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Abstract

Flame heat flux absorbed by a porous gas-fueled burner is measured in microgravity. The burner’s per-
forated copper plate serves as a slug calorimeter in which two heat flux thermopile sensors are embedded.
The slug calorimeter provides the average heat flux over the burner surface as a function of time. The 25 mm
diameter burner is calibrated as a slug calorimeter in normal gravity using a known radiative heat flux with
step changes. Microgravity diffusion flames were observed in NASA Glenn’s 5.18-s Zero Gravity Research
Facility, and average heat fluxes measured with the calorimeter agree with the locally measured heat fluxes
through a theoretical distribution function. The results show that the average slug calorimeter heat flux and
the two local heat flux measurements are in harmony over a wide range of microgravity flame fluxes ranging
from 5-20 kW/m?, with the edge heat flux much higher. Transient and nearly steady results are presented.

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Measurements of transient heat flux to solid
surfaces have been reviewed comprehensively [1,2].
The preferred methods in fire research involve
temperature-gradient (differential) measurement
gauges [3-7] and calorimetric or energy balance
methods [8-17] because these are suitable for high
heat fluxes and temperatures. Commonly used
gradient-based devices include Gordon gauges
[3] and Schmidt-Boelter (SB) gauges [6]. These
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gauges, which have a good heat sink, must be care-
fully calibrated [7]. When the SB-thermopile gauges
are used to measure heat flux absorbed by a porous
burner, a special calibration technique was devel-
oped [8].

Slug calorimeters allow the measurement of
incident heat flux based on the temperature of
an isothermal slug, typically made of copper.
Slug calorimeters are simple to design, and they
have been standardized [9]. NASA has utilized
flat-faced slug calorimeters for use on spacecraft
during re-entry into the atmosphere [10]. Thin-
skin calorimeters have been developed for mea-
suring the irradiation for large-scale compart-
ment fire testing [11,12]. Recently, Hubble [13] de-
veloped a directional slug calorimeter for mea-
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Nomenclature
A surface area
B Spalding B number
¢ specific heat
D diameter
e thermal effusivity
F heat flux to semi-infinite back
h convective heat transfer coefficient
h, effective heat transfer coefficient be-
tween semi-infinite back and plate
Nyod effective heat transfer coefficient be-
tween sensor rod and plate
H thickness of copper plate
k thermal conductivity
m’ fuel mass flux
m mass flow rate
(mc)c, heat capacity of copper
p pressure
q’ heat flux
0 heat loss
r radius
R burner radius
R* radius of heat flux sensor
t time
T temperature
X depth along the semi-infinite back
X mole fraction
Greek
& ellipsoidal coordinate
n ellipsoidal coordinate
a absorptivity
8 thermal length
€ emissivity or ellipsoidal aspect ratio
o density
o Stefan—Boltzmann constant
Subscripts
abs absorbed
avg average
b semi-infinite back
Cu copper plate surface excluding
holes
Cu + holes copper plate surface including
holes
g fuel gas
h hole
i incident
0 semi-infinite back at x =0
rod sensor rod
') ambient

suring heat flux in a severe high temperature
environment.

The burner considered here has been developed
for the ACME Burning Rate Emulation (BRE)
flight experiment [8,14,15]. It is a 25 mm diameter
porous gas-fueled burner that emulates the burn-
ing of condensed phase fuels. The burner has a flat

copper surface that is equipped with two Schmidt—
Boelter type heat flux sensors for local measure-
ments [8,14,15]. The BRE flames have been shown
to emulate liquid and solid pool fires. For liquid
pool fires, the heat flux and burning rate vary signif-
icantly in the radial direction [16,17]. Hence, a slug
calorimeter is ideal for measuring the average heat
flux from the flame. Tests are performed in micro-
gravity with an eye toward spacecraft fire safety.

The objective of the current study is to mea-
sure the local and average absorbed heat flux on the
BRE burner in microgravity. An analytical model is
presented to relate the local and average heat fluxes.
It will be shown that the accuracy of the heat flux
measurements, both local and average, are brought
into good agreement by the theory.

