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Abstract. The directional flame thermometer (DFT) is a device used to measure
radiative heat flux in fire scenarios. In many DFT applications, radiation is the domi-
nant mode of heat transfer and convection does not significantly affect radiative heat
flux predictions. However, at higher air velocities, neglecting convection causes error
in heat flux predictions. This study explores the error caused by ignoring forced con-
vection in heat flux predictions and proposes a method to reduce it. To accomplish
this, a forward heat transfer model is used to generate synthetic temperature data for
the DFT given radiative and convective conditions. Using the forward model and an
existing inverse model, this study shows that assuming natural convection is the only
mode of convective heat transfer leads to significant error in the predicted radiative
heat flux. To reduce this error, this work proposes a framework for recovering the
heat transfer coefficient and radiative heat flux in forced convection conditions. The
framework utilizes an additional thermocouple above the plate of the DFT. The
framework performed poorly for simulations in which the temperature of the air
stream and that of the thermocouple was lower than 15°C. Omitting simulations
where this condition holds, on average, using the framework under constant heat flux
and constant characteristic air velocity conditions reduces the error in the predicted
heat flux by a factor of 12 compared to when the heat flux is predicted assuming that
natural convection is the only mode of convection. A simple experimental test was
conducted to validate the computational framework.
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Directional flame thermometers (DFTs) are robust sensors designed to measure
heat flux in fire environments. Typical DFTs are built using two Inconel or stain-
less steel plates which sandwich a layer of ceramic fiber insulation material.
ASTM E3057 [1] outlines the typical DFT design and data analysis process.
Inverse models such as those developed by Cabrera et al. [2], Beck Engineering
Consultants [3], or Sandia National Laboratories [4] are used to solve for the
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radiative heat flux incident on a DFT using the temperature measurements from
the two plates.

In many fire applications, radiation is the dominant mode of heat transfer, and
convection is often overlooked or ignored. However, in scenarios where gas veloc-
ity is significant (for example, in fires affected by crosswinds [5] or in small shal-
low furnaces [6]), careful characterization of convection is necessary to obtain
accurate heat flux measurements. Convection is also significant when the DFT
temperature differs from the surrounding gas temperature; for example, in the
measurement locations where air entrained into the fire is cooler than the DFT.

In the literature, convection is handled in various ways. For example, Keltner
et al. [7] and Sultan [8] ignore convection in their heat flux inversions. In both
cases, they note that this approximation is valid for quasi-steady conditions (after
5-10 min) when the temperature of the air and that of the front plate of the DFT
are close. However, in the early stages of their tests, the heat flux is under-pre-
dicted due to neglecting convection. In their work, Kokel et al. [9, 10] assume that
convection heat transfer is characterized by mixed (both forced and free) convec-
tion with an assumed characteristic air velocity of 0.5 m/s for tests run in a labo-
ratory environment. In room fire tests, they neglect forced convection while noting
that this approximation is a source of error in their predictions. Lam and Weck-
man [5] test DFTs with a cone calorimeter in conditions varying from natural to
forced convection. They use a heat gun that propels a stream of air with velocities
ranging from 0 to approximately 8 m/s and use natural and forced convection
correlations as appropriate to estimate the heat transfer coefficient for each flow
condition. They note that their heat flux measurements are improved when taking
thermocouple air temperature measurements instead of assuming a standard value
of 22°C.

The literature presented shows that ignoring convective heat transfer limits the
application of DFTs to locations where convection is minimal (usually the
ground) or to quasi-steady conditions. If convective heat transfer can be charac-
terized by natural convection only, the heat transfer coefficient can be relatively
easily estimated using natural convection correlations utilizing the Rayleigh num-
ber. In mixed or forced convection conditions, characterization of flow velocity
combined with the use of correlations proves to be useful. However, flow velocity
is very difficult to estimate in fire environments.

This work shows the conditions under which ignoring forced convection causes
significant error when recovering radiative heat flux incident on a DFT. Then, a
framework consisting of adding an additional thermocouple on top of the typical
DFT design to estimate the heat transfer coefficient in forced convection condi-
tions is proposed. The range of conditions for which the proposed method works
is also discussed. Although the framework is primarily tested using synthetic data,
an experimental test is conducted where the DFT used corresponds to the design
developed by Cabrera et al. [2].
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2. Method
2.1. Simulation Setup for Investigating the Importance of Convection

First, the conditions under which ignoring forced convection causes significant
error when recovering radiative heat flux incident on a DFT are explored. Tem-
perature data are generated using a forward model. An incident radiative heat flux
is specified on the front plate of the DFT with a “top hat” profile typical of tests
run using a cone calorimeter. An air flow velocity for a stream of air flowing over
the front plate of the DFT, u, is specified, as well as the temperature of the sur-
roundings and that of the stream of air. Figure 1 shows the setup.

