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Abstract

This paper describes the working principles and operation of a new instrument for making absolute measurements of
heat flow. This instrument, called the guarded cold plate apparatus, differs from standard guarded hot plate designs in
that the measured heat flow through the sample is towards the metering side, rather than away from it. A guarded cold
plate apparatus is described for measurement of the radiative heat flow from high emittance surfaces at temperatures
up to 200 C. Values of emittance obtained from such measurements agree with those derived from infrared reflectance
data to within +5%. © 1998 Elsevier Science Ltd. All rights reserved.

Nomenclature

A surface area

E black body spectrum

g rate of radiative heat transfer
T temperature.

Greek symbols

A difference

¢ emittance

0 angle to normal

4 wavelength

o Stefan-Boltzmann constant.

Subscripts

g guard

link thermal link

mp metering piece

s sample

1.2 denote surfaces for heat transfer.
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1. Introduction

The guarded hot plate apparatus is used widely for the
accurate measurement of heat flow, particularly through
thermally insulating materials [1]. Figure 1(a) shows a
schematic diagram of the measurement principle of this
type of device. A thermal conductor, called the metering
piece in this paper, is placed in good thermal contact with
one side of the sample under test. The metering piece is
surrounded by a guard region which is also in good
thermal contact with the sample. The temperature of the
guard, and therefore of the side of the sample with which
it is in contact, is held constant. The other side of the
sample is held at a lower temperature. Heat therefore
flows from the guard directly into the sample. Heat also
flows from the guard to the metering piece, and then into
the sample. The temperature of the metering piece is
thus slightly lower than that of the guard. To a first
approximation, the temperature difference between the
metering piece and the guard is proportional to the rate
of heat flow through the sample. An elegant null detection
method can be used to obtain an absolute measurement
of this heat flow. Power is dissipated in a resistive heater
embedded in the metering piece. thus increasing its tem-
perature. When the temperature of the metering piece is
exactly equal to that of the guard, all of this resistive
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Fig. 1. Schematic diagrams illustrating the principles of oper-
ation of: {a) the guarded hot plate apparatus; and (b) the
guarded cold plate apparatus.

power flows through the sample. A measurement of the
power under this null conditions thus enables the heat
flow through the sample to be determined. For high accu-
racy measurements in practical designs of guarded hot
plates, it is of course necessary to ensure that parasitic
heat flows from the metering piece are negligible and that
the measurement area is defined precisely [2].

Intrinsic to the design of guarded hot plates is that, as
the name implies, the guarded metering piece is on the
hot side of the sample. In this type of apparatus, this is
unavoidable because it is only possible to add heat to the
metering piece by dissipation of resistive power. This
means that the structure of the metering piece and the
guard, including their temperature sensors and associated
electronics, must be designed to withstand the upper tem-
perature limit at which it is desired to make measurements
[3]. At high temperatures, it is quite difficult to achieve
high sensitivity in the detection of the null, and to reduce
parasitic heat flows to low levels.

This paper describes the design and construction of a
guarded cold plate apparatus in which a null method is
used to measure heat flow into a metering piece. The
principle of the guarded cold plate technique is shown in
Fig. 1(b). As before, the metering piece is surrounded by

a guard at constant temperature and both the metering
piece and the guard are placed in good thermal contact
with the sample. In this case, however, the metering part
of the apparatus is on the lower temperature side of the
sample. The metering piece is also connected by a thermal
link to a second cold region, the temperature of which is
slightly less than that of the guard. In this paper, we use
the term cold sink to describe the second cold region.
Initially, the condition for equality of the temperatures
of the metering piece and guard is established by setting
the temperatures of the guard, the cold plate and the cold
sink to be precisely equal. The temperature of the cold
sink is then reduced, and heat flow is established from
the metering piece through the thermal link to the cold
sink. Under these conditions. the temperature of the met-
ering piece is slightly less than that of the guard by an
amount depending on the various thermal impedances
between the metering piece and the guard, the cold sink,
and the sample. Resistive power is then dissipated in the
metering piece, raising its temperature to be precisely
equal to that of the guard. We call this the primary null
condition. All of this resistive power flows along the
thermal link to the cold sink; none flows through the
sample since, under these conditions, there is no tem-
perature difference across the sample. A temperature
difference is then established across the sample, and heat
flow occurs through the sample to the metering piece,
increasing its temperature. The power in the resistor is
then reduced, decreasing the temperature of the metering
piece until it is again equal to that of the guard. We call
this condition the secondary null. The amount of heat
flowing from the sample to the metering piece is the
difference between the levels of power dissipation in the
resistor under the primary and secondary null conditions.