2. Model

The BRE burner consists of a copper plate per-
forated with holes, a ceramic flow straightener and
stainless-steel sidewalls. The exposed surface of the
copper plate is coated with a paint of measured ab-
sorptivity and emissivity [18]. The burner has two
SB non-water-cooled heat flux sensors and two K-
type thermocouples in the burner surface for mea-
suring the local absorbed heat flux and the slug tem-
perature, respectively. The locations of the thermo-
couples and heat flux sensors are at the center and
a radius of R*=8.25mm.

The slug calorimetric model provides a direct
measurement of the average absorbed heat flux for
the BRE burner by utilizing only the temperature
measurements of the copper plate. Here, the 25 mm
burner with a copper slug thickness of 6.35mm is
used. A schematic of the top copper plate of the
burner encased by a control volume is shown in
Fig. 1. This copper slug is exposed to an incident
heat flux ¢ and it loses heat through re-radiation,
convection (during calibration), heat transfer to the
flowing gas in the holes, heat transfer to the two
sensor rods, and heat transfer to the sidewalls and
flow straightener. Figure 1 shows two heating con-
ditions: (1) uniform radiant heat flux for calibra-
tion, and (2) heat from the flame in the micrograv-
ity drop tests. Both are important to understand the
calibration and the flame measurements.

2.1. Description of the calorimeter model

It is justified that the temperature of the cop-
per slug does not vary spatially since its thermal re-
sponse time, based on a copper thermal diffusivity
of 10~* m?/s, is less than 0.5s with respect to the
copper depth of 6.35 mm and diameter of 25 mm.
The sidewalls and the flow straightener are mod-
eled as a single homogeneous semi-infinite body.
The heat transfer between the copper plate and this
semi-infinite body is modeled as a linear heat flow
(ho(T — T,)) through the air gap. The fuel enters the
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Fig. 1. Schematic representation (not drawn to scale) of the top copper plate of the BRE burner.

porous copper plate at the temperature of the back
(straightener + sidewalls) 7, and is assumed to at-
tain the temperature of the copper plate 7" before
exiting the plate. The re-radiation from the top sur-
face of the copper plate and the holes is to the am-
bient. The re-radiation area is the entire control vol-
ume surface area over the top of the copper plate,
including the projection of the holes, Acynores- The
convective heat loss is from the exposed top surface
of the solid copper, A¢,. This term is only present
during calibration and not relevant for the micro-
gravity flame measurements.

2.2. Energy conservation for the copper calorimeter
during calibration

As shown in Fig. 1, the porous copper plate is
modeled as a lumped system (uniform temperature)
where the net heat absorbed by the copper plate
is represented by several different energy compo-
nents. Each term will be described as the model
is developed. The following conservation equation
for the copper is written with application first to the
uniform radiant flux case in calibration:

qZhSACu+lzal(’s' =« f];/ ACu+/mles = (ch)Cu (dT/ dt)
+e€ UACu+holes (T4 - To40)
+h ACu(T - Too) + Qg + Qrod + Qb-
(M

Here, (mc)c, is the heat capacity of copper, « is
the absorptivity of the top surface, € is the emissiv-
ity and / is the convective heat transfer coefficient.
Each term in Eq. (1) is further described below.

The rate of change of internal energy of the
copper plate is (mc)c, (dT / dt). The temporally-
resolved temperature of the copper plate is mea-
sured and dT / dt is determined from the measured
temperatures using the built-in 19-point LINEST
function in MS Excel.

The control volume in Fig. 1 shows that heat
is lost from the copper plate to the gas flowing

through the holes at a mass flow rate of #1,. The
gas temperature increases from 7, entering to 7 at
the exit of the copper slug. The heat loss to the fuel
gas Qg can be expressed as

Q=g cg (T — To), 2
where ¢, is the specific heat of the gas mixture. The
mass flow rate of the fuel and the copper temper-
ature are measured. The temperature of the gas at
entry, i.e., the temperature of the semi-infinite back,
is derived below.

