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Abstract

A buoyant fire impinging on a horizontal ceiling at a certain distance from the fuel source occurs in
many practical fire scenarios. Motivated by this application, infrared radiation from buoyant diffusion
flames with and without impingement on a flat plate is studied using a quantitative comparison of
measured and simulated images. The measured quantitative images of the radiation intensity are acquired
using a calibrated high speed camera. Simulated radiation intensities are rendered in the form of images
and compared quantitatively with the measured images. The simulated radiation intensities are obtained
using the radiative transfer equation with local absorption coefficients evaluated using a narrowband
radiation model. The instantaneous local species concentrations, soot volume fractions, and temperatures
necessary for these simulations are calculated using the Fire Dynamics Simulator (FDS) version 6. The
measured images reveal that the characteristic necking and bulging (7 Hz� 1 Hz) of the free buoyant flame
is suppressed to a large extent by impingement on the plate. The roll-up vortices in the impinging flame are
much smaller than those in the free flame. The stagnation point boundary layer inferred from the computed
images is thicker at some instances than that inferred from the measurements. Qualitative and quantitative
comparisons between the measured and computed infrared images for both the free and the impinging fires
reveal many similarities as well as differences useful for model evaluation.
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1. Introduction

Fire structure interaction studies explore
the complex interactions between the gas phase
flow field and heat release rate and the structural
and thermal properties of load bearing elements.
In particular, a buoyant fire impinging on a
sevier Inc. All rights reserved.
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Nomenclature

n unit normal vector on the cell face
s0 direction vector of the radiation

intensity
dV cell volume
_q000 heat release rate per unit volume
_q00c convective heat flux
Ibk spectral black body radiation intensity
k thermal conductivity
L characteristic length
Nu Nusselt number
Pr Prandtl number
Re Reynolds number
s pathlength through flame
T temperature
t time
U integrated radiation intensity

Greek symbols
vr radiative heat loss fraction
_q00r radiative heat flux

Cc empirical coefficient for natural
convection

Cr corrective factor for radiative loss
term

h heat transfer coefficient
I radiation intensity
j absorption coefficient
jk spectral absorption coefficient
k1; k2 filter bandwidth limits
X solid angle
r Stefan–Boltzman constant
sk spectral optical thickness
e emissivity

Subscripts
g gas
ijk gas phase cell indices
s solid
w wall
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horizontal ceiling at a certain distance from the
fuel source occurs in many practical fire scenarios.
Heat transfer from a fire to a structure has been
the subject of many investigations [1–3]. Radia-
tion and convection heat transfer have been estab-
lished as important modes of energy transfer
between the gas phase and the solid [4]. Trouvé
and Wang [5] suggested that comparing higher
order statistics resulting from measurements and
simulations of fires is an important direction for
advancing progress within the fire modeling field.
The current work involves a comparison of time-
dependent images and higher order statistics of
infrared radiation intensity from non-impinging
and impinging buoyant diffusion flames.

One of the most challenging aspects of coupled
fire structure interaction simulations is the signifi-
cant range in the time and length scales. The differ-
ent numerical methods used for fire, thermal, and
structural simulations lead to difficulties in deter-
mining an efficient method of transferring infor-
mation between these simulations [4]. Weng and
Hasemi [1] developed an analytical model to deter-
mine the thermal response of an unconfined non-
burning ceiling to an impinging buoyant diffusion
flame. The model showed good agreement with
experimental heat flux data in regions far from
the stagnation point. You [6] developed an integral
model for impinging turbulent buoyant diffusion
flames to determine mean velocities, temperature
and major species concentrations in the plume
region. The integral model was extended to the
ceiling jet region and provided good agreement
with measured velocities and heat fluxes [2]. Tuttle
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et al. [7,8] reported time-dependent and time-aver-
aged measurements of axial and radial profiles of
local heat fluxes from partially premixed meth-
ane-air flames impinging on a water-cooled plate.
The coupling between flame structure and heat
transfer was explored by qualitatively correlating
visible photographs of the flame to measured heat
flux profiles. Premixed flames typically produce
the highest heat flux and are used in industrial
applications to provide localized heat transfer.
Baukal and Gebhart [9] and Viskanta [10] have
reported comprehensive reviews on flame impinge-
ment heat transfer for manufacturing applications.