[t will be appreciated that. like the guarded hot plate,
the guarded cold plate is also a true null instrument. It is
not necessary to know accurately the temperature of the
second cold bath, nor the thermal impedances within the
apparatus. It is also unnecessary to measure precisely the
temperature difference between the metering piece and
the guard. All that is required is detection of the condition
of equality of these temperatures. In fact, both instru-
ments require the detection of two null conditions: at
zero heat flow through the sample (the primary null),
and with heat flowing through the sample (the secondary
null). Compared to a guarded hot plate, the only
additional experimental constraint is that the total heat
flow between the metering piece and the cold sink should
remain constant during a measurement procedure.

The term ‘guarded cold plate’ has previously been
applied to other instruments for the measurement of heat
flow. For example, Shewen et al. [4] have described an
instrument which uses the Peltier effect to remove heat
from its metering section. Thermoelectric modules were
embedded in a metallic plate and, depending on the direc-
tion of the imposed current, heat could be liberated or
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absorbed at the metering piece. The operating principle
of this device was therefore very similar to that of the
present guarded cold plate, and it can be regarded as a
null instrument. In order to determine the magnitude of
the power which was removed from the metering piece,
however, it was necessary to undertake a complex cali-
bration procedure to account for the effects of Peltier
and resistive heat flows, and for the influence of various
thermal resistances at the heating and cooling junctions
of the Peltier devices.

Mention should be made of another instrument in the
literature, which has also been termed a guarded cold
plate [5], and which was designed to measure heat trans-
fer through multi-layer superinsulations at low tem-
peratures. In this instrument, the guard was maintained
at very low temperatures using a cryogenic fluid, and the
other side of the sample was heated. The rate of heat flow
through the sample was then determined by measuring
the rate of boil-off of cryogenic fluid in the metering
vessel. This is an example of a general class of measure-
ment instrument in which heat flows into a measuring
region. Virtually all radiation detectors also operate in
this way [6]. The specific additional feature which dis-
tinguishes the guard cold plate instrument described here
is the combination of thermal guarding and null detec-
tion.

In this paper, we described the design, construction
and performance of a guarded cold plate apparatus which
was developed specifically to measure radiative heat flow
from the evacuated surface of small area (~2 cm?)
samples. The principles of operation are applicable to
samples of any area, however, and to the measurement
of heat transfer by any physical mechanism.

2. Design principles and construction

Some of the design features of this apparatus are
specifically determined by its particular application—to
make accurate measurements of radiative heat transfer.
These include the need for the instrument to operate in a
vacuum environment, and the necessity for the front sur-
face to have a very high emittance (high infrared absorb-
ance). Other aspects of the design would be important
for all guarded cold plate instruments: for example, a
method must be used to achieve a stable, controllable
extraction of heat from the metering piece. In this section,
we present details of the design and construction of this
guarded cold plate apparatus. Wherever possible, the
discussion concentrates on features which are of generic
significance.

2.1. Mechanical and thermal design

Figure 2 is a diagram of the metering piece and guard
of the guarded cold plate apparatus showing the method

of construction. The most critical part of the guarded cold
plate apparatus is the metering piece. This component
is machined from copper in order to minimise internal
temperature gradients. The front, evacuated face of the
metering piece is circular, with diameter 15.2 mm, and is
mounted planar with the front surface of the guard. and
separated from it by a narrow (0.05 mm) annular gap.
The accurate location of the metering piece relative to
the guard is achieved with an annular stainless steel disk
which, through O-rings (not shown in Fig. 2), also pro-
vides the vacuum seal between these two components.
The stainless steel disk is the dominant thermal imp-
edance between the metering piece and guard. It is essen-
tial that this impedance be as large as possible since it
determines the magnitude of the temperature difference
through which the null condition is detected. Both
metering piece and guard are therefore tapered away
from their front-surface diameters, in order to increase
the annular dimension of the disk.

The metering piece extends axially beyond the stainless
steel disk in order to provide space for mounting a resistor
that provides electrical heating. The far end of the
metering piece is connected by a cylindrical stainless steel
rod (the thermal link) to a second reservoir (the cold
sink) which is maintained at a lower temperature than
the guard. This establishes stable and well defined heat
removal from the metering piece.