The re-radiation term, € 0 Acyipores (T4 — T2),
requires knowledge of the emissivity. The emissiv-
ity of the top surface corresponds to paint used
(Nextel Suede 3101), which has been measured as
approximately 1 [18].

The convective loss term, & Ac, (T — Ty), re-
quires the heat transfer coefficient. During calibra-
tion, the burner surface is in the vertical plane.
Thus, the convective heat transfer coefficient is de-
termined assuming natural convection from a ver-
tical plane [19]. 4 as given in Ref. [19] is a function
of temperature and diameter of the burner, lying in
the range of 10-30 W/m?2-K for the current calibra-
tion tests.

Detail A in Fig. 1 indicates that the copper plate
transfers heat to the heat flux sensor rods. This de-
pends on the level of contact between the rods and
the plate. An effective heat transfer coefficient, /44,
is assumed. Thus, the heat loss to the sensor rods is

Orod = Mroa A (T — Trug), 3)

where A, (= n D, H) is the surface area of the hole
and T,,, is the temperature of the thermopile. The
parameter /,,, is a calibration parameter deter-
mined for the burner.

The heat transfer from the back of the copper
plate is considered as a linear heat flow to the semi-
infinite medium (sidewalls + flow straightener) and
it is expressed as

Ql7 = ho ACquholes (T - To)7 (4)
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where £, is an effective heat transfer coefficient for
the space between the copper and the semi-infinite
back. The parameter /4, needs to be determined
in the calibration, and temperature 7, is derived
below.

The material behind the copper plate consists of
stainless steel sidewalls and a ceramic flow straight-
ener. The heat transfer from the copper plate is im-
posed on this semi-infinite body from Eq. (4) and
the heat flux is designated as

F=h, (T —T,). (5)

An approximate integral solution for a semi-
infinite solid, with an imposed time varying surface
heat flux (F) is now obtained. The temperature at
any point along the semi-infinite back is defined
as T,(x, t) such that 7,(0, ¢) = T,. The back (steel
walls and ceramic) has a specific heat c;, density pp
and thermal conductivity k;, which are constant for
a specific burner configuration. The heat conduc-
tion equation for the semi-infinite back is

prcy(d Ty /01) = k(07T /0x7). (6)

For the integral model, the back temperature 7}
is assumed to be

Ty = a+ b(x/8) + c(x/8)’, (7)

where a, b, and ¢ are constants and § is the ther-
mal length, i.e., the penetration depth of the ther-
mal layer. The boundary conditions for the back
temperature are defined such that the heat flux
at the bottom surface of the copper plate (x =
0) is —k, 0T,/0x =F, and at infinity (x = §),
the temperature is ambient. Using the boundary
conditions and Eq. (7) for the back temperature
T,, we can find the constants a, b, and c. This
yields

T,,:Tm+§—ll;<l—§)2. )

A solution for § is obtained by integrating

Eq. (6) from 0 to 8. Inserting Eq. (8) yields the ther-
mal length,

12
6ky [ Fdt
5= |:”f0i| ) )

opcpF

This allows T, to be expressed as

hy

€p

; 12
[I.S(T—To)/o (T—To)df] ,
(10)

where e, = (kyppcpy)'/? is the thermal effusivity of
the semi-infinite back. The parameters e, and 4,
are burner-specific and need to be determined. The
explicit finite difference scheme can be utilized to

solve Eq. (10). The heat loss to the back can then
be found.

2.3. Determination of burner-specific parameters

The three parameters 4,,4, 1, and e, are burner-
specific and must be determined through calibra-
tion. Three conditions are required. Two conditions
are given for the absorbed radiant heat flux mea-
sured at the beginning and the end of the calibra-
tion. This heat flux is found using a Medtherm heat
flux sensor traceable to a NIST standard [18]. Sub-
stituting the measured absorbed heat flux ¢/, into
Eq. (1) at t = 0 and ¢ = 5s, yields two of the pa-
rameters /1,,; and 5,. The third parameter e, comes
from Eq. (10) that relates 4, and e;,. The procedure
utilized to determine the burner-specific quantities
is discussed below.

