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High Heat-Flux Sensor Calibration: A Monte Carlo Modeling
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Conventional calibration of heat-flux sensors uses high-temperature blackbody radiation and places the sensors
away from the blackbody aperture. This approach limits the achievable calibration heat flux to about 50 kW/m?2.
Recent interest in extension of the calibration to higher heat-flux levels requires placement the sensors inside the
heated cavity under nearly hemispherical irradiation environment. The incident flux at the sensor location depends
on the effective emissivity, which is a function of the combined cavity and sensor geometry, and the properties of
the radiating surfaces. A scheme is presented to compute the effective emissivity for such measurement schemes
by the use of the Monte Carlo technique. Typical results presented demonstrate the influence of the cavity wall
surface emissivity and diffusity, nonuniform temperature distributions, and the sensor location on the calculated
effective emissivity. The computations show that the optimum location for the sensor is at a distance of about one
cavity radius from the cavity bottom. The effective emissivity at this location has a high value, even in the presence
of a linear wall-temperature variation, and is relatively insensitive to the cavity-wall temperature gradient. The
use of a reflecting shield to increase the effective emissivity is also investigated.

Nomenclature

= hemispherical radiative flux
diffusity

diameter

cylindrical cavity length
temperature, K

distance from cavity base to sensor
incremental change

emissivity

reflectance

= Stefan-Boltzmann constant
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Subscripts

ambient conditions
refers to cavity bottom
refers to cavity

refers to cavity exit
effective value
sensor-holder surface
isothermal conditions
reference value

refers to sensor

refers to reflecting shield
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Introduction

HE use of blackbody radiant sources is ubiquitous in radiation
thermometry. Practical blackbody sources have an effective
emissivity of nearly unity over a wide spectral range when observed
normally or within a narrow view angle as in radiometric appli-
cations. Typical applications are in radiance temperature measure-
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ments and photometry, where the measuring instrument is located
far away from the blackbody aperture. The effective emissivity will
be nearly unity for the viewing conditions, but the associated irradi-
ance will be small. Another important application of the blackbody
radiation is in the calibration of heat-flux sensors.'? These sensors,
typically used in aerospace applications and fire research, operate
at irradiance or heat-flux levels from about 50 kW -m~? to in ex-
cess of 1000 kW - m~2, much higher than encountered in radiance
temperature calibrations. Blackbody sources can deliver such high
heat-flux levels with the upper limit given by the Stefan—Boltzmann
equation corresponding to the cavity temperature. However, cali-
bration at high heat-flux levels requires placement of the sensors
close to the blackbody aperture or even inside the cavity.

This situation leads to large view angles, hemispherical when
inside the cavity between the sensor and the radiating source. More-
over, the proximity of a sensor to the heated cavity walls results
in radiation heat exchange between the walls and the cold sensor-
holder assembly. Factors such as the absorptance of the sensor coat-
ing, the cavity-wall emissivity, and the non-uniform temperature
distribution of the source tend to reduce the effective emissivity at
the measurement location from the theoretical value of unity. The
determination of the effective emissivity and the incident radiation
at the sensor location requires that account be taken for all of the
aforementioned factors.

Accurate experimental determination of the effective emissivity
of the radiating cavities is difficult. Therefore, considerable atten-
tion is devoted to the calculation of effective emissivity by analytical
or numerical methods. The calculations for the isothermal and non-
isothermal cavities with diffusely emitting and reflecting walls are
amenable to analysis by the use of various methods for numerical
solution of radiation heat transfer integral equations.’ In the last
two decades, the Monte Carlo method has emerged as a powerful
tool for effective emissivities computation of cavities having com-
plicated shapes and diffuse or specular-diffuse walls.*~® However,
most of these studies are applicable to conditions when the view is
from outside of the blackbody aperture.