The temperatures of the guard, and of the cold sink, are
determined by water which circulates through insulated
pipes from separate temperature-controlled baths. Tem-
peratures in the water lines are measured near each inlet
and outlet with a platinum resistance thermometer
inserted into re-entrant pockets. The temperatures of
each water stream are stable to +0.01°C. The front part
of the guard is machined from copper in order to mini-
mise temperature gradients.

The water flow through the guard is split into two
streams. About two-thirds of the flow is close to the front
surface of the guard. and the rest is also parallel to this
surface, but displaced some distance from it. The first
stream serves to define the temperature of the front sur-
face of the guard and, specifically, the temperature at the
outer diameter of the stainless steel disk. The second
stream achieves two functions. It provides a stable tem-
perature for the hot end of a co-axial brass tube that
surrounds the thermal link. This tube acts as a thermal
shield by establishing well-defined boundary conditions
around the link, thus resulting in constant heat flow to
the cold sink. The second water stream also creates a
temperature-stabilised cavity which contains the elec-
tronics used for detection of the null condition. The rate
of the water flow to the metering piece ~0.06 15", This
results in large heat transfer coefficients (~3000 W m
K ') at the internal surfaces. Systematic errors associ-
ated with the small temperature drop across the water—
surface interface in the guard are discussed below. The
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Fig. 2. Constructional details of the guarded cold plate apparatus.

water flow into the cold sink is designed to achieve a very
high heat transfer coefficient at the surface of a brass
disk attached to the end of the thermal link, resulting in
negligible temperature drop across this interface.

The instrument was designed to operate with the guard
at the same temperature as the air conditioned labora-
tory. Experience with a very high accuracy, small area
guarded hot plate [2] has shown that this leads to the
most stable operation, and results in very small parasitic
heat flows from the metering piece.

The dimensions of the stainless steel thermal link (15
mm long and 4.75 mm diameter) were chosen so that the
instrument can measure radiative heat flows from high
emittance surfaces at temperatures up to ~200°C, for a
temperature difference of 20°C across the link.

The performance of any guarded heat flow measure-
ment instrument is critically dependent on the accuracy
of detection of the null condition when the temperature
of the metering piece is precisely equal to that of the
guard. In this guarded cold plate apparatus, the metering
piece and guard are in reasonably good thermal contact

through the stainless steel disk. High accuracy measure-
ments therefore require the detection of very small tem-
perature differences (~10"* K) between these
components. This is achieved using high resistance ther-
mistors which are embedded in holes in each component
in a way which ensures very good thermal contact. The
thermistors are connected by very thin wires to a Wheat-
stone bridge and high stability amplifier which are located
in the temperature stabilised cavity. Parasitic heat flows
along these wires (and also along those to the resistor)
are reduced to negligible levels by careful thermal ter-
mination [2].

[t is noted that the accuracy, calibration, and matching
of the temperature sensors in the metering piece and
guard are unimportant for satisfactory operation of the
instrument, since all measurements are made at the null
condition when these two temperatures are precisely
equal. As noted in Section I, in the set-up procedure of
the apparatus this condition of temperature equality is
established by determining the zero of the bridge whilst
operating the instrument with all components (guard,
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cold sink, and sample) at the same temperature. All sub-
sequent measurements are made with the guard at the
same temperature as during the identification of this zero
condition. The primary and secondary null conditions,
when the temperatures of the metering piece and guard
are equal, are then determined by establishing the same
value of the bridge output as for the measurement of the
zero condition.

2.2. Measurement of radiative heat flow

As noted above, this paper is primarily concerned with
describing the general principles of the guarded cold plate
instrument which may be applied to the measurement of
heat flow through any type of insulating material. The
particular guarded cold plate instrument that has been
built incorporates several features which are of specific
relevance to the measurement of radiative heat flow. For
example, it is essential to evacuate the region adjacent to
the metering piece and guard. The mounting con-
figuration of the metering piece must therefore provide
an adequate leak-free seal. and must be capable of with-
standing the pressure differential associated with this vac-
uum.

Figure 3 shows details of the construction of the vac-
uum chamber, including the method of mounting the
guarded cold plate apparatus and the sample. The space
between the sample and the measuring apparatus is
evacuated to a pressure below 1077 Pa using a turbo-
molecular pump. At this pressure, gaseous conduction i3
negligible relative to radiative heat flow.