3. Calibration of the BRE burner as a slug
calorimeter

A radiant infrared heat source is utilized in
normal gravity to calibrate the 25mm diameter
BRE burner heat flux instruments. The absorbed
heat flux from the radiant source is measured us-
ing the Medtherm SB-heat flux sensors in the
burner. These are 0.8 mm diameter uncooled heat
flux sensors located at the center and a radius of
R*=28.25mm. The paint used on the sensors and
the copper surface is Nextel Suede 3101 that has
been found to have an emissivity of 1 and an ab-
sorptivity of 0.98 [18]. The Medtherm heat flux sen-
sors have been calibrated against a NIST standard
as illustrated in Ref. [18]. The calibration setup,
shown in Fig. 2, consists of the burner mounted
on a stand with its top surface vertical and facing
the radiant heater. During the calibration there is
no gas flow through the burner; hence, Qg =0. The
variation of heat flux over the face of the burner
was found to be negligible.

Adjusting the distance between the burner and
the heater changes the heat flux at the burner sur-
face. The calibration began with a heat flux of
about 5 kW/m?. This was increased in discrete steps
to about 10 kW/m? and then decreased in discrete
steps to zero. The heat flux is maintained at each
level for about 2 minutes. The local heat flux sensors
record the absorbed radiant heat flux by the ther-
mopile. The ambient temperature, the copper tem-
perature and the sensor temperatures are recorded
at every time step. The initial and final SB heat flux
sensor readings are used to calibrate the copper slug
calorimeter and to determine the quantities: 4,04, /1,
and e

It was found for the 25mm BRE burner:
hyoa = 1408 Wim2-K, h,=81W/m2-K, e, =4899
(W/m?-K)-s2. The calorimetry model, given by
Eq. (1), can now be used to determine the average
absorbed heat flux using these quantities. The other
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Fig. 3. Verification of the calorimetry model for the BRE
burner.

fixed parameters for the 25mm BRE burner are:
Acy=3.448 x 1074 m?, Acyiholes =491 x 1074 m?,
A, =3.55x 1073 m?, and (mc)c, =7 /K.

To demonstrate its accuracy and response, the
calorimeter absorbed heat flux is compared to the
NIST calibrated heat flux sensor over step changes
as shown in Fig. 3. The calorimetry model deter-
mines the absorbed heat flux accurately over these
sharp changes in time. The copper temperature uti-
lized for the calorimeter heat flux is also plotted in
Fig. 3.

4. Measurement of absorbed heat flux in
microgravity

Two different heat flux measurement techniques
are used to determine the absorbed flame total con-
vective and radiative heat flux for the 25 mm BRE
burner during microgravity tests at NASA Glenn’s
5.18-s Zero Gravity Research Facility [15]: (a) local
measurement using SB-Medtherm thermopile heat
flux sensors and (b) the average measurement using
slug calorimetry model given by Eq. (1). The SB-

sensors are corrected for temperatures differently
from the copper surface as explained in Ref. [8].
These sensors are located at the center and a radius
of R*=8.25mm.

The same BRE burner-specific parameters are
used to determine the average flame heat flux over
the burner surface during each microgravity test.
For this Eq. (1) is reformulated to apply to the case
of flame heating as

qus ACu+hole.v = (m C)Cu (dT / dl)
+e€o ACu+ht)le.v (T4 - Tot) + Qg
+Qrod + Qb’ (11)

Here Qg is required, while the convective heating
term is not relevant. Figure 4 shows the average ab-
sorbed heat flux measured by the calorimeter along
with the local heat flux sensor measurements for
two representative microgravity test durations of
about 5s. Negative times correspond to heat fluxes
in normal gravity during the ignition process be-
fore microgravity. The average heat flux in normal
gravity is 44-48 kW/m?, but at the end of the 5-s in
microgravity, approaching a quasi-steady state, this
reduces to 12-17 kW/m?. The flow effects of buoy-
ancy in 1 g causes the flame to be much closer to
the surface that causes the average heat flux to be
much higher in 1g than in microgravity. The two
local sensor heat fluxes are lower, as discussed be-
low.

