pool rim velocity of this magnitude was chosen because the diameter for this case. 1.7
cm, is close to that of the diameter investigated by Kuldeep, et. al., 1.1 cm. Figure 6.42
shows the spatially integrated, absolute values of the vorticity production terms. The
results indicate an exponential velocity profile does not appreciably effect these terms.

This is also the case for the spatially integrated, absolute values of vorticity as shown in
Figure 6.43.
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Figure 6.42: Spatially integrated, absolute values of vorticity production terms for an
exponential and constant velocity profile. Case: (Fr =.01, Re = 40).
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Figure 6.43: Spatially integrated, absolute values of vorticity for an exponential and
constant velocity profile. Case: (Fr = .01, Re = 40).

The spatially integrated values of kinetic energy of fluctuations production terms shown

in Figure 6.44 indicate that an exponential inlet velocity profile does not effect the

buoyant production. Shear production due to axial velocity gradients in the radial

direction show a minor increase at an elevation around 4 diameters, but is unaffected at

lower elevations. The spatially integrated values of kinetic energy of fluctuations shown

in Figure 6.45 indicate that an exponential inlet velocity profile does not effect these

values.
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Figure 6.44: Spatially integrated values of kinetic energy of fluctuations production terms
for an exponential and constant velocity profile. Case: (Fr = .01, Re = 40).
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Figure 6.45: Spatially integrated values of kinetic energy of fluctuations for an
exponential and constant velocity profile. Case: (Fr =.01, Re = 40).

The time-averaged, local Reynolds number shown in Figure 6.46 indicates that an
exponential inlet velocity profile does not effect these values. This is also true of the

temperature frequency spectra shown in Figure 6.47.
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Figure 6.46: Time-averaged, local values of Reynolds number for an exponential and
constant velocity profile. Case: (Fr = .01, Re = 40).
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Figure 6.47: Temperature frequency spectra for an exponential and constant velocity
profile. Location: z = 0.52, centerline. Case: (Fr = .01, Re = 40).

Figure 6.48 shows the time-averaged, temperature contours for an exponential
inlet velocity profile and a constant inlet velocity profile. The flame height is similar for

both cases.

It can be concluded that the inlet velocity profile has minor influence on the
investigated flame dynamics. Though the exponential velocity profile provides a high
shear near the pool rim, buoyancy forces are strong enough to dominate any effect the
inlet velocity condition may have. This is supportive evidence that pool-like gas fires
display similar gas-phase dynamics to that of pool fires, and thus further validates the

model.
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Figure 6.48: Time-averaged, temperature contours for an exponential and constant
velocity profile. Dimensions are in diameters. Case: (Fr = .01, Re = 40).

6.7 Instantaneous Contours for case Fr=.001, Re =40

In order to discuss additional features of the results thus far presented,
instantaneous values in the form of contour and velocity vector plots are shown for the
case, (Fr = .001, Re = 40). Figure 6.49 shows contours of temperature, vorticity,
baroclinic torque, the gravitational term, vortex stretching, expansion and diffusion. In
the temperature plot, the flame sheet is represented by the highest temperature contours.
Figure 6.49.b indicates that negative vorticity is shown to occur on the fuel-side of the
flame sheet, while areas of negative and positive vorticity occurs on the air-side of the

flame sheet. The highest occurring values of vorticity occur along the flame sheet.
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Baroclinic torque and the gravitational term are greatest around the flame sheet location,
where density gradients are at a maximum. The density goes from a very low value at the
flame sheet to a high value at the air interface. Thus, it can be expected that both vorticity
generation terms would have maximum values around the flame sheet. It can also be
seen that the vorticity and the gravitational term in the inner core are negative. Since the
baroclinic torque does not have much influence in this region, the negative vorticity can
be attributed to the gravitational term in the inner core. The gravitational term is also
more distributed than baroclinic torque. Vortex stretching is seen to have positive values
in areas of bulging and negative areas of necking. Vortex expansion is seen to occur
mostly along the flame sheet. Areas of positive vorticity diffusion occur primarily in the
central core, and negative diffusion occurs primarily outside of this region. The

difference in sign is expected since the flame sheet separates the region where vorticity is
greatest.