The position of the hot surface can be adjusted from
outside the vacuum chamber. This surface is normally
separated from the metering piece and guard by a parallel
evacuated gap of ~0.5 mm. This corresponds to a radi-
ation shape factor for net energy exchange of greater
than 0.999. The temperature of this test surface is defined
either by circulating temperature-controlled water (not
shown in Fig. 3) or, at high temperatures. by dissipating
power in a cartridge heater.

[t is well known that the rate of radiative heat flow
between two surfaces depends on the infrared optical
properties of both surfaces. For plane parallel surfaces
of hemispherical emissivities ¢, and ¢, at temperatures 7,
and T, the rate of the radiative heat transfer through
area A is conventionally written:

Yradiation = 8eﬂbul|vegA ( T? - Tg ) (1 )

where ¢ is the Stefan—Boltzmann constant, and &.gecive 18
the effective emittance for radiative heat flow between
the combination of surfaces, defined as:

s =t —L 2)
Lefective [ &2

It 1s well known that these relationships are valid only
for surfaces that are grey (that is for which the infrared

reflectance is independent of wavelength over the relevant
range of thermal wavelengths). For non-grey surfaces,
equations (1) and (2) may results in significant errors.
For example, Zhang et al. [7] have shown that these
relations underestimate the radiative heat flow between
uncoated soda lime glass surfaces by about 4%. An exact
calculation of radiative heat flow between plane, parallel,
specularly reflecting surfaces of area 4 involves a sim-
ultaneous integral over wavelength A and angle to the
normal 8, of the black body spectrum E(4, T) at the
temperatures of the surfaces T, and 7,, weighted by the
combined emittances of the surfaces, calculated in a way
similar to equation (2), at each angle and wavelength:

Hradiation = A J - sin 26 d0
(

0

] 1
T T G0 Ty)
Despite these complexities, equations (1) and (2) give an
exact value for radiative heat flow when one of the sur-
faces is black (¢ = 1). In this case, the effective emittance
is simply the hemispherical emittance of the other surface.
In the guarded cold plate instrument, it is therefore highly
desirable to make the evacuated surface of the metering
piece with a very high emittance in order that the rate of
radiative heat transfer should be primarily dependent
on the emittance of the surface under test. The normal
method of achieving a very high emittance is to construct
a large cavity with a very small aperture. It was not
possible to incorporate such a structure into the guarded
cold plate, as the metering piece is part of a plane, parallel
surface. Several metering pieces were built with different
designs of absorbing surfaces. A full description of these
surfaces, and of their performance, is given elsewhere [8].
In this paper, the data presented were obtained with a
metering piece which has a front surface consisting of a
large number of small, thin walled copper tubes. The
tubes are S mm long. 1.6 m in diameter, and have a wall
thickness of 0.4 mm. Because of the comparatively large
wall thickness, the outer ends of the tubes are machined
to a wall thickness of ~0.1 mm. The tubes are soft
soldered at the inner ends into a cavity in the metering
piece in order to achieve good thermal contact. All of the
exposed surfaces of the tubes were coated with black
paint having a thermal emittance of 0.8940.01. As will
be seen, this design results in a useful increase of the
emittance that was obtained compared to that of the
black paint.

—di. (3)

r EG.T))—E(.Ty)
« k :
(

)

3. Systematic errors

The operating principle of the guarded cold plate
apparatus is based on the assumption that some of the
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heat which flows from the metering piece to the cold sink
under the primary null condition is exactly replaced by
heat flow from the external source to the metering piece
under the secondary null condition. On the basis of this
assumption, the heat flow from the sample is equal to the
difference in the power dissipated in the resistive heater
in the metering piece under these two null conditions. In
the actual instrument, there are several effects which
result in small departures from this ideal behaviour.
Firstly, the temperature distribution in the metering
piece, and the thermal impedance through which heat
flows in the metering piece, both change slightly between
the primary and secondary null conditions. This results
in small differences in the heat flow to the cold sink
between these two conditions. Secondly, both null con-
ditions, where the measured temperature difference
between the thermistors in the metering piece and the
guard is zero, are assumed to correspond exactly to zero
temperature difference across the dominant thermal
impedance between these two components : the stainless
steel disk. This only holds precisely at the primary null,
where there is no heat flow in the vicinity of this com-

ponent; at the secondary null, small temperature gradi-
ents exist in the metering piece and guard close to the
stainless steel disk. This causes additional heat to be
injected into the metering piece which is not present at
the primary null. The first of these two sources of sys-
tematic error is specific to the guarded cold plate. The
second could also occur in convectional guarded hot plate
designs.