This paper presents an application of the Monte Carlo method and
appropriate software!” to calculate the effective emissivity for loca-
tions inside cylindrical cavity. Most of the high-temperature black-
bodies in use are of cylindrical shape and made of graphite mate-
rial. The test configuration corresponds to a sensor-holder assembly
placed at different locations inside the heated cavity. The analy-
sis models the cavity-sensor assembly as a closed, nonisothermal
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enclosure with an infinitesimally small aperture at the sensor loca-
tion. The following sections give a brief description of the method,
along with typical results showing the effect of the sensor holder to
cavity diameter ratio, walls emissivity and diffusity, and nonuniform
temperature distribution along the cavity internal surface.

Method of Computations

The STEEP3 program uses the Monte Carlo method®~!! to cal-
culate the spectral and total effective emissivity of axisymmetric
cavity shapes, formed by rotation of a nonself crossing polygonal
line around the axis of symmetry. The method assumes uniform
optical properties across each surface that corresponds to the ith
segment of the generatrix. Each surface emits diffusely (according
to Lambert’s law), with an emissivity ¢;. According to the specular-
diffuse reflection model employed, the directional-hemispherical
reflectivity p;(=1 —¢;) is independent of the angle of the radia-
tion incidence, and the reflected radiation is the sum of diffuse and
specular components for each angle of incidence. The value of dif-
fusity D; (not to be confused with diffusivity) of the ith surface,
representing the ratio of diffusely reflected energy to the full energy
reflected over the hemispherical solid angle, is also independent of
the incidence angle.

The analysis based on ray optics does not consider the diffraction
losses at the aperture edges and assumes that the polarization effects
are negligible due to multiple reflections in the cavity. The effective
emissivity of a cavity depends on the viewing solid angle at the
observation point. For the present problem, the view angle is hemi-
spherical. Therefore, for a nonisothermal cavity, the corresponding
hemispherical effective emissivity is

eeit(Tret) = B [0 T
For a nonisothermal cavity, the value of B is the superposition of

thermal radiation fluxes from surfaces having different temperatures
and fluxes transferred by multiple reflections; thus, the unambigu-

MURTHY, PROKHOROV, AND DEWITT

ous determination of 7Ty is impossible. The computed value of e
depends on the choice of Ti.s, which is arbitrary and is a conditional
quantity important only for the fulfillment of the relationship

Eefit (Tref,1) T;:f 1= Eefi (Tref,2) T;if,z

The program uses the principle of optical reciprocity and a back-
ward ray tracing technique to calculate the effective emissivity. A
recent work'? demonstrates the equivalence of the backward ray
tracing technique with the forward ray tracing, where ray trajecto-
ries originate at the emitting surface of the cavity.

Consider the sensor-holder assembly inserted into the radiating
cavity. Itis possible to obtain a new cavity configuration by replace-
ment of the annular gap between the cavity aperture and the sensor’s
holder by a virtual black surface at environmental temperature 7,
and to make a centrally positioned circular opening of small radius
on the sensor surface. The new configuration consists of both real
and virtual surfaces and has a tiny aperture in the center of the sen-
sor. With the new cavity configuration, it is possible to compute the
hemispherical effective emissivity by the use of the STEEP3 pro-
gram. We required that the small virtual opening does not disturb
the radiation field inside the cavity. This hypothesis supposes that
the effective emissivity for hemispherical irradiation at the sensor’s
center must be the same as the hemispherical effective emissivity of
the small opening in the sensor’s center. The calculations are valid
when the distance between the sensor location and the cavity end is
larger than the virtual aperture radius.

Computational Model

Figure 1 shows a typical calibration arrangement and the cor-
responding modeling geometry used in the computations. The
blackbody-aperture diameter is the same as the cavity diameter for
the present analysis. The water-cooled sensor mounted at the tip of
a long holder is placed inside the heated cavity during calibration
(Fig. 1a). With the observation point inside the cavity, the field of
view is hemispherical for the arrangement shown. This arrangement
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Fig. 1 Modeling for Monte Carlo calculations: a) typical experimental arrangement and b) closed enclosure model.
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Table 1 Initial data for numerical modeling

Parameter Value(s)
Cylindrical cavity length L 5
Cylindrical cavity diameter d, 1
Sensor-holder diameter dj, 0.25, 0.50, 0.75
Sensing region diameter d; 0.125,0.25, 0.5