Figure 6.50 shows instantaneous contour plots of temperature, density, radial
density gradients in the axial direction, axial velocity gradients in the radial direction, and
radial velocity gradients in the axial direction. Contour plots of the averaged shear and
buoyancy production of kinetic energy of fluctuations are also shown in Figure 6.50. The
highest density gradients occur along the flame sheet, with the existence of positive
density gradients in the axial directions. The density gradient plot indicates the existence
of positive and negative areas. The buoyant production of kinetic energy of fluctuations
indicates areas of positive and negative production as well. This indicates regions of
stable and unstable configurations occurring. The unstable condition of positive axial
density gradients, and hence positive buoyant production of Kkinetic energy of
fluctuations, provides a source for fluid motion and the formation of vortices. The shear
production of kinetic energy of deviation is greatest from axial velocity gradients in the
radial direction, with production from radial velocity gradients in the axial direction
negligible. This results from the high axial acceleration of gases by the large buoyancy
forces. Though the Favre-averaged, spatially integrated values from Figure 6.4 indicate
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that the net effect of shear production is negative, it can be seen that there are areas of
positive and negative shear production. Thus, shear does provide local sources of

instability.

Time averages of temperature were obtained for each case in order to compare
flame structure. Time-averaged temperature contours over a cycle are shown in Figure
6.51. For (Re=100, Fr=.001), the flame is spread over a greater axial extent than the other
cases due to the higher momentum. For cases (Re = 40, Fr=.01) and (Re = 10, Fr = .001)
there is less mixing by the dynamic behavior of vortices, and thus the time-averaged,
flame height is greater than that for cases (Re=40, Fr =.001) and (Re = 40, Fr = .0001).
Case (Re= 40, Fr =.0001) has the least, time-averaged flame height due to the occurrence
of the most energetic vortices and entrainment. With increasing entrainment, the fuel is

consumed faster, and thus the flame height decreases.

Figure 6.52 shows the velocity vectors for methane, case Fr = .001, Re = 40, over
a complete cycle. The formation of a vortex occurs very near the pool surface and rim
then grows in diameter as it entrains the surrounding air. It can also be seen that the gases
in the inner core are highly accelerated. The formation rate of the vortex shown coincides
with the dominant frequency of the temperature spectra. This result agrees with the
findings by other investigators that the pulsating nature of pool fires is directly linked to

the rate of vortex formation.
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Figure 6.51: Time-averaged, temperature contours over a cycle for all cases.
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Chapter 7

Conclusions

The gas-phase dynamics of small circular pool fires have been investigated via
direct numerical simulation. The aim of the present work is to assess the relative
contributions of mechanisms that effect vortex formation. These mechanisms include
vorticity production, Kelvin-Helmoltz instabilities, and Rayleigh-Taylor instabilities. The
time-averaged, spatially integrated values of vorticity production, production of kinetic
energy of fluctuations, and frequency spectra have been assessed for a range of source
Froude and Reynolds numbers, (10*-10%) and (10-10%) respectively, as well as fuel
molecular weights, air-fuel ratios, and heat release rates. An approximate critical local
Reynolds number has also been identified by using the available experimental
visualizations of pool fires. The following sections provide a summary of the results, a

conclusive statement about the results, as well as recommendations for future work.

7.1 Summary

For the summarized results that follow, the vorticity and vorticity production
terms, that is baroclinic torque and the gravitational term in equation (6.1). refer to
spatially integrated, time-averaged, absolute quantities. Similarly, the kinetic energy of
fluctuations and its production terms, namely that due to shear and buoyancy effects as

specified in equation (6.2), refers to spatially integrated, Favre-averaged quantities.
7.1.1 Vorticity Production Terms for Various Froude and Reynolds Numbers

The vorticity production terms have been assessed over a source Froude number
range of (10™-10?) and Reynolds number range of (10-10%) for methane. It has been
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found that the gravitational production term in the vorticity transport equation (6.1)
provides the greatest contribution to vorticity production for all parametric cases. The
contribution from the gravitational term is approximately a factor of two greater than
from baroclinic torque. Baroclinic torque occurs mostly at elevations of 2-3 diameters
above the pool surface, while the gravitational term contributes throughout higher
elevations, and thus is more distributed. Both terms increase with decreasing Froude
number, and decrease with increasing Reynolds number, as does the integrated absolute
values of vorticity. An order of magnitude change in Froude number resulted in the
production terms changing by a factor of 5 approximately, while an order of magnitude
change in Reynolds number resulted in the production terms changing by a factor of 1.5
approximately. Thus, the Froude number is the dominant parameter effecting these terms.