The raw heat flow data can be corrected by adjusting
the readings for any net change in heat flow to the cold
sink, or in the stainless steel disk, due to these systematic
departures from ideal operation at the secondary null.
In order to do this, it is necessary to obtain a detailed
understanding of the temperature distributions within
the apparatus, particularly in the region of the stainless
steel disk and resistive heater. The system was therefore
modelled using a commercial finite element package [9].
The finite element model is cylindrically symmetric,
rather than three dimensional, but it contains all of the
essential details necessary to determine the important
features of the temperature distributions. Full details of
the model, and the results obtained, are given elsewhere



C.J. Deyetal.jint. J. Heat Transfer 41 (1998 ) 30993108 3105

[8]. In this paper, we present the conclusions drawn from
the modelling results in a way which identifies the design
features that contribute to systematic errors.

We begin by considering the temperature distribution
in the instrument at the primary null condition where the
temperatures of the sample and the guard are equal. In
this case, the only heat flow is from the resistive heater
to the cold sink, and significant temperature non-uni-
formities exist only in the thermal link, and in that part
of the metering piece between the resistor and the thermal
link. In this design, the thermal impedances of these two
regions are 52 and 2 K W ™', respectively. The rest of the
metering piece, the stainless steel disk, and the guard are
essentially isothermal. Their temperature is equal to that
of the water circulating through the guard. The power
dissipated in the resistive heater at the primary null is
therefore determined by the temperature difference
between the two circulating water streams, and the ther-
mal impedance between the resistive heater and the cold
sink.

At the secondary null condition, there is radiative heat
flow into the metering piece and the guard at their front,
evacuated faces. This results in a small temperature
difference across the interface between the guard and
the circulating water, and also in additional small, but
significant temperature gradients in the metering piece
and guard. The additional temperature difference across

the guard-water interface increases the temperature of

the stainless steel disk. This. in turn, increases the tem-
perature difference across the thermal link, and thus
causes a slight increase in the heat flow to the cold sink.
Modelling results indicate that, in this apparatus, the
increase is equal to 0.5% of the radiative heat flow into
the metering piece.

A second effect caused by radiative heat flow entering
the metering piece is associated with the location of the
resistor in the metering piece, and causes a correction in
the opposite sense. Ideally, the radiative heat which enters
the evacuated surface of the metering piece replaces a
precisely equal amount of heat generated in the resistor.
However, the heat due to absorbed radiation must flow
along an additional length of the metering piece between
the stainless steel disk and the resistor. In this apparatus,
the thermal impedance of this part of the metering piece
is ~0.6 K W', This results in a small additional tem-
perature drop between the stainless steel disk and the
cold sink which reduces the heat flow down the thermal
link. The magnitude of this effect is 0.9% of the radiative
heat which is absorbed at the evacuated surface of the
metering piece. The combined influence of these two
effects is to reduce the heat flow to the cold sink at
the secondary null by 0.9—0.5 = 0.4% of the absorbed
radiative heat flow. This radiative flux is therefore less
than the difference between the power at the primary and
secondary nulls by this amount.

Both of these effects change the magnitude of the heat

flow to the cold sink and, as noted, are therefore specific
to the guarded cold plate apparatus. There is a third small
correction which must be applied to the raw data that
would also be needed in a guarded hot plate apparatus
of similar geometry. This arises because of differences in
the flow patterns of the absorbed radiative heat in the
metering piece and guard between the front evacuated
surfaces and the stainless steel disk. These differences give
rise to a small temperature difference across the disk at
the secondary null condition where the temperatures of
the two thermistors are equal. In this apparatus, this
results in an injection of heat into the metering piece at
the disk equal to 0.5% of the absorbed radiative heat
flow in the metering piece. The estimate of radiative heat
flow obtained from the difference between the powers at
the primary and secondary nulls must therefore be
reduced by this amount. The total correction which must
be applied to the raw data in this apparatus is thus a
reduction of 0.9%.

