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Abstract
Heat transfer to compartment surfaces was measured in fully developed fire experiments. The
experiments involved scaled compartments ranging from 1/8th to 3/8th with full-scale height of
2.54 m. Gas temperatures reached 1000�C, and total surface heat flux could reach 200 kW/m2,
with convection accounting for 25% of the total. A combination of thermopile heat flux gage,
metal plate sensor, and gas and wall thermocouples was used to separate the convective and
radiative components. The convective heat transfer coefficients were resolved experimentally.
Convective heat transfer coefficient was correlated against temperature rise within the compart-
ment for both flaming and after extinction phases.
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Introduction

Heat transfer via convection is usually downplayed in fire applications, as radiation domi-
nates the burning rate for fires above 1 m in scale. At the early stage of the fire, convection
is appreciated to be more important, especially in the activation of thermal alarms and
sprinklers. Yet, in fully developed fire, the role of convection has not been actively explored.
Indeed, in the consideration of the effect of fire on structures (e.g. beams and columns), the
convective heat transfer coefficient is usually taken as some extrapolation of normal heat
transfer. This is especially troubling when the cooling period following extinction in a fire is
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modeled as an empirical factor based on a constant temperature rate. Even the popular fire
dynamics simulator (FDS) code addresses convection heat transfer in an empirical manner.1

The FDS guide shows that it cannot resolve the boundary and only approximates the heat
transfer coefficient through correlations from forced convection heat transfer on a flat plate
receiving uniform velocity. Furthermore, FDS assumes a length scale. Knowledge of the
convective heat transfer coefficient could serve to offer a better model.

Very limited studies have been performed to resolve experimentally the heat transfer coef-
ficient in fire applications. Veldman et al.2 and Zukoski and Kubota3 used a thin plate calori-
meter to measure and correlate the convective heat transfer coefficient to a ceiling due to fire
plume impingement. They studied both unconfined2 and confined3 ceilings and correlated
their results with the dimensionless energy release rate, Q* (or Zukoski number). The focus
of the studies by Veldman et al.2 and Zukoski and Kubota3 was to determine the convective
heat transfer coefficient at conditions similar to those encountered in the early stages of a
fire, before a room becomes completely involved in flames. You and Faeth4 investigated ceil-
ing heat fluxes for both confined and unconfined ceilings. Their study was also focused on
the initial stages of ceiling heating by fire conditions. They demonstrated that ceiling heat
fluxes were relatively independent of position.

Cooper5 and Cooper and Stroup6 studied heat transfer to unconfined ceilings. An algo-
rithm was developed to account for the convective heat transfer from a buoyant plume-
driven ceiling jet to the ceiling surface. Beyler7 performed a review of expressions describing
plume and ceiling jet flow from the literature. These expressions were used to predict convec-
tive heat transfer from these flows. Alpert8 measured convective heat flux to confined ceilings
at Reynolds numbers that was an order of magnitude above previous studies by performing
laboratory scale experiments at elevated ambient pressure. They demonstrated that plume
buoyancy causes heat transfer rates in the impingement region of the ceiling that are different
from forced convection relations.8

Later, Tanaka and Yamada9 studied methanol pool fires in nearly closed cubic compart-
ments of 0.5 and 1.5 m to measure the overall heat transfer coefficient. They not only formed
a correlation in terms of Q*, but also noted a dependency on the temperature rise in the com-
partment. As temperature is the driving force for compartment flow, and convective heat
transfer is velocity and scale dependent, we later explored the correlation approach that was
suggested by Tanaka and Yamada.9 While the Tanaka and Yamada9 results are primarily for
low temperatures, we explore the high temperature range of fully developed fires. It will addi-
tionally be demonstrated, in later sections, that present results subsume those from Tanaka
and Yamada.9

The compartment experiments of our study spring from a bigger set of studies that
explored the use of scale models in predicting the effect of fire on structures.10–14 The selec-
tion of the full-scale compartment dimensions, ventilation, the requirement for the full-scale
burn time and fuel loading, and the compartment material for the full scale have been dis-
cussed in detail in these previous publications. Perricone et al.,10 Perricone,12 Wang et al.,11

and Wang13 experimentally validated the theoretical method of scale modeling and demon-
strated transient and spatial accuracies of reaction rates, temperature, and gas composition
in ventilation-limited enclosures at three different scales. These fires involved wood cribs
and compartment scales of 1/8, 1/4, and 3/8 of a benchmark compartment with dimensions
3.76 3 3.76 3 2.54 m.