The heat flux and the stream of air are assumed to only affect the front plate of
the DFT. The governing equation for the front plate of the DFT is:

1

ar;
pSCSLfW = q;:u - qreflﬁf - q/c/onm,f - q/e/mit,f - qi’/ondlf (1)

Where g;,,. is the incident radiation on the DFT, g, , is the reflected portion of
the radiative heat flux, ¢, , is the convective heat flux, g,  is the emitted radi-

ation, and q;’(mdf is the heat flux lost to the insulation layer. Using the appropriate
expressions for the heat flux terms, the following equation is obtained:

dT,
psCSLthf = asq;;c - hf(Tf - TOO) - ESO—(T;! - Ts‘ttr) - qlclond,f (2)

The heat transfer coefficient on the front plate, 4, depends on the prescribed
velocity u as well as the convection regime (natural, mixed, or forced convection).
For laminar natural convection, the following correlation is used (with parameters
0.65 and 1/4 taken from [2]):

Air stream at

velocity u q;;zc qéﬁmv,f qgmit,f q;",efl,f
— | !

Ly front plate

L, insulation

L, back plate

77
qconv,b Demit b

Figure 1. Figure showing the DFT setup. The front plate is exposed to
a stream of air at velocity v and to an incident heat flux.
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Nu = 0.65Ra’ (3)
Where Ra, the Rayleigh number, is:

_ 9Bu(T = T)L? (4)

Vair@air

Ra

Nu, the Nusselt number, is equal to h_fLS/ka,-,, where L is the length of the DFT
plates. For laminar forced convection, the following correlation is used:

Nit = 0.664Re} P (%)

Re is the Reynolds number which is equal to uL/v,,, where u is the prescribed
velocity. If Gr/Re* < 1 (where Gr is the Grashof number), it is assumed that
forced convection is the dominant mode of convective heat transfer. If
Gr/Re* > 1, natural convection is dominant. If Gr/Re? ~ 1, both forced and nat-
ural (“‘mixed”) convection are considered. In this case, the Nusselt number is
equal to:

=3 w3 -3
N Upix = N Unatural + N uforced (6)
Where N, and m;md are evaluated using equations 3 and 5, respectively.

Given the prescribed conditions, the “true’ heat transfer coefficient, 4, is derived
from the Nusselt number calculated using equation 3 for natural convection,
equation 5 for forced convection, or equation 6 for mixed convection.

For the insulation layer, the governing differential equation is:

87}}’!5 82]}115'
insCins — A, — kins a5 7
plﬂSC at axz ( )
The governing equation for the back plate of the DFT is similar to that of the
front plate:

d;

dt = _hb(Tb - Too) - SSO-(T[;t - T:Lr) + q/c/ond,b (8)

psCSLb

Where q_,,,, is the heat flux gained from the insulation layer by conduction. It is
assumed that the air stream only affects the front plate, so the relevant mode of
convection on the back plate is natural convection. Equation 3 is used to derive
hp,. The boundary conditions for the system of differential equations are:

qgond.f = _kinsa (9)
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oT
q/clond,b = _kinsa (10)

X=Lins

and at ¢t = 0, all temperatures are equal to Ty,.. The three governing equations are
integrated numerically to generate synthetic temperature data. The insulation layer
is split into finite volumes and the temperatures are computed at each node.
Material properties are evaluated at the initial DFT temperature according to cor-
relations presented in [2]. The dimensions of the DFT used in the simulations cor-
respond to the design developed by [2].

To explore the conditions under which convection is significant, synthetic tem-
perature data are generated using the forward model given various conditions.
For all simulations, the simulation time is 10 min. From 0 to 3 min, the heat flux
is 0, the air temperature is 21°C, and the air velocity is 0. From 3 min to 8 min, a
constant heat flux, a constant air velocity, and a constant air temperature are pre-
scribed. From 8 min until 10 min, the heat flux returns to 0, the air temperature
returns to 21°C, and the air velocity returns to 0.