Design strategies can be adopted which reduce sys-
tematic errors in the guarded cold plate apparatus.
Firstly, the flow rate of the water which defines the guard
temperature can be increased to reduce temperature
drops across the water—guard interface which occur when
external heat enters the guard. Secondly, this water
should flow as close as possible to the dominant thermal
impedance between metering piece and guard (the stain-
less steel disk) in order to minimise any change in the
temperature of the guard side of this impedance when
external heat flows. Thirdly. the heat source in the
metering piece should be located in such a way that simi-
lar heat flow patterns occur in the metering piece under
primary and secondary null conditions. Finally, and of
relevance to all forms of guarded heat flow measuring
instrument, the positions of the temperature sensors used
to detect the null condition should be such that zero
detected temperature difference corresponds precisely to
zero actual temperature difference across the dominant
thermal impedance between the metering piece and the
guard.

Of course, practical design constraints, such as the
requirement for a vacuum seal between the metering piece
and the guard may, as in this apparatus, limit the degree
to which these conditions can be met. It is important to
understand the magnitude of the consequent systematic
errors. It is therefore strongly recommended that any
future design of a similar apparatus be based on detailed
thermal modelling, such as that described here.

4. Results

The first step in the measurement procedure with the
guarded cold plate apparatus is the establishment of the
primary null condition, where no external heat flows into
the metering piece and guard. This is achieved exper-
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imentally by using a polished copper sample which has
very low emittance, and setting the sample temperature
to be as close as possible to that of the guard. Figure 4
shows data taken under such conditions : the temperature
difference between the metering piece and the guard
T,,—T, is plotted as a function of resistive power dis-
sipated in the metering piece for different values of the
temperature difference across the thermal link AT . The
linearity of each line reflects the near-constancy of the
thermal impedance between the metering piece and the
guard. The value for the impedance of 11.9 K W !
obtained from the experimental data of Fig. 4 is in good
agreement with the value of 12.2 K W = calculated from
the parallel combination of the impedances of the stain-
less steel disk (20 K W ~'), between the metering piece
and the cold sink (65 K W ~'), and between the metering
piece and the guard through the air surrounding the
metering piece (60 K W ).

At the primary null condition in Fig. 4 where the tem-
peratures of the metering piece and guard are equal, all
of the resistive power supplied to the metering piece flows
to the cold sink. Figure 5 shows a plot of this power as a
function of temperature difference between the guard and
the cold sink AT,. These data exhibit a nearly linear
relationship and yield a thermal impedance of 74 K W ~!
between the metering piece and cold sink. This is in
reasonable agreement with the design value of 65 K W ~ .
The slight departure from linearity is consistent with the
1.5% decrease in the thermal conductivity of stainless
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Fig. 4. Establishment of the primary null condition. Measured
values of the difference in the temperatures of the metering
piece and guard 7,,, — T, are plotted as a function of the power
dissipated in the metering piece resistor, for zero temperature
difference between the guard and the sample surface. Data arc
shown for several values of the temperature difference across the
thermal link AT,
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Fig. 5. Experimental measurements of the resistive power at the
primary null condition as a function of the temperature differ-
ence across the thermal link AT,,,.

steel over the 10°C reduction of mean temperature of the
thermal link for these data.

The results of Fig. 5 calibrate the rate of heat removal
from the metering piece and form the basis for the sub-
sequent measurement of radiative heat flow entering it
from the evacuated surface. In practice, the secondary
null is established by maintaining the cold sink at a con-
stant temperature, and recording the decrease of resistive
power at null for an increase in the sample temperature.
Figure 6 shows an example of such experimental data for
radiative heat transfer between an uncoated soda-lime
glass surface at temperature 7, and the tubed metering
piece at temperature 7,.

Measurements of radiative heat flow ¢, for uncoated
glass. and for glass coated with pyrolytically deposited
tin oxide coating (K glass [10]} are shown in Fig. 7. These
data include the small corrections for systematic errors
discussed in the previous section. The data in these figures
are plotted against 71 — T3, where the calculation of the
surface temperature of the sample has included the tem-
perature drop through the thickness of the glass. These
data exhibit a dependence on temperature which is close
to that given in equation (1). Small departures of the data
from a linear relationship can be seen, however. These
departures are attributable mostly to the temperature
dependence of the emittance of the glass samples. and
are more apparent in the following figure.