A quantitative comparison of measured and
computed images of radiation intensity is an effec-
tive method for prompting improvements in com-
bustion and radiation models [11]. Rankin et al.
[12,13] measured and computed quantitative images
of infrared radiation intensity from a representative
turbulent non-premixed jet flame from the Interna-
tional Workshop on Measurement and Computa-
tion of Turbulent Nonpremixed Flames. The
computed images utilized scalar results from large-
eddy simulations (LES) of the flame performed by
Ihme et al. [14]. The measured and computed radia-
tion intensities agreed to within approximately 20%
for regions upstream of the stoichiometric flame
length. Differences between the measured and com-
puted radiation intensities near and downstream of
the stoichiometric flame length suggested that
including radiation heat loss effects in the simula-
tions is important even for weakly radiating flames.

Motivated by a review of existing literature on
fire-structure interactions and the potential of
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computational and experimental quantitative
infrared imaging techniques, the specific objec-
tives of the current study are:

(1) Measure quantitative images of the narrow-
band infrared radiation intensity from a
representative buoyant diffusion flame with
and without impingement on a stagnation
plate.

(2) Compute images of the narrowband infra-
red radiation intensity using time dependent
fire simulations, a narrowband radiation
model, and the radiative transfer equation.

(3) Study the effects of flame impingement on
flame radiation by comparing the measured
and computed images.

(4) Compare measured and computed mean,
root mean square (RMS), and power spec-
tral densities (PSDs) of the radiation
intensity.

The measurements reveal a less prominent
peak at a characteristic frequency of 7 Hz for
the impinging buoyant diffusion flame compared
to the non-impinging flame. The roll-up vortices
in the impinging flame are much smaller than
those in the free flame. The stagnation point
boundary layer inferred from the computed
images is thicker at some instances than that
inferred from the measurements. The quantitative
comparative study of measured and computed
images suggests the need for radiation and com-
bustion model improvements.
2. Experimental methods

2.1. Turbulent buoyant diffusion flame

A turbulent buoyant diffusion flame is estab-
lished on a diffuser burner [15] with an exit diam-
eter of 7.1 cm. The diverging angle of the burner is
7� such that the gaseous fuel (methane) is deceler-
ated and forms close to a uniform velocity distri-
bution at the burner exit. The methane (CH4)
mass flow rate (84.3 mg/s ± 3%) is calibrated
using a dry test turbine meter and controlled by
setting the pressure upstream of a choked orifice
plate. Measured and computed vertical and hori-
zontal velocity, mixture fraction, and temperature
values for this flame have been reported by Zhou
and Gore [15] and Xin et al. [16].

A schematic of the experimental arrangement
and coordinate system definitions for the radia-
tion measurements are illustrated in Fig. 1. A
square steel plate (25.4 cm � 25.4 cm � 0.254 cm)
is oriented perpendicular to the flame centerline
and suspended at an axial location of 14.2 cm
(Z=D ¼ 2) downstream of the burner exit. The
plate is supported at each of the four corners on
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the bottom surface using thin brackets to mini-
mize flame disturbance.

2.2. Radiation intensity measurements

Time dependent images of the radiation inten-
sity from the flame and the plate are measured
using a calibrated infrared camera with a 25 mm
lens (f =2:3) and an indium antimonide (InSb)
detector. A narrowband filter (2.77 lm ± 0.12
lm) is used to measure the radiation intensity
originating from water vapor, carbon dioxide,
and soot. The spatial resolution of the radiation
intensity measurements is approximately
0.97 mm for each pixel at the center of the flame.
The infrared camera sampling frequency is 330 Hz
and the exposure time is 10 s. The experimental
uncertainty in the mean and RMS radiation inten-
sity for diametric paths is estimated to be less than
�15% based on three repeated measurements of a
turbulent jet diffusion flame using the same
infrared camera and optical arrangement [12].
3. Computational methods

3.1. Scalar computations

Fire Dynamics Simulator (FDS) version 6 is
used to simulate the turbulent buoyant diffusion
flame with and without impingement. FDS is a
large eddy simulation (LES) code based on a set
of governing equations for low-Mach number
flows [17]. For the calculations presented in this
paper, the LES subgrid closures are based on
the dynamic Smagorinsky model [18] with con-
stant turbulent Schmidt and Prandtl numbers.
The mean chemical source term is closed using
the eddy dissipation concept [19].