70 incident heat fluxes ranging from 5 kW/m? to 150 kW/m> are tested.
Although typical heat fluxes in post-flashover compartments range from 70 kW/
m? to 150 kW/m? , heat fluxes as low as 5 kW/m? are also of interest as critical
heat fluxes for secondary ignition may be this low [11]. 10 velocities ranging from
0.1 m/s to 15 m/s are tested. Although velocities in compartment fires are on the
lower end of this range, velocities outdoors can be 10 m/s and higher. 35 air tem-
peratures ranging from 21°C to 1000°C are tested; this range was chosen because
1000°C is a typical temperature for a post-flashover compartment fire [12]. All tes-
ted values are linearly spaced. All possible combinations are tested, so in total,
70 x 10 x 35 = 24500 simulations are run. Note that not all combinations may be
representative of a real scenario, but all were tested for comprehensiveness.

The aim is to determine the error caused by neglecting forced convection. For
each simulation, temperature profiles as a function of time for the two DFT plates
and the finite volume nodes of the insulation layer are obtained. These tempera-
ture distributions are used to recover the prescribed heat flux. Here, the inverse
model developed by Cabrera et al. [2] is used. Details about this model can be
found in their work; however, a brief explanation of how the model works is
given here. The inputs for the inverse model are the temperatures of the front and
back plates of the DFT, the material properties, and the heat transfer coefficients
for the two plates. In typical experiments, the plate temperatures are measured by
thermocouples placed on the two plates. Here, the two temperature inputs corre-
spond to the temperatures of the front and back plates of the DFT generated
using the forward model, 7y and 7,. Then, the inverse model uses equation 7 with
Tins(x = 0,t) = Ty and Tj,s(x = Ly, t) = T, as boundary conditions to solve for the
spatial-temporal temperature of the insulation layer. Using a control volume on
the entire DFT gives the following energy balance:

" o o o o o (11)
st ot = Dinc qreflf qemit,f qcunv,f qemit,b qcunv,b
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Where ¢, is the total energy stored per unit area. All terms on the right hand
side of the equation are easily determined using 7| r. Tp, material properties, and
heat transfer coefficients. The energy stored per unit area in the front and back
plates is determined from the derivatives with respect to time for 7y and 7. The
energy stored per unit area in the insulation layer is obtained by applying energy
conservation to the insulation layer. The energy stored per unit area is equal to
the energy flowing into the insulation minus that flowing out:

1 " o
Dst.ins = Din,ins — Qout,ins> where

OT s
i 12
qm,mS ax x=0 ( )
and
oT;
L —kinsﬂ
out,ins Ox X=Lins (13)

Which are calculated using the spatial-temporal temperature of the insulation
layer previously derived. With all terms known, ¢,. can be determined.

Instead of using the inverse model with the “true” heat transfer coefficient (/)
used when generating the synthetic temperature data, it is assumed that the only
mode of convection is natural convection when using the inverse model to recover
the prescribed heat flux. To calculate the natural convection heat transfer coeffi-
cient, the natural heat transfer correlation (equation 3) is used regardless of whe-
ther the true convection mode is natural, mixed, or forced convection. For each
simulation, the inverse model is used to recover the prescribed heat flux with the
synthetic temperature data generated using the “true” %, and the natural convec-
tion coeflicient, %y ,4, as inputs. Note that when Gr/Re*>1 , hr = hy par.

For each simulation, the prescribed heat flux, the heat flux recovered using the
true heat transfer coefficient (which allows for checking that it is almost identical
to the prescribed heat flux), and the heat flux recovered using the natural convec-
tion heat transfer coefficient are recorded. The mean percentage error between the
heat flux initially prescribed and the heat flux recovered using the natural convec-
tion heat transfer coefficient is also recorded. Additionally, the time-averaged con-
vective heat transfer per unit area in each simulation, /,(7y — T.,), is recorded. In
the results section, the relationship between the mean percentage error mentioned
above and the mean convective heat transfer per unit area is explored.