The highest heat flux is at the edge, where the
flame is closest to the burner. Indeed, this can be
deduced from the pure conduction problem [20].
More thoroughly this is shown in Ref. [21], where
the pure diffusive combustion problem is formu-
lated in oblate ellipsoidal coordinates (£, n) and
shown to be one-dimensional depending only on
the ellipsoidal coordinate (¢§) and time. The diffu-
sive heat flux in microgravity is proportional to the
temperature gradient (¢”(r) = —kVT). The BRE
burner geometry is approximated in this solution as
an axially symmetric porous disc (with ellipsoidal
aspect ratio € = 0). The mathematical representa-
tion of the gradient operator from ellipsoidal to
cylindrical coordinates gives the surface heat flux
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as:

1 kdT
%)=%wn:=—————Pf—}
qr =0 i — (/R) R dE |,

§'(r=0)

= (12)

JUi—a/R?

The average heat flux is determined as ¢

"o
avg —

fOR q"(r) 2rr dr/m R?, and hence, the surface heat
flux distribution can be expressed in terms of the

average as
1
qavg

2./1 = (r/R) '

This equation relates the local measurements to
the average calorimeter heat flux measurement. Ac-
cording to the theoretical Eq. (13), heat flux reaches
a singularity at the edge for the flat disc solution.
However, realistically the flame is close to the edge
and hence, the heat flux is very high (not infinite for
nonzero €).

Let us test Eq. (13) with the heat flux measure-
ments in the nearly steady regime at the end of
the 5s duration, for the tests of Fig. 4. The radial

q'(r)= (13)
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distribution of heat flux using Eq. (13) based on the
copper slug calorimeter measurement (Gavg) is in re-
markable agreement with the two local SB-heat flux
measurements as shown in Fig. 5. The distribution
computed from the theory by the slug calorimeter
average heat flux measurement nearly identically
matches the two local processed thermopile mea-
surements.

The model is further applied to 18 micrograv-
ity tests conducted using the 25 mm BRE burner
[15]. The calorimeter average heat flux at 5s is plot-
ted in Fig. 6 for each microgravity test with the
average heat flux derived from each sensor mea-
surement using Eq. (13). These are nearly steady
heat flux results, although the flame is still growing.
Figure 6 contains the entirety of the 18 micrograv-
ity tests and demonstrates the overall consistency
of the calorimeter average heat flux with the the-
oretical average using Eq. (13) based on the local
heat flux sensor measurements. The consistency is
mostly within 4 /— 10 % except at low heat flux.

The average flame heat flux for the 25 mm em-
ulated burning in microgravity varies between 5—
20kW/m? and represents a wide range of con-
densed fuels. This heat flux is directly related to con-
densed fuel’s B number [14,15].

Conclusions

An absorbed heat flux measurement technique
for the BRE burner flames in microgravity is
presented. This is based on slug calorimetry and
thermopile sensors. The local heat flux is measured
using burner embedded heat flux sensors and the
average heat flux is measured using the burner top
copper plate as a calorimeter. The calibration of the
calorimeter with a known radiant heat flux displays
good accuracy and time response to allow its use

in microgravity. The local heat flux measurements
in microgravity have an inverse-square root depen-
dence on radius, with the highest fluxes at the edge.
The heat flux from a 25mm disc burning in mi-
crogravity is expected to be about 5-20 kW/m? de-
pending on the emulated fuel. The calorimeter tech-
nique is planned for use in proposed ACME-ISS
experiments where steady conditions will be
sought.
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