This indicates that these terms are driven mainly by buoyancy forces.

7.1.2 Shear and Buoyancy Production Terms for Various Froude and Reynolds
Numbers

The kinetic energy of fluctuations production terms have been assessed over a
source Froude number range of (107-10") and Reynolds number range of (10-10%) for
methane. Fluctuations due to buoyancy production are greater than that due to shear
production, approximately by a factor of two, for all cases. This shear production term is
from axial velocity gradients in the radial direction. The shear production term from
radial velocity gradients in the axial direction is negligible for all cases. The buoyancy
production term and kinetic energy of fluctuations were found to increase with decreasing
Froude number, and increase with increasing Reynolds numbers. Value of shear
production were found to decrease for decreasing Froude number, and increase for
increasing Reynolds number. For all cases, shear production values are negative, thus its
net effect is to provide stability. However, not all regions have negative shear
production. Local areas of instability occur with positive shear production, but when
spatially integrated the negative contributions have a greater effect. Buoyancy production
also has negative and positive areas occurring, but when spatially integrated the net effect
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is positive, hence destabilizing, for all cases. Thus, it can be concluded that buoyant

production is the dominant factor providing instabilities.
7.1.3 Frequency Spectra for Various Froude and Reynolds Numbers

Frequency spectra from temperature data at various locations have been
determined over a source Froude number range of (10*-10"") and Reynolds number range
of (10-10%) for methane. The dominant frequency decreases with decreasing source
Froude number. and decreases with increasing Reynolds number. The dominant
frequency remained the same at all locations sampled, though amplitudes differed. The
amplitudes increase by several orders of magnitude for an order of magnitude decrease in
Froude number at all locations. The amplitudes decreased by a factor of ~ 2 for an order
of magnitude change in Reynolds number, with the exception at the sampled location of z
= 0.52 diameters and centerline where several orders of magnitude increase occurred.

This indicates that the magnitude of fluctuations is dominated by the Froude number.
7.1.4 Local Reynolds number for Various Source Froude and Reynolds numbers

A Reynolds number has been interpreted as a function of elevation above the pool
surface for over a source Froude number range of (10°-10") and Reynolds number range
of (10-10%) for methane. The time-averaged, local Reynolds number increases with
increasing source Reynolds number, and increases with decreasing source Froude
number. The axial location at which this critical Reynolds number is reached for each
case was found to decrease with decreasing source Froude number, and decrease with
increasing source Reynolds number. Based on experimental evidence, an approximate

critical local Reynolds number of 3000 as been identified as the limit of an axisymmetric
model.
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7.1.5 Effect of Heat Release Rate Varied by Fuel Inlet Density

The effect of the heat release rate varied by way of the fuel inlet density as been
assessed for the case (Fr = .01, Re = 40) using methane. Heat release rates of 200, 300
and 400 watts were compared. Vorticity and the vorticity production terms are not

effected by heat release rate.

The kinetic energy of fluctuations production terms were compared for the
various heat release rates. Buoyancy production is not effected by heat release rate,
whereas shear production increases with increasing heat release rate, approximately by
50% for a 100% increase in heat release rate. This shear production is from axial velocity
gradients in the radial direction. Its spatially integrated values are negative for all cases.
Shear production from radial velocity gradients in the axial direction is negligibie for all
cases. The kinetic energy of fluctuations increases with increasing heat release rate.

approximately by 25% for a 100% increase in heat release rate.

The dominant frequency and amplitudes from temperature data remain the same
for all cases at the location sampled. Time-averaged, local values of Reynolds number
are not effected by heat release rate. Time-averaged, temperature contours indicate that

the average location of the flame-sheet is shifted towards lower elevations for decreasing

heat release rate.
7.1.6 Effect of Heat Release Rate Varied by Heat of Combustion

The effect of the heat release rate varied by way of the heat of combustion has
been assessed for the case (Fr = .01, Re = 40). Heat release rates of 200 and 300 watts
were compared. A change in the heat of combustion results in a change in flame

temperature. Thus, the case of heat release rate of 200 watts has an average flame-sheet
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temperature of 1860 K, whereas the case of heat release rate of 300 watts has an average

flame-sheet temperature of 1393 K.