Figure 2 illustrates the process for one simulation. Figure 2(a) shows the tem-
perature profiles for the front and back DFT plates for ¢,. =9 kW/m?, T, = 80
°C and u = 3.4 m/s. u = 3.4 m/s corresponds to an average heat transfer coeffi-
cient of 26 W/m?K. In this case, the average convective heat transfer on the front
plate of the DFT is 2.5 kW/m?. Figure 2(b) shows the prescribed incident heat
flux and the heat fluxes recovered using the actual heat transfer coefficient and
natural convection only heat transfer coefficient. Here, the average percentage
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Figure 2. (a) Temperature profiles for q; = 9 kW/m?, T, = 80°C and
u=3.4 m/s (b) Prescribed incident heat flux, and heat fluxes recov-
ered using the actual heat transfer coecient and natural convection
only heat transfer coecient.

error between the heat flux recovered using the natural heat transfer coefficient
and the heat flux initially prescribed is 20%.

2.2. Framework for Estimating the Heat Transfer Coefficient in Forced
Convection Conditions

Next, a framework for estimating the heat transfer coefficient in forced convection
conditions is proposed. In this case, the forward model described above is modi-
fied to account for an additional thermocouple attached to the front plate of the
DFT and exposed to the stream of air flow. In short, the thermocouple adds an
additional equation to the inverse problem, and assuming that the incident heat
flux and characteristic velocity on the thermocouple and the DFT are the same
allows to solve for the true heat transfer coefficient, and therefore give a better
estimate of the incident heat flux.

The proposed setup is shown in Figure 3.

The thermocouple is modeled as a lumped sphere. It is assumed that the inci-
dent radiative heat flux, ¢7,., is the same on the thermocouple and the front plate
of the DFT. It is also assumed that the velocity of the stream of air adjacent to
the thermocouple and the front plate of the DFT is the same. The governing
equations for the DFT (equations 2, 7 and 8) are unchanged, but an additional
equation for the thermocouple is introduced:

dTrc
,OTCVTCCTCT = ATC(q:':ftc - q;/efl - q/clonu,TC - quit‘TC) (14)

or

1 drT
gprcCTCRTCTTC = arcql, — hie(Tre — Too) — erco(Tpe — T2.) (15)

sur
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Figure 3. Figure showing the DFT setup for the framework. The front
plate of the DFT and the thermocouple are exposed to a stream of air
at velocity v and to an incident heat flux.

The heat transfer coefficient for the thermocouple is calculated using the following
forced convection correlation [13]:

1

o 1 2 1
Nu =2+ (0.4Re, + 0.06Re),) P> (“—”) (16)

A

Where Nu = hyeD/k. All properties are evaluated at 7., except for p, which is
evaluated at surface temperature. Thermal conductivity, specific heat capacity, and
density for a K-type thermocouple given by [14] are used in the simulations. Addi-
tionally, an emissivity of 0.8 is assumed as done in [15]. All properties are
assumed to be constant with temperature. Using the equations for the DFT and
the equations for the thermocouple described above, synthetic data for the DFT
and the thermocouple are generated.

Then, the following process is used to recover the forced convection heat trans-
fer coefficient and predict the incident heat flux on the DFT more accurately.
First, an air stream velocity u is guessed for each time step. Then, using the initial
guess for u, the forced convection correlation for the heat transfer coefficient for
the top plate of the DFT (equation 5) is used to derive the DFT heat transfer
coefficient at each time step, /,. Using &, and the temperature of the top plate of
the DFT generated using the forward model with a prescribed velocity, incident
heat flux, and air and surroundings temperature, the model described in [2] is used
to recover the incident heat flux on the DFT. Using the energy balance described
in equation 15 and synthetic temperature data for the thermocouple (obtained for
the same conditions as for the DFT), the heat transfer coefficient for the thermo-
couple is found. Then, using the correlation given in equation 16, Rep is found
using a numerical root-finding method. From Rep, the updated u is found. This
process is repeated until u and the incident heat flux on the DFT converge. Note
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that the quantities above are vectors of the same length as the number of time
steps in the synthetic temperature data. Figure 4 illustrates the process.

Alternatively, the process described above can be run using a more rigorous
optimization algorithm (Powell’s method, available in SciPy in Python). In this
case, a function which takes in the velocity vector u and returns a mean squared
error as a measure of misfit is defined. Using the forced convection correlations
for the DFT and the thermocouple, &, and Az are calculated. Then, using 4, and
the inverse model described in [2], the incident heat flux on the DFT is calculated.
Separately, using 47c and equation 15, the incident heat flux on the thermocouple
is calculated. Since these two heat fluxes should be equal, their mean squared
error is calculated. The optimization algorithm then finds the vector u for which
the mean squared error is minimized. Although both approaches gave very similar
results, the former ran faster and was therefore preferred.