Distance from sensor to cavity bottom Oto5

Emissivity of graphite cavity walls &, 0.7,0.8,0.9
Diffusity of graphite cavity walls D, 0.5,0.75, 1
Emissivity of sensor holder &, 0.5
Diffusity of sensor holder D, 0
Emissivity of sensor receiving area & 0.95
Diffusity of sensor receiving area Dy 1
Reference temperature Trer, K 1000
Cavity bottom temperature 73, K 1000
Cavity edge temperature 7,, K 1000, 980, 960, 940
Sensor-holder temperature 73, K 300
Sensor temperature T, K 300
Ambient temperature 7,, K 300

is in contrast to conventional usage of blackbodies with the obser-
vation point located outside the blackbody aperture. Most of the
software programs, including STEEP3, analyze conventional con-
figurations only. Figure 1b shows the cavity-sensor-holder modeling
used to adapt the STEEP3 program for the present analysis with the
observation point inside the cavity.

The computational model (Fig. 1b) represents the boundary con-
sisting of the blackbody cavity (A—C), sensor-holder (D-E), and the
annular opening at the blackbody exit (C-D) as a closed enclosure,
with a vanishingly small aperture at the sensor (F). The temperature
distribution and the emissivity along the various segments of the
closed boundary can be either uniform or varying to represent both
isothermal and nonisothermal conditions of the radiating cavity. A
virtual black surface at ambient temperature representing the annu-
lar area at the cavity exit completely absorbs the radiation escaping
from the cavity.

Table 1 lists the values of the various parameters used in the nu-
merical modeling. All geometrical parameters represent the relative
units of length. The cylindrical cavity geometry had a length-to-
diameter (L/d,.) ratio of five, which is representative of the high-
temperature graphite blackbody geometry currently in use for exper-
imental evaluation studies. The sensor-holder diameter (d),) values
in the modeling corresponded to holder-to-cavity diameter ratios
(dy/d.) of 0.25, 0.50, and 0.75. The location of the sensor is at the
center of the holder end surface. The sensing area is usually small,
but the entire end surface is usually painted with high absorptance
paint. However, the present calculations consider cases with the full,
as well as a smaller region covered with high absorptance paint. The
sensor location inside the cavity varied from the cavity bottom to
the exit.

The emissivity of the graphite material, used in the manu-
facture of high-temperature blackbodies, varies widely depend-
ing on the grade of the material. Hence, three nominal values
of cavity surface emissivity ¢, =0.7, 0.8, and 0.9 were cho-
sen for the calculations. The angular distribution of radiation re-
flected from graphite surface depends on its roughness, wave-
length, and other factors. Significant peaks of specular reflection
are observable only for grazing incidence angles and in the far-
infrared region. We assumed that the cavity walls reflect diffusely
(D =1). The influence of the specular component was evaluated
separately.

The temperature distribution along the cavity base (A-B) and
length (B—C) was either uniform for the isothermal-cavity condi-
tions, or linearly varying to represent the temperature gradient ef-
fects. The temperature of the virtual black surface (C-D) was set
equal to the ambient value of 300 K.

After insertion of the sensor-holder assembly inside the heated
cavity, the rise in sensor temperature is not significant due to water
cooling. The holder will normally have a polished surface, and the
sensor surface coated with high absorptance paint. Therefore, the
temperature of the sensor and the holder were also considered to be

at ambient value, along with typical emissivity values of ¢, =0.5
and &, =0.95, respectively.

The cooled sensor-holder assembly, when inserted into the cavity,
causes an increase in the blackbody heating power that is necessary
to reach a given mean cavity temperature. However, the blackbody
control system regulates the cavity temperature by maintaining the
cavity-bottom temperature at the set value. The temperature distribu-
tion along the cavity depends on details of the design of the graphite
heating element, the outer insulation, and the blackbody cooling ar-
rangement. The related heat transfer process can be quite complex
and needs experimental evaluation for the particular blackbody fa-
cility to determine the furnace loading. A simplistic approach is to
assume that the heat losses are nearly same along the cavity length
when the sensor is close to the cavity bottom, with the consequent
effect on the shape of temperature distribution small. Therefore, we
modeled the cavity-wall temperature gradient effect by considering
the isothermal bottom at 7,, where the temperature is controlled,
and a linear drop along cylindrical generatrix down to temperature
T, at the cavity edge.