Measurements were then made to validate the ability to scale the transient heat flux in
compartment fires using a commercial thermopile water-cooled gage and a fabricated thin
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plate gage. Further discussion of the scaling results for heat flux can be found in Veloo.14

The focus of this article is on the results for the measured convective heat transfer coefficient
in compartment fires.

The use of a plate thermometer has been made before in fire applications (e.g.,
Wickström,15,16 Lennon and Silcock,17,18 and Zhang and Delichatsios19) but not in this
fully developed compartment fire scenario to obtain the heat transfer coefficient.
Wickström15 introduced a plate thermometer that was initially utilized to determine heat
transfer conditions in furnaces. The sensor was a thin steel plate with insulating fiber
board on one side and a thermocouple welded to the center of the plate. This plate sensor
methodology was then used in conjunction with the adiabatic surface temperature metho-
dology16 to determine both convection and radiation heat transfers in an enclosure with a
gas burner. Lennon and Silcock17,18 developed a Thin Plate Device (TPD) to economi-
cally measure incident heat flux in both the enclosure and furnace fires. The TPD consists
of a pair of thin metal disks, one with high emissivity and the other with low emissivity.
Back conduction losses were ignored during calibration. Zhang and Delichatsios19 deter-
mined instantaneous convective heat transfer coefficients using a thin steel plate probe
similar in design to that of Wickström15,16 combined with a Gardon heat flux gage
(HFG). Three-dimensional (3D) numerical calculations were used to solve for the back
conduction losses from the sensor.

In this article, we will first rigorously describe our plate sensor design. Following which,
we will describe the methodology used to measure the heat transfer coefficient in the com-
partment fires. Finally, we will present some results and then present the dimensionless
correlations.

Experimental methodology

The concept of the plate sensor is to establish, by calibration, its rear substrate heat loss, time
response, and effective heat capacity. Then, its implementation is to treat it like a first-order
linear time response device and correct its ‘‘steady’’ reading to the measurement. An exami-
nation of the calibration process will reveal the details of this process.

The sensor design is depicted in Figure 1, with a plate of 2-mm-thick steel painted with
Medtherm� HFG paint of known emissivity of 0.9. A K-type thermocouple was spot welded
on the rear of the metal plate. The temperature of the plate is then recorded over time as its
front surface is exposed to a heat source and its rear is heavily insulated. A total of 10 sen-
sors were made, and their individual calibration will be outlined next.

Figure 1. Metal plate sensor.
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Sensor calibration

A schematic of the calibration arrangement is shown in Figure 2 in which incident radiant
heat flux, _q0inc, from a high-temperature gas fired panel is imposed on an inert board contain-
ing the plate sensor and a water-cooled Medtherm (Schmidt-Boelter) thermopile HFG. The
Medtherm HFG has a diameter of 25.4 mm, is accurate to within 65%, and linear between
10 and 200 kW/m2. The plate sensor response is given by equation (1)

mc

A

� �
m

dTm

dt
= am _q0inc � sem T 4

m � T4
‘

� �
� hc, plate Tm � T‘ð Þ � _q0cond, m ð1Þ

The ambient temperature is taken to be the measured laboratory temperature at the time of
calibration. The subscript ‘‘m’’ refers to the metal plate, and the full description of symbols is
given in Appendix 1, Notation.