The forward model is used to generate synthetic temperature data for condi-
tions typical of cone calorimeter tests where a ““top hat™ incident heat flux is spec-
ified and the velocity of the air flow is constant in time. Using the framework
described above, the heat transfer coefficient and radiative heat flux are recovered.
This process is repeated for conditions representative of real tests where the pre-
scribed heat flux, the velocity, and the air temperature are transient. Additionally,
this work explores which range of conditions the recovered incident heat flux is
significantly improved compared to when a natural convection heat transfer coeffi-
cient is used regardless of the convection mode.

2.3. Experimental Setup

Preliminary experiments were conducted to validate the proposed framework. An
ASTM EI1354 cone calorimeter was used to produce the required incident heat
flux on the DFT. The cone was configured so that the heat flux on the DFT was
10 kW/m?. The ambient temperature was 21°C. The DFT used followed the
design of Cabrera et al. [2]; a thorough explanation of the DFT design can be
found in their manuscript. The DFT was attached to a ring stand and placed
underneath the heating element at the appropriate distance. A thermocouple was
placed above the DFT as shown in Figure 5. A fan was also attached to the ring
stand. Temperature data for the two DFT thermocouples and the additional ther-
mocouple were taken using a Graphtec GL840 midi logger with a 0.5 second sam-
pling period.

Calculate h Use inverse Use hpeand
f USE 7 to TC

Guess u with e code to calcu;; tl;ch —  correlation to

correlation calculate q”";,. TC calculate u

t |
Update u

Figure 4. Flowchart showing the process for recovering the forced
convection heat transfer coefficient and the incident radiative heat
flux.
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Figure 5. Diagram showing the experimental setup. In the first test,
the fan was turned off.

For the first test, the fan was turned off, so the DFT was not exposed to forced
convection. For the second, the fan was turned on to create an air stream over the
front plate of the DFT. The total test time was 10 min. The heating element shut-
ters were opened from 3 to 8 min.

3. Results and Discussion

3.1. Estimating Error Generated Due to Natural Convection Assumption

As outlined in the methodology section, the error associated with assuming that
convection heat transfer occurs by natural convection only is determined. Figure 6
shows the results from the 24500 simulations run. In (a), each point represents
one simulation, where the horizontal axis shows the mean convective heat flux for
each simulation and the vertical axis shows the mean percentage error obtained in
the radiative heat flux recovered under the natural convection only assumption.
The points are colored according to their corresponding radiative heat flux. In (b),
the data are collapsed by dividing the mean convective heat flux by the radiative
heat flux.

Figure 6(a) shows that the error in the recovered radiative heat flux increases
more sharply for smaller prescribed heat fluxes. This can be attributed to the fact
that for small heat fluxes, 2AT represents a large percentage of the radiative heat
flux compared to when radiative heat fluxes are high. For each radiative heat flux,
the error appears to increase linearly with convective heat transfer. Figure 6(b)
shows that the data collapse when the mean convective heat transfer is divided by
the radiative heat flux. As expected, as the ratio of convective to radiative heat
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Figure 6. (a) Plot showing the mean percentage error in the
recovered radiative incident heat flux averaged over time against the
mean convective heat flux, also averaged over time for radiative
heat fluxes ranging from 5 to 150 kW/m?2 (b) Plot showing the mean
percentage error in the recovered radiative incident heat flux aver-
aged over time against the ratio of convective to radiative heat trans-
fer (c) A close-up plot of (b).

transfer increases, the error in the recovered heat flux increases. The error
becomes significant (>10%) when AT /q/, . is larger than 0.1, and goes as high as
approximately 400% as the ratio increases. The points which have very low error
correspond to simulations for which the prevalent mode of convection is natural
convection. Figure 6(c) shows a close up view of Figure 6(b). Although most
points with high prescribed heat fluxes have negligible error, at high velocities the
error for high heat fluxes is still significant. For the highest heat flux, 150 kW/m?2,
the error goes as high as 22% when the velocity is 15 m/s.