Numerical Results and Discussion

The accuracy of effective emissivity calculations by the use of
the STEEP3 program depends on two parameters: uncertainty due
to truncation of ray trajectories, which determines the minimal ra-
diation flux transferred by ray tracing, and the random error that
decreases with an increase in the number of rays traced. From a
series numerical experiments, we found that employing 107 rays
ensures a random component of uncertainty less than 10~ from the
computed value of the effective emissivity for e.; > 0.95. We set
the uncertainty due to truncation of ray trajectories at 10~ from the
initial radiance of a ray.

Preliminary numerical experiments showed that, for values of the
virtual aperture to blackbody cavity-diameter ratio less than 0.001,
the equivalent cavity behaves like an absolute closed cavity with no
significant change in the computed effective emissivity.

Isothermal Cavity

First, the isothermal case with the cavity walls at a uniform tem-
perature of 1000 K was considered. Figure 2 shows the results of
the calculations for different sensor locations inside the cavity, for
three values of the sensor-holder size.

When the sensor is close to the cavity base (x /d,. = 0), the internal
reflections of the rays within the cavity do not reach the sensor.
Hence, the effective emissivity (e.) Will be close to the cavity-wall
emissivity (&.), or somewhat higher. When the sensor is moved away
from the cavity base, the effective emissivity increases rapidly, up to
a distance of about x /d. = 0.5, due to the contribution of reflected
rays within the cavity reaching the sensor surface. Reduction of the
holder size for a specified wall emissivity also results in a steeper
increase in the effective emissivity near the cavity base.

For sensor locations x /d,. > 0.5, the effective emissivity increases
gradually with distance and reaches a limiting value at a distance
of about one cavity diameter from the base. The increase beyond
x/d. > 1 is not significant. In the range x/d. = 1-4, the effective
emissivity is nearly uniform and drops slightly near the exit re-
gion due to the annular opening. These results demonstrate that the
dominant effect determining the effective emissivity of an isother-
mal cavity is the wall emissivity close to the cavity base and close
to the open end near the cavity exit. In between, a region of nearly
uniform effective emissivity exists for isothermal-cavity conditions.
However, the value of the calculated emissivity in the uniform re-
gion depends on the cavity-wall emissivity and the sensor-holder
diameter.

The observed trend in effective emissivity variation with distance
is similar for all wall emissivity values e, = 0.7, 0.8, and 0.9. With a
decrease in holder size, the effective emissivity value in the uniform
zone increases rapidly. For d,/d. =0.25, the effective emissivity
value is about 0.988 for &. = 0.7, and 0.998 for &. =0.9. The corre-
sponding values for dj, /d. =0.25 are 0.954 and 0.988 for ¢, =0.7
and 0.9, respectively. Typical variation with holder size at a fixed lo-
cation of sensor corresponding x /d. = 1.0 is shown in Fig. 3. These
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Fig. 2 Effective emissivity inside a diffuse cylindrical isothermal cavity (¢;, = 0.5 and &, = 0.95).
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Fig. 3 Holder size effect on effective emissivity for isothermal cavity at x/d. = 1 (¢, = 0.5 and &, = 0.95).

calculations demonstrate the need to keep the holder size as small as
possible to achieve a high value of effective emissivity at the sensor
location.

