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Heat-Shield Design for Glovebox Applications

Abstracti Heat shields can often be used in place of insulation materials as an
effective means of insulating glovebox furnace vessels. If used properly, shields
can accomplish two important objectives: thermal insulation of the vessel to
maintain a desired process temperature and protection of the glovebox,
equipment, and user. A heat-shield assembly can be described as an arrangement
of thin, properly-spaced, metal sheets that reduce radiation heat transfer. The
main problem encountered in the design of a heat shield assembly is choosing the
number of shields. In determining the heat transfer characteristics of a heat-
shield assembly, a number of factors must be taken into consideration. The
glovebox or outside environment, material properties, geometry, and operating
temperature all have varying effects on the expected results. A simple method,
for planar-horizontal and cylindrical-vertical shields, allowing the approximation
of the outermost shield temperature, the practical number of shields, and the net
heat-transfer rate will be presented. Methods used in the fabrication of heat-
shield assemblies will also be discussed.

INTRODUCTION

Heat shields are often used in place of insulation materials as a means of insulation.
They are typically used in cases where process compatibility, flammability, or cost is a concern.
Currently, heat shields are used to insulate furnace vessels for glovebox applications. They are
also used in the automotive industry for catalytic converters, batteries, etc. Heat shields can
satisfy two important objectives: thermal insulation and safety. Good thermal insulation is
necessary to prevent major heat loss from the vessel. If it is not properly insulated, the capacity
of the heaters may be exceeded, causing a lower-than-desired operating temperature. Safety
issues involved with glovebox furnace vessels include maintaining moderate external vessel
temperatures to protect the glovebox, equipment, and user. Hot surfaces could bum the user or
damage some types of gloves. In addition, poor vessel insulation allows major heat loss to the
glovebox atmosphere, which couId overload the capacity of the glovebox cooling system.

A heat-shield assembly can be described as an arrangement of thin, properly-spaced,
metal sheets that reduce radiation heat transfer. The heated part of the vessel (source) radiates
heat to the outside. Heat shields reduce the amount of heat released to the environment. The
amount of heat released to the environment is directly related to the number of heat shields. The
temperatures of successive shields decrease when moving away from the heat source. The total



heat transfer rate decreases with each additional shield. However, the heat transfer rate
diminishes less and less with each additional shield. Thus, the benefits diminish as more shields
are added. Convection and radiation then remove heat from the outer shield. The environment in
contact with this outer surface has a considerable effect on the amount of heat released from the
outer shield.

Heat shields can be designed in a number of shapes and cotilgurations. Some common
configurations used at ANL are planar shields, cylindrical shields, and combinations of these.

FIGURE 1A: PLANAR SHIELDS FIGURE lB: CYLINDRICAL SHIELDS

HEAT TRANSFER FUNDAMENTALS

There are three mechanisms of heat transfer through a system conduction, convection,
and radiation.

Conduction

Conduction is the sole mechanism of heat transfer through solid objects. Heat shields are
used to eliminate conduction as the primary mode of heat transfer by eliminating as much of the
“solid object” as possible. In a heat-shield assembly, conduction usually occurs through the
support structure. Since much of the support structure is typically metal (i.e., a good conductor of
heat), it should be designed so that conduction paths between shields and conduction paths to the
outside of the vessel are minimized.

Convection

Convection is a mechanism of heat transfer where heat is removed by a fluid in contact
with a surface. There are two types of convection: forced and natural. Forced convection occurs
when a fluid is forced across an object (i.e., when a blower is used to cool an object). Natural
convection occurs due to instability in the densities of fluid particles as they differ in temperature.
The general equation used for convection heat transfer is

q“=h-(T/-TJ

where

q“ = heat flux (W/m2 or Btu/hr.ft2)
T,= surface temperature ~C or “F)
T.= ambient temperature (“C or “1?)
h = heat transfer coefficient (W/m2.0C or Btu/hrft2.0F)