The plots highlight the need to accurately characterize convection when it is a
significant mode of heat transfer. If the error threshold required is 10%, for exam-
ple, the natural convection assumption may not be acceptable if the average
hAT/q, is higher than 0.1. In the next section, the framework developed is used
to estimate the heat transfer coefficient under forced convection conditions and
reduce the error in the recovered radiative heat flux.
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3.2. Recovering Incident Heat Flux Under Simple Conditions

The previous section showed that ignoring forced convection when it is significant
leads to large errors in the predicted heat flux. The goal of this section is to evalu-
ate how well the proposed framework reduces these errors. One heat flux (10 kW/
m?) and ambient temperature (21°C) combination is chosen from the previous sec-
tion for this analysis. For this heat flux and ambient temperature, the framework
is tested for 3 linearly spaced velocities (2, 4 and 6 m/s). The radiative flux for
these cases is first recovered without the framework (using the natural heat trans-
fer coefficient /4, ,,) and then using the framework. It should be noted at the start
of the simulations where no incident heat flux is imposed (before 3 min), the tem-
peratures of the DFT and the thermocouple are equal to 7. At the end of the
simulations (after 8 min), the temperature of the thermocouple quickly drops to
Ts. When the difference between the air stream temperature and that of the ther-
mocouple and/or that of top plate of the DFT is zero, it is impossible for the
framework to recover the forced heat transfer coefficient because any coefficient
would give zero convective heat flux given that AT =T — T, = 0. As a result, the
forced heat transfer coefficient is only recovered for time steps where the heat flux
is imposed. At the start of the simulation, the same heat transfer coefficient as the
one recovered at the first time step where the heat flux is imposed is used. For the
end of the simulation, the same heat transfer coefficient as the one recovered at
the last time step where the heat flux is imposed is used.

Figure 7 shows the prescribed incident heat flux and the convective heat flux, as
well as the recovered heat fluxes when the heat transfer coefficient is derived from
the natural convection correlation (a through c) and when the framework is used
(d through f). The mean squared error (MSE) between the prescribed and recov-
ered incident (radiative) heat fluxes are noted in the figure. As expected, the mean
squared error increases as velocity increases when natural convection only is
assumed (sub-figures a through c¢). Sub-figures d through f show that the proposed
framework reduces the mean squared error by as much as a factor of 25 times
compared to when natural convection only is assumed. The error in the recovered
heat flux is low regardless of the prescribed velocity. Figure 8 shows the true
forced heat transfer coefficients and the ones recovered using the framework,
which correspond to sub-figures d through f in Figure 7. The mean squared errors
between the predictions and the “true” heat transfer coefficients vary from 0.5 to
1.5 W/m? K.

3.3. Recovering Incident Heat Flux Under Transient Conditions

The steps above are repeated, but this time for conditions more representative of
real fire tests. A transient incident heat flux of t-squared form is specified, where
the starting flux is 0 and the maximum is 10 kW/m?. A transient air temperature
of t-squared form ranging from 21 to a maximum of 70°C at the end of the simu-
lation is also specified. Additionally, linearly increasing or decreasing velocities are
specified. As in the previous section, three velocity curves are tested; the line coef-
ficients for each velocity curve are chosen using a random number generator.
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Figure 7. Figure showing the prescribed incident heat flux and the
convective heat flux, as well as the recovered heat fluxes when the
heat transfer coefficient is derived from the natural convection
correlation (a through ¢) and when the framework is used (d through

f).
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Figure 8. Figure showing the prescribed and recovered forced
convection heat transfer coefficients for the recovery framework.

Figure 9 shows the recovered radiative and convective heat fluxes for the three
air stream velocity curves when natural convection only is assumed (a through c).
Note that the velocities given in the figure are the average of the time-dependent
velocity for each simulation. The mean squared error values are slightly lower
than in the cases shown in the previous section given that 7., is higher, making
convection less significant. Figures 9 d through f shows the recovered heat flux
when the framework is used. As before, the framework significantly reduces the
mean squared error in the predicted radiative and convective heat fluxes. The
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Figure 9. Figure showing the prescribed incident heat flux and the
convective heat flux, as well as the recovered heat fluxes when the
heat transfer coefficient is derived from natural convection only (a
through ¢) and when the framework is used (d through f) for three
prescribed velocity curves.

mean squared error values between the prescribed and recovered heat fluxes for
the cases shown are almost negligible.