Because of the absence of data on cavity-wall diffusity, we per-
formed a numerical study for different values of D in the range 0-1.
Figure 4 shows the influence of diffusity on the effective emissivity
for values of d, /d. = 0.25, 0.50, and 0.75, and ¢, = 0.7, 0.8, and 0.9
corresponding to isothermal cavity-wall temperature distribution.
The results demonstrate the weak dependences of effective emis-
sivity on wall diffusity. For ¢, =0.7 and d}, /d. = 0.25, the effective
emissivity increases from 0.978 to 0.982 for diffusity values of 0.5
and 1.0, respectively. The change is much lower with increasing
holder diameter and higher cavity-wall surface emissivity. These
calculations confirm the well-established thesis'? that for cavities
with small values of aperture-to-inner surface ratio, the angular dis-
tribution of reflected radiation has little influence on the calculated
effective emissivity value.

Nonisothermal Cavity

The foregoing calculations refer to a cavity with uniform temper-
ature distribution on the internal surface. However, practical black-
bodies deviate from isothermal conditions due to nonuniform heat-

ing and cooling conditions and often exhibit a temperature gradient
along the cavity length. To study the influence of nonuniform tem-
perature distribution on the effective emissivity, calculations were
performed under the assumption of a linear temperature decrease
along the cavity length.

Figure 5 shows the temperature distribution used for nonisother-
mal calculations. Over the cavitybase (A-B), the distribution was
uniform at 1000 K. The variation from the cavitybase (B) to the exit
(C) was linear with the temperature at the exit location (C), specified
at 980, 960 and 940 K. The distribution was uniform at 300 K over
the other segments of the boundary (C-F).

Figure 6 shows the results of the calculated effective emissivity
for three values of the cavity surface emissivity and different lo-
cations inside the cavity, for both isothermal and non-isothermal
conditions. The results presented correspond to the case when the
holder diameter is one-half of the cavity diameter (d;,/d. =0.5),
with the holder and sensor surface emissivity values of 0.5 and
0.95, respectively. The cavity base temperature (1000 K) was used
as reference to calculate the effective emissivity.

In the region close to the cavity base up to x/d. =~ 0.5, the tem-
perature gradient has little effect on the calculated emissivity and is
dependent only on the cavity-wall emissivity €.. As can be expected,
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an increase in &, results in a higher effective emissivity for a given
location. The effective emissivity peaks in the region x /d,. ~ 0.5 and
then decreases away from the base when the temperature gradient
effects are included. As mentioned before, in the range x/d. = 1-
4, the effective emissivity is nearly uniform only for the isothermal
case. The drop from the isothermal cavity values is a strong function
of the temperature gradient and the distance away from the base. At
location x/d.=2.0, even with a low-temperature gradient corre-
sponding to 980 K at the cavity exit and a wall emissivity ¢, = 0.9,
the effective emissivity drops to 0.972 from the isothermal value of
0.993.

Figure 7 shows the relative change in the effective emissivity with
respect to the isothermal value for location x /d. = 0.5, 1.0, and 2.0.
The relative change from an isothermal value was weakly dependent
on the wall emissivity in the range 0.7-0.9 corresponding to graphite
material.

These results suggest that, for a nonisothermal cavity, whereas
cavity wall emissivity dominates near the base, the nonuniform
temperature distribution significantly affects the effective emissiv-
ity away from the base. Because it is more likely that practical
blackbodies have or develop temperature gradients, the results sug-
gest that the region x /d. ~ 0.5 represents a suitable location where
the effective emissivity is least influenced by temperature gradient
effects. The results presented in Fig. 7 correspond to the case of
dy/d.=0.5. Similar behavior was also noted for d;,/d. =0.25 and
0.75.

Holder Emissivity Effects

The holder surface emissivity ¢, influences the irradiance at the
sensor surface by affecting the magnitude of internal reflections
reaching the sensor. It is desirable to have a highly reflective surface
(low emissivity) for the holder to ensure a high value of the effec-
tive emissivity. The isothermal and nonisothermal results discussed
earlier correspond to a holder emissivity value e, =0.5. The effect
of variation of the holder emissivity on the effective emissivity at
location x/d. =1 is shown in Fig. 8 for both isothermal and non-
isothermal cavity conditions. The corresponding cavity emissivity
was 0.8, and the holder to cavity diameter ratio was 0.5. With in-
creasing holder emissivity from 0.1 to 0.7, the effective emissivity
decreases almost linearly for the isothermal and nonisothermal cav-
ity conditions considered. The decrease from the isothermal value
is about 0.005 and is nearly the same for all of the cases considered.