The vorticity production terms are effected by changes in flame temperature, but
not by changes in heat release rate. Baroclinic torque decreases by approximately 50%
and the gravitational term by 25% for a 25% decrease in flame temperature. Hence, flame
temperature has a greater effect on baroclinic torque. Similarly, the vorticity decreases
approximately 25% for a 25% decrease in flame temperature. Thus, flame temperature is

a pertinent parameter that can influence vorticity.

The kinetic energy of fluctuations production terms were compared for various
flame temperature cases. Buoyancy and shear production are not appreciably effected by
flame temperature. This shear production is from axial velocity gradients in the radial
direction. Its spatially integrated values are negative for all cases. Shear production from
radial velocity gradients in the axial direction is negligible for all cases. The kinetic
energy of fluctuations decreases by approximately 50% for a 50% decrease in flame
temperature. The decrease in the kinetic energy with flame temperature was greater than
that for the case with similar heat release rate, but different inlet fuel density. Thus, flame

temperature is a parameter that can influence the energetics.

The dominant frequency from temperature data remains the same for all cases,
though the amplitude decreases approximately 30% with a 25% decrease in flame
temperature at the location sampled. Time-averaged, local values Reynolds number are
not effected by flame temperature. Time-averaged. temperature contours indicate that the
average location of the flame-sheet is approximately similar for equal heat release rates

but different flame temperature.
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7.1.7 Effect of Fuel Molecular Weight

The effect of fuel molecular weight has been assessed for case (Fr = .01, Re = 40).
Methane, ethane, and propane, with respective molecular weights of 16, 30, and 44 were
compared. Fuel molecular weight does not effect the vorticity production terms. Vorticity

slightly decrease with increasing fuel molecular weight.

The kinetic energy of fluctuations production terms were accessed. The buoyancy
production term is not effected by fuel molecular weight. and shear production decreases
with fuels lighter and heavier than air. This shear production is from axial velocity
gradients in the radial direction. Its spatially integrated values are negative for all cases.
Shear production from radial velocity gradients in the axial direction is negligible for all
cases. The kinetic energy of fluctuations decreases by approximately 20% with a 175%

increase in fuel molecular weight.

The dominant frequency from temperature data remained the same for ail cases,
though the amplitude decreased by approximately 40% with each increase in fuel
molecular weight at the location sampled. The time-averaged, local Reynolds number
values are not effected by fuel molecular weight. Time-averaged, temperature contours

indicate that increasing fuel molecular weight decreases flame height.
7.1.8 Effect of Air-Fuel Ratio

The effect of fuel air-fuel ratio by mass has been assessed for case (Fr= .01, Re =
40). A carbon monoxide-methanol mixture. having an air-fuel ratio of 4.6 and molecular
weight of 30, was compared with ethane, which has an air-fuel ratio of 16.1 and
molecular weight of 30. Vorticity and the vorticity production terms are not significantly
effected by air-fuel ratio. Both production terms decreased slightly with a decrease in the

air-fuel ratio.
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The kinetic energy of fluctuations production terms are effected by air-fuel ratio.
Buoyancy production increases and shear production decreases by a factor of 2 with a
70% decrease in air-fuel ratio. This shear production is from axial velocity gradients in
the radial direction. Its spatially integrated values are negative for all cases. Shear
production from radial velocity gradients in the axial direction is negligible for both
cases. The kinetic energy of fluctuations decreases approximately 30% for a 70%

decrease in air-fuel ratio.

The dominant frequency from temperature data remained the same for both cases,
though amplitude increased by a factor of 7 for a decrease in air-fuel ratio at the location
sampled. Time-averaged, local values of Reynolds number are not effected by air-fuel
ratio. Time-averaged, temperature contours indicate that the average location of the

flame-sheet is shifted towards lower elevations for decreasing air-fuel ratio.