At steady state, equation (1) can be solved to give the conduction losses to the rear sub-
strate. This is achieved by measuring the total incident heat flux using the water-cooled upper
Medtherm gage and recording the plate temperature. The plate sensor absorptivity and emis-
sivity are set to the value of the paint of 0.9. Finally, the convective heat transfer losses from
the plate sensor can be estimated using an approximation for the convective heat transfer
coefficient from the plate from natural convection correlations for a vertical plate. We have
assumed that radiation is completely to the ambient surroundings. The steady-state expres-
sion for the conduction loss is then

_q0cond, m = am _q0inc � sem T 4
m � T4

‘

� �
� hc, plate Tm � T‘ð Þ ð2Þ

Figure 2. Calibration arrangement.
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Because this heat loss into the insulation is expected to be relatively small, such steady esti-
mates are reasonable even applied during the transient period. Furthermore, the conductive
loss is estimated as linear in plate to ambient temperature difference, that is

hk =
am _q0inc � sem T 4

m � T4
‘

� �
� hc, plate Tm � T‘ð Þ

Tm � T‘ð Þ ð3Þ

Figure 3 shows that the conductive heat transfer coefficient, hk, for all 10 metal plate sen-
sors can be taken as a function of the incident heat flux and will be used in application later
in the compartment measurements. In essence, above an incident heat flux of 5 kW/m2, hk is
13 W/m2 K. The scatter arises from using 10 individual sensors and construction imperfec-
tions. In this approximate fashion, a conduction heat loss is estimated in the plate
measurement.

In addition to linearizing the conduction loss with temperature, plate reradiation is treated
in a similar way. With this in mind, equation (1) can be rewritten as

mc

A

� �
m

dTm

dt
= am _q0inc � heff Tm � T‘ð Þ ð4Þ

where heff represents

heff = hc, plate + hk + sem T2
m + T2

‘

� �
Tm + T‘ð Þ ð5Þ

Now consider the measured metal plate sensor heat flux expressed as

_q0m = se T 4
m � T4

‘

� �
+ hc, plate Tm � T‘ð Þ+ hk Tm � T‘ð Þ[ heff Tm � T‘ð Þ ð6Þ

In this calibration mode, the plate reading can be derived from the instantaneous tempera-
ture measurement according to the substitution into equation (5). However, if we wish to

Figure 3. Conduction coefficient as a function of incident heat flux.

414 Journal of Fire Sciences 31(5)

 by guest on December 7, 2013jfs.sagepub.comDownloaded from 

http://jfs.sagepub.com/
http://jfs.sagepub.com/


derive the incident radiant heat flux from this plate reading, we must revert to the following
equation that follows from the definition of _q0m in equations (4) and (6)

mc

A

� �
m

1

heff

d _q0m

dt
+ _q0m = am _q0inc ð7Þ

The terms embracing the coefficient of the derivative in equation (7) are the time constant
of the device, tr, and need not be computed from its components. More empirically, the time
constant can be derived from the calibration tests. Applying an incident radiant heat flux
and recording the plate temperature over time allows for the computation of _q0m and its time
derivative, following which tr can be resolved using equation (7). The time constant, tr, is
shown as a function of plate temperature in Figure 4. The time constant is a function of tem-
perature due to its dependence on heff.

However, the remainder of the time constant term is primarily a constant, despite some
temperature effects in the specific heat term. This is shown by processing the data in Figure 4
with the corresponding heff term. Figure 5 shows the constancy of mc/A, and it will be taken
as a constant for the plate gage as 3.2 kJ/m2 K.

The heat capacity per unit area and the heat loss by conduction through the rear insula-
tion are taken as two properties constant of the plate gage: mc/A is 3.2 kJ/m2 K and hk is 13
W/m2 K for most applications. The gage can now be used in other applications, such as heat-
ing in a compartment in which the incident heat flux is from convection and radiation. The
application of equation (7) is the operation of the gage and will give the incident heat flux
(radiation plus convection in the compartment). This process will be explicitly laid out in the
next section. However, to see that the process can be applied to the calibration application in
which the incident radiant heat flux is constant for a run, Figure 6 shows the results of the
direct measure of gage and the incident flux computed by equation (7).