Implications for Testing

The parametric studies highlight the important factors that need
consideration during calibration at high heat-flux levels by place-
ment of the sensor inside a heated blackbody cavity. For the cylindri-
cal cavity shape commonly used for high temperatures, itis desirable
to place the sensor at a location where the influence of temperature
gradient and the emissivity of the cavity-wall surface are minimal
on the effective emissivity.

Close to the cavity base, the influence of the temperature gra-
dient along the cavity length on the calculated emissivity is small.
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However, the effective emissivity in this region is significantly lower
than unity and highly sensitive to the location because of the rapid
rise in magnitude when it is moved away from the base. A previous
study'* reports experiments on a sensor with a 12.5-mm holder in
a 25-mm-diam cavity at a distance of 3 mm from the cavity base.
A blackbody radiation environment, with an effective emissivity of
unity, was assumed at this location. The present calculations show
that such an assumption can result in an overestimate of the irradi-
ance at the sensor location. The emissivity of graphite material used
for the cavity wall can show a large spectral variation. Despite this
variation, the effective emissivity at a distance of about one radius
from the base does not change significantly. The effective emissiv-
ity at this location, although significantly higher, will still be lower
than unity and needs to be determined for the specific experimental
conditions.

Calculations with different holder sizes show that the smaller the
holder size, the higher the effective emissivity will be at a given
location. However, there may be other practical limitations. During
testing, the insertion and removal of the cold sensor holder into the
heated cavity is for a short duration. If the holder size is large, the
holder can introduce severe thermal loading on the blackbody heat-
ing system and likely will disturb the equilibrium conditions. The
thermal loading effect is facility dependent and difficult to asses
theoretically. Given this, it is desirable to minimize cavity tem-
perature variations during test duration by gradual insertion of the
holder and by the use of a smaller holder diameter compared to the
cavity size. A holder to cavity diameter ratio of 0.25 is a suitable
choice.

The analysis assumes that the reference value for calculation of
the effective emissivity is the cavity back surface measured temper-
ature, which is usually the parameter used to control the blackbody
operation. However, the temperature at any other location can be
used as a reference to define the effective emissivity and the appro-
priate temperature distribution used in the calculations. In an actual
calibration, the insertion of the sensor close to the cavity disturbs
the equilibrium conditions by cooling the wall. The control system,
although stabilizing the temperature to the set value at the control
location, drives the temperature to higher values along the cavity
length. The present analysis shows that such effects should have
minimal influence on the effective emissivity when the sensor lo-
cation is at a distance of about one cavity radius from the end. In
situations when the influence is not small, the analysis will be help-
ful in the determination of the uncertainty in the effective emissivity
value based on expected temperature change.

Enhancing Effective Emissivity
This section examines the possibility of an increase of the effec-
tive emissivity by modifications to the blackbody. Two well-known

x/d,

Fig. 9 Effective emissivity increase with a reflecting shield (pg, = 0.9) at the blackbody exit.

approaches to enhance the emissivity are the use of a grooved cav-
ity surface for the blackbody or a reflecting shield. These modifi-
cations increase the number of internal ray reflections within the
cavity, which leads to increased effective emissivity. Of the two ap-
proaches, a reflecting shield is simple and does not involve extensive
modifications to the blackbody.

It is possible to determine the effect of a reflecting shield by
the use of the shield reflectance value for the annular exit region
between the holder and the cavity, instead of the perfect blackbody
assumption. Although we will not discuss the details of practical
implementation for such an annular shield, we will assume that the
shield temperature is 300 K. Figure 9 shows the increase in the
effective emissivity at different locations inside the cavity, due to
the reflecting shield at the exit, compared to earlier calculations with
a perfect blackbody assumption.