Figure 10 shows the prescribed and recovered heat transfer coefficients for the
DFT corresponding to cases d through f. The mean squared error between the
“true” and recovered heat transfer coefficient varies from 0.3 to 0.4 kW/m?> K.
Here, the radiative heat flux is prescribed throughout the simulation; therefore, it

u = 4.1 m/s, mse : 0.3 W/m?K u = 5.1m/s, mse: 0.4 W/m?K u=3.3m/s, mse: 0.3 W/m?K
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=2 20 20
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Figure 10. Figure showing the prescribed and recovered forced
convection heat transfer coefficients for the recovery framework.
Note that the first two time steps were removed from the mean
squared error calculation.
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is possible to recover the heat transfer coefficient and radiative heat flux for
almost all time steps. At the very start of the simulations, however, the system is
in thermal equilibrium and the framework is unable to recover the heat transfer
coefficient because there is almost no heat transfer; this can be seen in Figure 10.
Despite causing a large error in the recovered heat transfer coefficient, this issue
does not significantly affect the recovered heat flux.

3.4. Comparison with Natural Convection Assumption

This section compares the error in the predicted heat flux obtained if the frame-
work is used to the error obtained when the heat flux is recovered using the natu-
ral convection heat transfer coefficient. The same data presented in Sect. 3.1 are
used, but here the heat flux is recovered both using the natural convection heat
transfer coefficient and the heat transfer coefficient recovered using the frame-
work. Note that the framework is tested on all points, but in reality, at low con-
vective to radiative heat flux, the framework may not be necessary given that the
natural convection assumption leads to low error.

When testing the framework on all points, a significant number of points still
showed high error in the recovered heat flux. Figure 11 helps identify under which
conditions the framework did not perform well. Note that the framework was
considered to perform poorly for a recovered heat flux error of 10% and above,
so the error cutoff in Figure 11 is 10%. However, points may have larger error
than this. The plot shows error as a function of air temperature and radiative heat
flux. Note that each point is averaged across velocities. This was done because the
plot did not significantly change across velocities. To illustrate this, the same plot
is provided in Figure 12 for a 5 m/s velocity and a 15 m/s velocity.

As mentioned before, the framework works poorly when the temperature of the
thermocouple is close or equal to the air temperature. Plotting the average differ-
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Figure 11. Plot showing the error in the recovered heat flux as a
function of air temperature and radiative heat flux. The error is
averaged across velocities.
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Figure 12. (a) Plot showing the error in the recovered heat flux as a
function of air temperature and radiative heat flux when the air
velocity is 5 m/s (b) Plot showing the error in the recovered heat flux
as a function of air temperature and radiative heat flux when the air
velocity is 15 m/s.

ence between the thermocouple and air temperatures for each simulation (again
averaged across all velocities) reveals that the points corresponding to an error
higher than 10% correspond to simulations where the average difference between
the thermocouple and air temperatures is less than 15°C. This plot is shown in
Figure 13.

Additionally, when generating synthetic temperature data for the DFT and the
thermocouple, natural, mixed and forced convection are considered. However, the
framework is used to recover the radiative heat flux for all cases where Gr/Re* <1
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Figure 13. Plot showing the mean difference between the
thermocouple and air temperature as a function of heat flux and air
temperature. Differences are averaged across all velocities. Note that
the difference cutoff was set to 30°C to better observe the similarities
in this figure and Figure 11.
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but otherwise a natural convection heat transfer coefficient is used. The mixed
region where Gr/Re’> ~ 1 is not considered, which is an additional source of error
for points lying in this region.

Figure 14 shows the same plots as Figure 6 where the vertical axis shows the
mean percentage error in the recovered heat flux and the horizontal axis shows
the mean convective heat flux for (a), and the ratio of the mean convective heat
flux to the radiative heat flux for (b). Each point represents one simulation. The
data in red are identical to the data shown in Sect. 3.1, and the data in blue show
the error in the recovered heat flux obtained using the framework. When using the
framework to recover heat flux, it should be noted that if the average Gr/Re* over
a simulation is larger than 1 (which indicates that natural convection is prevalent),
the appropriate natural convection heat transfer coefficient is used to recover the
incident heat flux rather than the framework.

Note that given the discussion above, the framework was only used on simula-
tions for which to average temperature difference between the thermocouple and
air was larger than 15°C. Using this filter, 67% of the simulations were kept and
the rest does not appear in Figure 14. In practice, one would need to know the
ambient air temperature to be able to determine whether the average temperature
difference between the thermocouple and air is larger than 15°C. This can be
achieved using shielded thermocouples.