The computational domain for the flame
without impingement is 20 cm � 20 cm�40 cm.
The computational domain used for the imping-
ing flame simulation is 30 cm � 30 cm � 22 cm.
A uniform grid with 4 mm spatial resolution
is used for both the non-impinging and imping-
ing flame simulations. A radiative heat loss
fraction of 10% is specified for both flames
based on past estimates [16]. The radiative loss
term is computed in each cell with the gray gas
assumption as a product of blackbody radiation
intensity and a corrective factor, Cr [17] as
defined below:

Cr ¼

P
_q000ijk>0 vr _q000ijk þ jijk U ijk

� �
dV

P
_q000ijk>0 4jijk rT 4

ijk

� �
dV

: ð1Þ

The corrective factor is set to dynamically
ensure that the global integral of the product of
radiative heat loss fraction and heat release rate
is satisfied.
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Fig. 1. A schematic of the experimental arrangement for radiation intensity imaging measurements of the turbulent
buoyant diffusion flames without (left) and with (right) impingement on a stagnation plate. Note that D = 7.1 cm and
d = 80 cm.
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The boundary conditions at the burner exit
plane are defined to be a uniform axial velocity
and fuel mass fraction profiles (w ¼ 3:14 cm/s,
Y F ¼ 1). Open boundary conditions are specified
for the remaining bounding surfaces of the com-
putational domain. The plate is specified as con-
ducting and heat transfer occurs from both the
flame and wake sides of the plate. The initial tem-
perature of the plate is specified to be equal to
ambient conditions. The boundary conditions on
both the front and back surfaces of the plate are
implemented [17] as follows:

�ks
@T s

@x
ð0; tÞ ¼ _q00c þ _q00r : ð2Þ

The convective heat flux and convection heat
transfer coefficients are computed as,

_q00c ¼ hðT g � T wÞ; h ¼ max CcjT g � T wj
1
3;

k
L

Nu
� �

;

ð3Þ

where Cc is specified as 1:52 for a horizontal plate
and L is specified as 1 m. The Nusselt number is
computed as,

Nu ¼ 0:037Re0:8Pr0:33: ð4Þ
The radiative heat flux is computed as follows:

_q00r ¼ e
Z

s0 �nw<0

Iwðs0Þjs0 � nwjdX� erT 4
w: ð5Þ
3.2. Radiation intensity computations

Computed images of the radiation intensity
from the flames are rendered using the computed
scalar values, a narrowband radiation model and
the radiative transfer equation with a customized
in-house code. The narrowband radiation
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intensity (I) emitted from parallel lines-of-sight
through the flame is computed using the solution
of the radiative transfer equation for non-
scattering media [20], with the addition [11–13]
of a spectral coefficient (ak) associated with the
transmission optics and spectral integration over
the band-pass filter,

I ¼
Z k2

k1

akIkð0Þe�sk dk

þ
Z k2

k1

Z sk

0

akIbkðs�kÞe�ðskþs�
k
Þ ds�k dk: ð6Þ

The spectral optical thickness is defined as:

sk ¼
Z s

0

jk ds: ð7Þ

The spectral absorption coefficient (jk) is cal-
culated using the computed scalar values and a
narrowband radiation model [21]. The intensity
is calculated by integrating along lines-of-sight
through the flame, applying the spectral response
of the optics and camera, and integrating over
the spectral range of the filter to allow for com-
parison with the measured values. An image of
the radiation intensity from the flames is
obtained by performing the radiation intensity
computations along multiple parallel lines-
of-sight through the flame consistent with the
spatial and temporal resolution of the computed
scalar values.

The images of the radiation intensity are calcu-
lated starting at 10 s to exclude initial transients in
the simulations. Time intervals of 10–20 s with a
sampling frequency of 33 Hz are sufficient to
obtain statistically stationary mean values of the
radiation intensity. The higher order statistics
are calculated over a time interval of 10–40 s with
a sampling frequency of 200 Hz.
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Fig. 2. Measured [15] and computed radial profiles of the mean vertical velocity (left), horizontal velocity (center), and
temperature (right) at select heights above the burner exit.
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4. Results and discussion

Figure 2 shows a comparison of the radial pro-
files of vertical velocity, horizontal velocity, and
temperature from the current computation of
the non-impinging flame with previous measure-
ments reported by Zhou and Gore [15]. These past
measurements extend to the distance of 10 cm
downstream of the burner exit compared to
approximately 22 cm for the current radiation
intensity measurements. The radial profiles for
temperature reported by Zhou and Gore [15]
and Xin et al. [16] were estimated from species
concentration measurements assuming an adia-
batic flame. The measured and computed vertical
velocities agree to within approximately 15%
along the flame centerline. The locations of the
peak magnitude of the vertical and horizontal
velocities observed in the measurements and com-
putations agree to within approximately 1 cm.
The results of the computations agree with the
experimentally derived temperature profiles
within 15% beyond 0.5 cm downstream of the
burner exit.