There are three curves depicted in Figure 6: the incident heat flux that is measured by
the thermopile gage, the measured metal plate gage heat flux, and the corrected plate gage
heat flux. The corrected heat flux _q00m, crr is determined by computing the left-hand side of

Figure 4. Metal plate sensor time response as a function of steady state plate temperature.
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equation (7) numerically. Clearly, the corrected flux is able to capture the transient behavior
of the incident heat flux to a very high degree. It is essentially responding to a step change in
the incident flux from zero to 3 and 20 kW/m2, respectively, and back to zero in both cases,
as depicted in Figure 6. This represents a very extreme test of the plate gage’s transient
response and the first-order linear assumptions made previously for this device. There is an
obvious undershoot in the corrected response when the incident flux is abruptly removed. This
will not be an issue when the sensor is utilized within an actual enclosure fire as flame extinc-
tion never occurs in such a manner, and this is once again an extreme transient condition.

Compartment heat flux measurement methodology

Convective and radiative heat flux within the compartment were measured using a plate
gage, thermopile gage, and thermocouple in an arrangement as depicted in Figure 7. This

Figure 5. Heat capacity per unit area of plate gage.

Figure 6. Examples of plate gage giving incident radiant heat flux.
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setup was replicated at different locations within the actual compartment. Three locations
were used: the ceiling, upper wall, and lower wall. The gas temperature thermocouple was a
0.13-mm K-type thermocouple. At each location at which the plate sensor and HFG were
set up, an additional thermocouple was embedded in the wall to give a local wall tempera-
ture measurement. This was useful in determining the cool down or after extinction phase at
which the local wall temperature exceeded the local gas temperature. The actual setup dur-
ing experimental measurements can be seen in Figure 8.

The metal plate sensor–measured flux in a compartment fire as given by equation (8)

mc

A

� �
m

dTm

dt
+ _q0m + emsT4

m = _q0m + hfire, c Tg � Tm

� �
ð8Þ

Analogous to equation (5), here heff is taken as

heff , fire = hk + sem T2
m + T2

‘

� �
Tm + T‘ð Þ ð9Þ

There is no convective loss term, but now a convective addition is handled in the incident
flux. Taking the plate heat flux (uncorrected) as

Figure 8. Actual arrangement of heat flux and temperature measurement devices.

Figure 7. Schematic of arrangement of heat flux and temperature measurement devices.
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_q0m[heff , fire Tm � T‘ð Þ ð10Þ

Then, it follows from equations (8) and (9) that

tr, fire

d _q0m
dt

+ _q0m = _q0m, in with tr, fire[
mc
A

� �
hfire, c

ð11Þ

The incident heat flux to the plate sensor, _q0m, in, is equal to the total incident radiation and
convection heat flux from the compartment fire to the metal plate sensor (right-hand side of
equation (8))

_q0m, in = hfire, c Tg � Tm

� �
+ _q0fire, r � emsT4

‘ ð12Þ

and correspondingly, the incident heat flux to the water-cooled HFG is

_q0HFG = hfire, c Tg � T‘

� �
+ _q0fire, r ð13Þ

The difference between the heat flux gage–measured flux, equation (13), and the metal plate
sensor–measured flux, equation (12), gives the convective heat transfer coefficient as

hfire, c =
_q0HFG � _q0m, in � emsT4

‘

Tm � T‘ð Þ ð14Þ

Results and discussion

Three locations were used in each compartment: ceiling, upper wall, and lower wall. Herein,
there will be no discrimination between these locations as present results indicate that there
are no substantive differences at each of these locations in these fully developed fires.
Figure 9 is an indication of the gas temperature levels measured, and Figure 10 is illustrative

Figure 9. Illustration of compartment gas temperature for a repeated experimental condition.
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of the heat flux levels. Compartment gas temperature reached 1100�C and heat flux of 200
kW/m2 was measured.