7.1.9 Further Observations

Instantaneous contour plots (Figures 6.48 and 6.49) show additional features of
the dynamics occurring in the gaseous flame region. Baroclinic torque and the
gravitational term are greatest around the flame sheet location, where density gradients
are at a maximum. The gravitational term is more distributed than baroclinic torque.
Negative vorticity on the fuel side of the flame sheet can be attributed to the gravitational
term. Negative vorticity occurs on the fuel side of the flame sheet, whereas negative and
positive vorticity occur on the air side of the flame sheet. The highest values of vorticity

occur along the flame sheet.

Vortex stretching has positive values in areas of bulging and negative areas of
necking. Vortex expansion occurs mostly along the flame sheet. Areas of positive
vorticity diffusion occur primarily in the central core, and negative diffusion occurs
primarily outside of this region.
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Negative and positive values of buoyant and shear production of kinetic energy of
fluctuations occur. This indicates regions of stable and unstable configurations. The
unstable condition of positive axial density gradients, and hence positive buoyant
production of kinetic energy of fluctuations, provides a source for fluid motion and the
formation of vortices. Although Favre-averaged, spatially integrated values indicate that
the net effect of shear production is negative, there are areas of positive and negative

shear production. Thus, shear does provide local sources of instability.

Vortex formation occurs near the pool surface and rim. A vortex grows in
diameter and entrains the surrounding air as it travels upward due to the high buoyancy
forces. Gases in the inner core are highly accelerated. The vortex formation rate coincides
with the dominant temperature frequency, and thus is linked to the pulsating nature of the

flame.

7.2 Summary of Conclusions

The aim of this work is to access the relative contributions to vortex formation
from the vorticity production terms, shear instabilities, and unstable density
stratifications. The conclusion is that the gravitational term, that is, radial density
gradients interacting with gravity, and unstable density stratification as in a Rayleigh-
Taylor instability are the dominant mechanisms effecting vortex formation. Baroclinic
torque is approximately half to that of the gravitational term, and its principal effect
occurs at lower elevations, approximately under 3 diameters. The net effect of shear is to
provide stability, though local areas exist which are destabilizing. Local regions of
stabilizing density stratification also occur. It has also been found that Froude number,
Reynolds number, heat release rate, flame temperature, fuel molecular weight and air-fuel
ratio can effect the investigated flame dynamics. It can be concluded that the Froude
number is the dominant parameter effecting flame dynamics. It has been demonstrated



114

that an approximate critical local Reynolds number can be identified for which an
axisymmetric model is valid. Using available experimental evidence, this value as been
found to be around 3000. It has also been demonstrated with the model validation results
that an axisymmetric, single-step, irreversible, reaction model with finite rate chemistry is

capable of capturing essential features of the gas-phase of pool fires.

7.3 Recommendations for Future Work

The first recommendation for future work is to use an axisymmetric model, but to
not include all of the simplification made in the present work. Thus. this could involve
investigating the heat feedback and mass flux coupling at the pool surface, and
incorporating a radiation and soot model. Radiation and soot modeling is especially
important for larger fires, or lower Froude numbers, when radiation becomes the
dominant mode of heat transfer to the pool surface and flame temperature decreases as a
result of radiation. It has been shown in this work that flame temperature is a significant
parameter. Secondly, it is recommended that azimuthal variations be investigated by
developing a three-dimensional model. To be able to investigate all of the effects in the
present work, and to have a reasonable length of run time, it would be necessary to
develop a code that could be used on parallel computers. Multigriding techniques could
also be incorporated to further decrease the computational run time. Further work is
necessary to validate the local Reynolds number for which an axisymmetric simulation is
valid. Laboratory experiments could be performed on several different diameters within
the range of interest to obtain measurements of temperature, velocity, and detailed
visualization. Finally, it is recommended that a turbulence model such as Large Eddy

Simulation be utilized to investigate lower Froude numbers or larger fires.
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time

temperature

ambient temperature
temperature of species i
inlet fuel temperature
velocity vector

inlet fuel velocity

radial velocity component
axial velocity component
mass fraction of specie i
mixture fraction

axial coordinate

shear stress tensor

grid stretching parameter

stoichiometric air-fuel coefficient

dynamic viscosity
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Subscript symbols

0] oxidant
F fuel
P product
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