Figure 3 compares six instantaneous tempo-
rally related realizations of radiation intensity
images obtained from the measurements and the
computations for the non-impinging buoyant dif-
fusion flame. The six realizations encompass one
pulsation cycle. The instantaneous realizations of
time-dependent radiation intensity images are sep-
arated by an interval of 30 ms. The initial phase in
the pulsation cycle is matched for measurements
(top six panels) and computations (bottom six
panels). The peak magnitude of radiation intensity
observed in the measurements (500 W=m2-sr) is
captured by the computations in each of the six
panels comprising one realization of the pulsation
cycle. The remarkable dynamic range (0 W=m2-sr
to 500 W=m2-sr) illustrated by the measurements
is matched by the computations. It is remarkable
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that the identical range and increment used in
the rendering color palette leads to many similar-
ities in the observed patterns. For example, the
left most measured and computed images both
show a concentric conical flame attachment
region followed by necking and formation of a
bulging structure with two symmetric red circles
corresponding to the high temperature region
associated with the buoyant vortex ring. This
agreement approximately repeats itself in every
sixth image as shown in the right most images of
the top and the bottom panels. However, there
are specific differences in the degree of spatial
organization between the measured and the com-
puted images in each of the six interim phase pan-
els. In particular, the measured intensities show
significantly higher symmetric organization com-
pared to the computed intensities. For example,
the highest intensities depict a continuation of a
symmetric bulging shape in the measured image
of the second top panel while the highest intensi-
ties show a dislocation of the left part of the bulg-
ing shape by apparent faster advection and
expansion in the computed image of the second
bottom panel. These processes result in an L-
shaped structure with the two highest intensity cir-
cles appearing at each end in the computed image.
Similar distortions exist in each one of the four
intermediate phase panels in the top and bottom
rows of Fig. 3. While similar differences each with
their own aesthetic but unimportant individuality
exist throughout the measured and simulated
images, the net result is of significantly larger dis-
organization in the simulated compared to the
measured cycles. These observations may be of
value for continuous improvements in aspects of
fire dynamics simulations not discussed here for
brevity with interested readers referred to the
FDS documentation [17].

Figure 4 shows a comparison of six time-depen-
dent radiation intensity images for the impinging
, Proc. Combust. Inst. (2014), http://dx.doi.org/



Fig. 3. Measured (top) and computed (bottom) time-dependent images of the radiation intensity from the non-
impinging turbulent buoyant diffusion flame (characteristic puffing mode frequency is 7 Hz).

Fig. 4. Measured (top) and computed (bottom) time-dependent images of the radiation intensity from the turbulent
buoyant diffusion flame impinging on the plate suspended at Z ¼ 14:2 cm.
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flame. Six images are shown as before to encom-
pass one pulsation cycle and the initial phase in
the pulsation cycle is matched between measure-
ment and computations. The time-dependent
images show a region of high radiation intensity
Please cite this article in press as: A.S. Newale et al.
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at small distances upstream of the plate. The
computations capture the peak magnitude of
radiation intensity observed in the measurements
(1000 W=m2-sr). The peak magnitude observed
for the impinging flame is twice that for the
, Proc. Combust. Inst. (2014), http://dx.doi.org/
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non-impinging flame partially because of the
increased path length through the stagnation point
boundary layer. Very strong stabilizing effects of
the flow stagnation are apparent in the experimen-
tal images. The computed intensity images con-
tinue to show remnants of the axially symmetric
vortex structure in most panels in the bottom half
of Fig. 4. This qualitative observation is confirmed
by comparisons of measured and computed power
spectral densities discussed later in the paper.
The third and the fourth measured and computed
images in the cycle show impingement of the vor-
tex structure on the stagnation plate. The apparent
high intensity region of the measured structure is
twice as thick as that of the computed structure.
Measured and computed instantaneous images of
the infrared radiation intensity from the free and
impinging buoyant diffusion flames are rendered
in the form of animations and provided as supple-
mentary material. Further quantitative compari-
sons of the effects rendered in the instantaneous
images shown in Figs. 3 and 4 are studied in Figs. 5
and 6.