In this work, we have determined the emittance of the
surfaces of the metering pieces by applying equations (1)
and (2) to experimental measurements of radiative heat
flow between identical surfaces. For flat black paint, and
the tubed painted surface. these values of emittance are
0.89+0.01 and 0.9440.01. respectively, at a temperature
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Fig. 6. Typical experimental data showing the primary and sec-
ondary null conditions for radiative heat transfer between an
uncoated glass sample at temperatures 7, = 23 C and 48°C, and
the tubed metering piece at temperature 7, = 23°C. The cold
sink temperature was 20°C. The difference in resistive power
between the two null conditions is a measure of the radiative
heat flow from the sample ¢..

of 23"C. This value of emittance for the tubed surface
can be used with equations (1) and (2) and the data of
Fig. 7 to determine the temperature dependence of the
emittance of the uncoated, and coated glass surfaces.
Such results are shown in Fig. 8 together with values of
hemispherical emittance calculated from infrared reflec-
tance measurements {7, 11]. This calculation procedure
is presented in more detail elsewhere {7].

There are two contributions to the uncertainties in the
values of emittance shown in Fig. 8. Uncertainties in the
detection of the null conditions, and in the measurement
of the three temperatures in the guarded cold plate, give
rise 1o errors which decrease with increasing sample tem-
perature, and with increasing measured heat flow. In
addition, as discussed in Section 2, there are systematic
errors in the estimation of the heat flow due to the appli-
cation of equations (1) and (2), rather than equation (3),
although the magnitude of these errors is difficult to
estimate in this case. However, for uncoated glass, it is
likely that this error will be in the same sense as for the
case of radiative heat flow between soda lime glass sheets ;
that is, that equations (1) and (2) will overestimate the
magnitude of hemispherical emittances obtained from
experimental data by a few percent. This effect may
explain most of the systematic differences between the
measured and calculated emittances of uncoated glass
seen in Fig. 8.

This explanation does not account for the difference
between the measured and modelled emittances for K
glass since, for this combination of surfaces. equation (3)
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Fig. 7. Experimental guarded cold plate measurements of the
radiative heat flow g, to the tubed metering piece from uncoated
glass, and glass coated with a pyrolytically deposited in tin oxide
coating (K glass). the data are plotted against 7{ — T'$ and show
slight departures from this form of temperature dependence.
The temperatures of the hot surfaces are corrected for the tem-

perature difference across the glass plates.

gives very similar results to those obtained with equations
(1) and (2). However, the errors in the values of emittance
of K glass obtained from infrared reflectance data have
been shown to be about 4-0.005 [7]. When this additional
error is included, the modelled hemispherical emittance
data for K glass lie just within the error bars of the
experimental results. It is also worth noting that the
measured temperature dependencies of emittances agree
with the modelling resuits, for both glass and K glass
surfaces. Thus, to within experimental error of approxi-
mately + 5%, there is agreement between the thermal
and optical measurements.

5. Conclusion

A novel null instrument—the guarded cold plate
apparatus—has been developed. This instrument pro-
vides accurate, absolute measurements of radiative heat
flow towards, rather than away from the metering side,
of the apparatus. In this guarded cold plate apparatus,
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Fig. 8. Values of emittance for uncoated and K glass. The exper-
imental points were obtained from the guarded cold plate
measurements of Fig. 7. The lines are hemispherical emittances
calculated from near-normal infrared reflectance measurements.

heat is removed from the metering piece at a precisely
defined and stable rate. When there is no external heat
flow into the metering piece, a primary null condition is
established where dissipation of resistive power in the
metering piece provides all of the heat that is removed.
When there is external flow into the metering piece, a

secondary null can be established at a lower value of

resistive power dissipation in the metering piece. To a
good approximation, the external heat flow is equal to
the difference between the resistive power at the primary
and secondary null conditions. Finite element modelling
has been used to identify the magnitude of several sys-
tematic effects which result in small departures from this
ideal behaviour. A metering piece has been constructed
with an absorbing surface consisting of many black pain-
ted, small diameter, thin walled copper tubes. Measure-
ments of the rate of radiative heat flow between two
nominally identical surfaces can be used to calculate the
emittance of this surface from the simple relationship
for combining the hemispherical emittances of two grey
surfaces. This emittance calculated in this way is
0.94+0.01. Using this value, the emittances of uncoated
and coated glass have been determined from measure-

ments of radiative heat flow in the guarded cold plate
apparatus. This emittance values so obtained agree to
within the experimental error of approximately + 5%
with those determined from infrared optical reflectance
data.
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