Convective heat transfer coefficient

An illustration of the computed convective heat transfer coefficient per equation (14) along
with processing the parameters of equations (8) to (14) is shown in Figure 11. Its order of
magnitude (say 50 W/m2 K) and a maximum incident heat flux of 200 kW/m2 at gas tem-
peratures of 1000�C suggest a convective portion of the total of about 50 kW/m2. Hence, in
these fires, convection can be up to 25% of the total heat flux received by a flat surface in
the compartment.

These convective heat transfer coefficient results were arranged according to their corre-
sponding local gas temperatures recorded over time in a given run. Figure 12 gives some
results for two of the measuring points in a compartment fire. While some differences exist

Figure 10. Illustration of compartment heat flux levels.

Figure 11. Illustration of determined convective heat transfer coefficient during a fire.
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for the locations, for these fully developed large fires, a definitive trend with location was
not perceived. Then, all these results were presented, for both the wall and ceiling locations,
in total in terms of the temperature increase over ambient temperature. This temperature
difference is the driving force for flow into the compartment opening.

The heat transfer coefficient is seen to increase with temperature difference. As scale was
varied in these experiments, the effect of scale was accounted for by considering a dimension-
less heat transfer coefficient as the Stanton number expressed in terms of a characteristic
velocity in natural convection. The height of the compartment was taken as the characteristic
length scale, l. Figures 13 and 14 show the total results plotted for both the burning period
and the cooling or extinction period that follows. Data from all three scales have been

Figure 12. Illustration of the heat transfer coefficient at two measuring stations after extinction.

Figure 13. Dimensionless heat transfer coefficient during flaming.
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incorporated into Figures 13 and 14. It is seen that the data of Tanaka and Yamada9 for
small fires comply with the correlation. Fits of these data indicate approximate formulas for
the earlier extinction case as

h� =
hfire, c

r‘cp glð Þ1=2
=

2310�3

16310�3 DT
T‘

DT
T‘

\2
DT
T‘
� 2

(
ð15Þ

and for after extinction as

h� =
hfire, c

r‘cp glð Þ1=2
= 9:9310�3 DT

T‘

ð16Þ

Concluding remarks

Using a heated plate HFG and a water-cooled gage, the convective heat transfer coefficient
was measured and correlated over a range of temperatures in flaming and cooling periods
for compartment fires. Heat flux could attain levels between 100 and 200 kW/m2 with con-
vection accounting for up to 25%. The results could be applied to improve empirical esti-
mates of the rate of cooling in compartment fires and its impact on structure integrity.
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Appendix 1

Notation

cp specific heat
g gravity
h� dimensionless heat transfer coefficient
hc, plate plate sensor heat transfer coefficient

during calibration
heff effective radiative, conductive, and

convective heat transfer coefficient during
calibration

heff , fire effective combined radiative and
conduction heat transfer coefficient
during fire

hfire, c plate sensor convective heat transfer
coefficient during fire

hk conductive heat transfer coefficient
l characteristic length, compartment height
(mc=A)m heat capacity per unit area for plate sensor
_q0cond, m conduction losses from plate sensor
_q0fire, r radiative heat transfer from fire
_q0HFG incident heat flux to water-cooled HFG

during fire
_q0inc incident heat flux during calibration
_q0m plate sensor actual measured heat flux
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_q0m, crr time response corrected plate sensor heat
flux

_q0m, in total incident radiative and convective
heat transfer from fire to plate sensor

t time
tr time response of plate sensor during

calibration
tr, fire time response of plate sensor during fire
Tg gas temperature in boundary layer near

plate sensor
Tm plate sensor temperature
T‘ ambient temperature

am absorptivity of plate sensor
em emissivity of plate sensor
r‘ density
s Stephan–Boltzmann constant
DT temperature difference between gases and

wall surface in boundary layer near plate
sensor
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