The results shown correspond to a holder to cavity diameter ra-
tio of 0.5 for values of ¢. =0.7, 0.8, and 0.9. The values of other
geometric parameters remain the same as before. The increase in
the effective emissivity is highest at the shield plane and decreases
rapidly away from the shield. Beyond a distance of about one cav-
ity diameter, the increase in effective emissivity is negligible. This
trend holds for all three values ¢. =0.7, 0.8, and 0.9 and for both
uniform and linearly varying cavity-wall temperature distributions.
The increase in effective emissivity becomes larger with increasing
.. These calculations show that the reflecting shield is most ben-
eficial when the measurement location is in the shield plane. An
example of this particular case is in the measurement of radiance
temperature in rapid thermal processing.'> However, the use of a re-
flecting shield in the exit plane does not help when the measurement
location is inside the cavity.

The end surface of the sensor holder housing the heat-flux sensing
element normally has high absorptance black paint to absorb the in-
cident radiation. In the preceding calculations, a value of &, =0.95
was assumed for the end surface. However, it is advantageous to
limit the application of high absorptance paint to the sensing area
only and to have the surrounding area remain highly reflective.
Figure 10 shows the comparison between the two cases under the
assumption of a reflectance value of 0.9 for the surrounding area for
different sensor locations inside the cavity and for ¢, =0.8. When
the sensor is close to the cavity bottom, the increase in effective
emissivity is large, with a reflective surrounding region around the
sensing area. However, the effectiveness decreases when the sensor
is away from the cavity bottom. The effective emissivity increase
remains nearly constant for sensor locations x/d. > 1. Figure 11
shows the increase in the effective emissivity for different values
of &.. The curves for the isothermal cavity and for different cav-
ity temperature distributions merge. Thus, the effective emissivity
increase is practically independent of &, for all locations and is



340 MURTHY, PROKHOROV, AND DEWITT

1.0
*,___-o ————— *-———-  GaREEEEEEE TR D
z .

r 1

/

{

|

%

=L
5} H B
w h T.=
09 ki 1000 K

980 K
960 K
940 K

-------- with reflecting surface

—— without reflecting surface

x/d,

Fig. 10 Effective emissivity with and without reflecting surface in the sensor plane (e, = 0.8).

0.09

0.06

Aggg

0.03

x/d,

Fig. 11 Effective emissivity increase with reflecting surface (pg, = 0.9) in the sensor plane.

nearly same for both the isothermal and linearly varying temperature
distributions.

Conclusions

A Monte Carlo approach to determine the effective emissivity
inside a heated cylindrical cavity in the presence of a cooled sensor
holder is presented. The computations, carried out in support of a
high heat-flux sensor calibration, demonstrated the effect of cavity
wall emissivity, temperature gradient, and sensor-holder size and
absorptance on the calculated effective emissivity. Movement of
the sensor location away from the cavity base resulted in a rapid
increase in the effective emissivity. At a distance of about one cavity
radius, the effective emissivity reaches a peak, and its variation with
temperature nonuniformity or positioning accuracy is small in this
region. Therefore, the results suggest that the optimum location for
the sensor calibration is about one cavity radius from the cylindrical
cavity base. For a given location inside the cavity, the effective
emissivity increases with decreasing sensor-holder size because of
an increased number of reflections reaching the sensor surface.

A sensor-holder to cavity diameter ratio of 0.25 appears to be a
good choice for tests to maximize the effective emissivity and reduce
thermal loading of the blackbody heating system. An increase of the

holder emissivity from 0.1 to 0.7 decreased the effective emissivity
by only about 0.5% for both isothermal and nonisothermal condi-
tions. Provision of a reflecting surface around the high absorptance
region of the sensor surface increases the effective emissivity value.
By proper choice of a holder size and a highly reflecting surface, it
is possible to minimize the correction for the effective emissivity.
At a distance of about one cavity radius from the cavity bottom,
the calculated effective emissivity is as high as 0.99, which is close
to the theoretical value of unity. Of the various effects present, the
cavity-wall temperature gradients play the most significant role in
determining the effective emissivity. Calculations specific to the ex-
perimental conditions are necessary to determine the correct heat
flux at the sensor location inside the heated blackbody cavity.
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