Figure 5a shows the measured and computed
mean radiation intensities from diametric paths
as function of distance downstream of the burner
exit for the non-impinging and the impinging
flames. The measurements and the computations
beyond approximately 4 cm downstream of the
burner exit are within 25% of each other. The fac-
tor of two differences between the computed and
measured mean and fluctuating radiation intensity
near the burner exit exist because of relatively sim-
ple models of the burner exit boundary conditions
including partial premixing, heat loss, and finite
rate chemistry. It is remarkable that the mean
radiation intensities are dominated by the buoy-
ancy induced advection and mixing overcoming
the effects of boundary conditions. Both the mea-
surements and the computations show that the
Fig. 5. Measured and computed mean (a) and normalized root
from diametric paths (Y ¼ 0 cm) as a function of distance dow
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peak magnitude of the mean radiation intensity
for the impinging flame occurs at approximately
0.5 cm upstream of the stagnation point. This is
consistent with the relatively short duration expo-
sure of the relatively cold plate to the impinging
flame. The differences in the sharp peak value of
the intensity may be addressed by future enhance-
ments in the stagnation point combustion model.
The location of the peak magnitude of mean radi-
ation intensity for the impinging flame is also
indicative of the upstream propagation effect of
the plate on the buoyant diffusion flame. Mea-
sured and computed time-averaged images of the
infrared radiation intensity from the free and
impinging buoyant diffusion flames are provided
as supplementary material.

The root mean square (RMS) values of radia-
tion intensity from diametric paths normalized
by the mean radiation intensity are plotted as a
function of distance downstream of the burner
exit in Fig. 5b. The measured and computed nor-
malized RMS increase downstream of the burner
exit region for both the impinging and the non-
impinging flames. The measured and computed
normalized RMS profiles of radiation intensity
for the impinging flame show a local minimum
at approximately 0.5 cm upstream of the stagna-
tion point caused by the stabilizing effects of the
stagnation point boundary layer.

Figure 6 shows a comparison of the measured
and computed power spectral density (PSD) of
radiation intensity from diametric paths for the
non-impinging and impinging buoyant diffusion
flames at a location selected to correspond to
the measured peak mean intensity (Y ¼ 0 cm,
Z ¼ 13:6 cm) for the impinging flame. The mea-
sured and computed PSDs shown in the left panel
depict the expected peaks at pulsation frequencies
of approximately 7 Hz and the expected decre-
ment according to a power law at frequencies
mean square (RMS) (b) of the radiation intensity emitted
nstream of the burner exit.

, Proc. Combust. Inst. (2014), http://dx.doi.org/



Fig. 6. Measured and computed power spectral density (PSD) functions for the non-impinging (left) and impinging
(right) buoyant diffusion flames at a select location.
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higher than 10 Hz. The measured PSD in the right
hand panel of Fig. 6 show that a less prominent
peak is observed at the characteristic frequency
of 7 Hz compared to the non-impinging flame.
This can be attributed to the pressure gradient
introduced by the stagnation point boundary
layer. This drop in magnitude of the PSD at the
pulsation frequency is consistent with the reduced
RMS of intensity and underlying temperature and
scalar fluctuations resulting from the effects of the
stagnation point. This experimental observation is
not only of significant practical relevance for
example in fire sensing but also may prompt
future improvements in fire simulations.
5. Conclusions

A quantitative comparative study of measured
and computed images of the radiation intensity
from non-impinging and impinging turbulent
buoyant diffusion flames is utilized to evaluate fire
dynamic simulations. The computed mean radia-
tion intensities agree with the measurements to
within 20 % downstream of the flame stabilization
region. The computed images of the radiation
intensity capture the flame necking and bulging
of the non-impinging flames observed in the
measurements.

The pressure gradient introduced by the stag-
nation point boundary layer leads to significant
smoothening of the PSD near the characteristic
frequency (7 Hz) of the buoyant diffusion flame.
The roll-up vortices in the impinging flame are
much smaller than those in the free flame. The
stagnation point boundary layer inferred from
the computed images is thicker at some instances
than that inferred from the measurements. Quali-
tative and quantitative comparisons between the
measured and computed infrared images for both
Please cite this article in press as: A.S. Newale et al.
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the free and the impinging fires reveal many simi-
larities as well as differences useful for model
evaluation.
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