HEAT TRANSFER AND INSULATION
IN VACUUM FURNACES

Heat transfer calculations
are important in furnace
design. Computers can
make the work easy, but
knowing how to do the
calculations by hand gives a
better feeling for the

- problem and provides an
appreciation of what
actually is happening.

Harry W. Antes

FASM, Consultant
for Solar Atmospheres
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Fig. 1 — Representative vacuum furnace
hot zone with tray for carrying workload.
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Fig. 2— Homogeneous plane wall, where t, < t;.
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Fig. 3— Composite plane wall.
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eat transfer is important in
H many facets of engineering,
and is especially true in the de-

sign of furnaces. In particular, to estab-
lish power requirements for a given
furnace application, you must deter-
mine both the amount of energy input
to heat the load and insulation and the
heat loss due to the energy transmitted
through the insulation. This review
considers only the heat transfer
through the insulation. Figure 1 shows
a representative hot zone in a vacuum
furnace. Factors such as specific heat
and weight of the load, as well as
thermal conductivity and thickness of
the insulating material must be deter-
mined to calculate heat-transfer to es-
tablish the power supply requirements.

Three types of heat transfer are con-
duction, convection, and radiation. The
case of the heat transfer through the
insulation basically involves steady-
state conduction, which simplifies the
calculations. Four simple cases consid-
ered in this introductory review are:

¢ Conduction through a homoge-
neous plane wall

¢ Conduction through a composite
plane wall

¢ Conduction through a homoge-
neous cylindrical wall

¢ Conduction through a composite
cylindrical wall

The fundamental relation for the
steady flow of heat by conduction is
given by the expression:

Q =kA (dt/dx) [1]

where Q is heat flow (Btu/h), k is
thermal conductivity (Btu/h ft °F), A
is area (ft2), t is temperature (°F), and
x is thickness (ft). (Note that in many
tables, thermal conductivity is given
in terms of inches, which requires
making the appropriate dimensional
changes in the other quantities.)

Case 1: Conduction through a
homogeneous plane wall

Figure 2 shows the model for this
case, where it is assumed that the ho-

mogeneous wall material has a
thermal conductivity that does not
vary with temperature. The heat flow
through a wall of thickness (x,-x1)
having a temperature differential of (f-
f>) can be calculated from equation [1],

giving:
Q=kA (At/Ax) [2]

or

Q=kA {(ti-t2)/ (x2-21)} [3]

Case 2: Conduction through a
composite plane wall

Figure 3 shows the model for this
case, and heat flow is given by:

Q=A At /X(Ax/k)) [4]

or
Altr-ty)
" Av A D)
k12 k23 k34

Equation [5] also can be used to de-
termine the heat flow through layers
of the same material, where the
thermal conductivity varies with tem-
perature. If the problem requires more
than the three layers shown in Figure
3, then an additional term is added to
Equation [5] for each additional layer.

Case 3: Conduction through a

homogeneous cylindrical wall
Figure 4 shows the model for this

condition, and heat flow is given by:

21Tk (t - 1)
9= Gu/m) &
where (O is the rate of heat
flow per unit length
of the cylindrical dr
insulation
(Btu/hr ft). Tt i
is assumed in ‘
Equation [6] t2 ‘
that the thermal
conductivity of the
homogeneous cylin- .
drical insulation does L& *—

5 Homogeneous
not vary with temper- cylindrical
ature. wall.
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Case 4: Conduction through a
composite cylindrical wall

Figure 5 shows the model for com-
posite cylindrical wall of insulation. If
we consider that the heat flow through
each layer is similar to that given by
Equation [6], a summation of the layers
gives the following solution:

2T (b - )

Z In {(T(m+1) ) / rm}
k
where: . fromm=1tom=n-1
' For the case shown in Figure 5,
Equation [7] reduces to:

[7]

211 (t - 1)
~In(rir) | In (/)
k12 k23

[8]

Equation [8] can be
used for multiple
layers of the
same insulating
material where
the conduc-
tivity  varies
with tempera-
ture. The approach
Fig.5— in that case would be
_ Composite to assign the appro-
cylindrical wall. - riate value of k to a
particular layer associated with the
mean temperature of that layer.

The use of these calculations to de-
termine insulation requirements is il-
lustrated in the following practical sit-
uation.

Problem: Calculate the heat flow
through the insulation in a vacuum
furnace under a full atmosphere (760
torr) of nitrogen, where there are 10
layers of graphite felt insulation, each
layer being 1 in. thick. The inside sur-
face of the first layer of graphite felt in-
sulation sees a temperature of 4700°F,
while the outside of the last layer of

/y

graphite has a maximum temperature
of 522°F. The insulation is in a cylin-
drical form with an inside diameter of
84 in., with the same type of layers of
insulation at the circular ends.
Determining the heat flow through
the circular end wall of insulation re-
quires the use of Equation [5] rather
than the more complicated Equation
[8] that addresses the heat transfer
through the cylindrical insulating shell.
The temperature distribution through

the graphite felt will be almost para-
bolic in nature as shown in Figure 6.
The thermal data required for the cal-
culations are shown in Table I. The
values for k may be determined from
Figure 7.

From Equation [4]

AY (A

Q=S /b

In this case, Ax =1 in., and 1 f&2 of
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Fig. 6 — Temperature distribution through
ten 1-in.thick layers of graphite felt.
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Fig. 7 — Thermal conductivity (k) as a func-
tion of temperature for graphite or carbon in a
VACUUI.

end insulation is examined giving

Q= (1) (4178) = 2,211 Btu/h fe2
(1.89)
=2,211/144 = 1535 Btu/h in2
= (15.35) X (0.259) = 3.98 W /in.2

The calculation above represents the
energy input required at steady state
for the heat flow through the insula-
tion, while maintaining the tempera-

Table 1 — Thermal data for heat flow calculations*

Insulating Face Thermal conductivity (k),
layer temperature, °F Btu in./h ft2 °F Ax/k
1 4700 16 6.25 X102
2 4574 14 7.14 x 102
3 4430 12.3 8.13x 102
4 4264 104 9.62x10?
5 4067 9.1 10.99 x 102
6 3826 7.1 14.08 x 102
/4 3520 5.1 19.61 x 102
8 3109 4.0 25.00 x 102
9 2519 2.8 35.71 x10?
10 1651 1.9 52.63 x 10
Outside 522 Total = 189.16 x 102

*Ten 1-in. thick graphite felt layers

ture in the furnace. However, the total
power input required also must con-
sider the heat storage in the insulation
and the heat input to bring the charge
up to temperature.

Today, there are computer programs
available to perform these calculations
that make the job much easier. How-
ever, doing the above calculation the
long way at least once provides the in-
dividual with better appreciation of
what actually is going on and a feeling
for the problem. One such computer

solution (Thermal Ceramics Heat Flow
Program) for the above problem

provided a value of 3.88 W /in2. .
Acknowledgement: This work was car-
ried out on the design of an actual furnace
for Solar Manufacturing, who supplied the

computer program for the comparison cal-
culation.

For more information: Contact Don
Jordan, Vice President of Research and De-
velopment, Solar Atmospheres Inc., Soud-
erton, Pa.; tel: 800-347-3226 (ext 206); e-mail:
dfi@solaratm.com.
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