Figure 14(a) shows that as the convective heat flux increases, the framework
significantly reduces the error in the recovered heat flux. On average, the ratio of
the error for the “‘assuming natural convection” points to the error for the “using
framework™ points is 12. For 99.6% of simulations, the error in the recovered
heat flux is brought down to below 10%, with the exception of a couple points at
low convective heat flux. These points can be eliminated by setting the threshold

100 100
assuming natural convection assuming natural convection

using framework using framework

80

inc (%)

60

entage error
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Figure 14. (a) Plot showing the mean percentage error in the
recovered radiative incident heat flux averaged over time against the
mean convective heat flux when natural convection only is assumed
and when the framework is used. (b) Plot showing the mean
percentage error in the recovered radiative incident heat flux
averaged over time against the ratio of convective to radiative heat
transfer for both cases.
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in difference between thermocouple and air temperature to 20°C instead of 15°C.
In practice, since these points occur at low convective heat transfer, it is best to
assume natural convection.

3.5. Experimental Results

Figure 15 shows the sampled temperatures for the thermocouples attached to the
DFT and the additional thermocouple for the two tests: the first test without fan
and the second with fan. Note that the temperature of the additional thermocou-
ple is not shown for the no-fan case because it is not relevant in the analysis.

For the no-fan test, the unmodified inverse code, which uses a natural convec-
tion correlation to estimate the heat transfer coefficient, was used. For the fan
test, both methods were used: assuming natural convection and using the frame-
work presented in this manuscript. Note that the additional thermocouple temper-
ature was smoothed using a Savitzky-Golay filter (available in the Python package
Numpy) prior to using the framework.

Figure 16 shows the recovered heat fluxes. The data were smoothed for clarity.
As expected, the unmodified inverse code is able to predict the heat flux well for
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Figure 15. Plot showing temperature data for the two tests.
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Figure 16. Plot showing recovered heat flux for the test without fan
(assuming natural convection, red) and for the test with fan (assuming
natural convection, blue and using framework, orange).
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the case where the fan is turned off. For the fan test, the unmodified inverse code
does not predict the heat flux accurately; the mean percentage error with the pre-
scribed heat flux is 25% (or 4.8 kW/m? mean squared error). Note that the heat
flux was not recovered when the heating element was turned off because as
explained above, the framework cannot solve for the heat transfer coefficient when
the air and thermocouple temperatures are too close. Using the proposed frame-
work reduces the mean percentage error to 11% (or 7.94 kW/m? mean squared
error). Although the errors are larger than with synthetic data, the mean percent-
age error is divided by a factor of 2.3 when using the framework and the mean
squared error is divided by 3.9.

4. Conclusion

This work showed that ignoring convection or assuming that natural convection is
the only mode of convection in DFT heat flux measurements can lead to signifi-
cant error at high convective heat flux. This limits the use of DFTs to areas where
convection is not significant; for example, the ground, or to when experiments
have reached a quasi-steady state. Using a modified design for the DFT where a
thermocouple is placed on top of the DFT plate can significantly reduce the error
in heat flux predictions under forced convection conditions. To show this concept,
temperature data for the DFT and the thermocouple were simulated using a for-
ward heat transfer model. Using forced convection heat transfer coefficient corre-
lations and an existing inverse model, the framework utilizes an iterative process
to recover the heat transfer coefficient and radiative heat flux on the DFT. This
framework was tested for simple conditions characteristic of tests run using a cone
calorimeter and reduced the mean squared error in heat flux predictions by a fac-
tor of 25 compared to when it was assumed that natural convection only is signifi-
cant. Additionally, this framework was tested for conditions representative of real
experiments, where the heat flux, air velocity, and ambient temperature are tran-
sient. The error in the recovered heat flux for these cases was low. Lastly, for
24,500 simulations, the heat flux predictions made using the framework were com-
pared to predictions made with the assumption that natural convection only is sig-
nificant. The framework performed poorly when the difference in temperature
between the thermocouple and surrounding air was lower than 15°C. Omitting the
simulations where this condition was met, the framework divided the percentage
error in the predicted heat flux by an average factor of 12. A preliminary experi-
ment was also run using a cone calorimeter and showed that the framework
reduced error by a factor of 2.3.
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