The heat transfer coefficient is dependent on the type of convection (natural or forced), the
surface geometry, and the properties of the fluid. Several dimensionless numbers are used to
characterize convection heat transfer. In the study of natural convection, the Rayleigh number,
Ra, is used to characterize the geometry and the environmental conditions,

al)
where

g = gravitational constant (9.81 nisz or 32.2 ft/ S2)
L = characteristic length (m or ft)
~= 2/(T,+ T. ) (“C-’ or “F’)
cz= thermal diffusivity of fluid (m2/s or ft2/s)
u = kinematic viscosity of fluid (m2/s or ft2/s)

The Nusselt number, Nu, can be determined for various Rayleigh numbers and geometric
configurations. For natural convection off heated surfaces, the following correlations can be used
[1]:

Top of plate

~=0.54R# (104 <Ra<107)

~=0.15Ra% (107 <Ra S 1011)

Bottom of plate

G=o.27Ra~ (105 S Ra S 1010)

Vertical surface
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where the Prandtl number, Pr, equals IYrx.

The convection heat transfer coefficient, h, can then be determined from the following equation:

~ Nu. k

‘L
where

k = thermal conductivity of the fluid
L = characteristic length

Once his known, the heat flux q“ from the surface can be determined.
In a heat shield assembly, convection usually occurs in two places: between successive

shields and at the surface of the outermost shield. Because radiation heat transfer is usually more
dominant at high temperatures, natural convection is typically ignored between shields.
However, the outermost shield is open to the environment, and natural convection there can be
quite large. Since h is dependent on the environment, the glovebox atmosphere (e.g., air, helium,
nitrogen, or argon) will have a considerable effect on the amount of heat removed from the shield.
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Radiation

All materials emit electromagnetic waves of energy, known as radiation. As the
temperature of an object rises, it radiates more energy to its surroundings. The amount of
radiation that a material emits (or absorbs) is highly dependent on surface properties. Emissivity
is a surface property that characterizes the amount of energy that a material will emit or absorb.
It is a dimensionless value that ranges from O to 1.0. Typical emissivity values for aluminum,
Inconel, Hastalloy, steel, and stainless steel are given in Table 1: Emissivity Values. The
emissivity varies greatly with differences in materials and surface finishes. Materials with
polished surfaces tend to have low emissivities, while those with oxidized surfaces tend to have
higher emissivities. Also, the emissivity of a surface may deteriorate due to dust, reaction with
the process, and possibly temperature cycling.

The radiation from an object to its environment is calculated as follows:

q“ = So(To’ – T,’)

where

~“ = heat flux (W/m2 or Btu/h~ft2)
e= emissivity of object
o = Stefan-Boltzmann constant (5.67x10-8 W/m2.K4 or O.1714x10-8Btu/hr.ft2-0R4)
T0,s = temperature of object and surroundings (K or ‘R)

The rdlation heat transfer between two parallel plates is

a(~’ –T..)
!?’=~_~ ~_E

---J+ l+-----J-
E, &2

where
Tl,z= temperature of plates 1 and 2 (K or “R)
81,2= emissivity of plates 1 and 2

For N parallel plates, assuming constant areas and a source emissivity of 1.0, it is

The radiation heat transfer between two concentric cylinders is

OA1(T,4 - T24)
q=

f)
~+1–E2 r,—.
E* E2 (r2 )

where
q = heat transfer rate (W or Btu/hr)
Al= area of surface 1
r1,2= radius of cylinders 1 and 2



TABLE 1
EMISSIVITY VALUES

Temperature Emissivity
Material rc) (&)
Aluminum
Rough surface 20 – 50 .06- .07
Unoxidized 25 .02

100 .03
500 .06

Oxidized 200 .11
600 .19

Heavilyoxidized 93 .20
504 .31

Commercialsheet 100 .09
Roughly Qolished 100 .18
Polished 100 .09
Highly polished 227 .04

577 .06

Inconel
As received 38 – 538 .25- .30
Sheet 538 .28

649 .42
760 .58

260 – 1093 .36 – .61

Polished 260 – 538 .12 – .20
Polished 430 – 930 .10 – .25
X, polished 24 .19
B, polished 24 .21
X &B, polished 150– 315 .20

IHastauov I I I

F,surfaceroughness
-2 uin. rms 193– 832 I .10–.415

Temperature Emissivity
Material rc) (&)
Steel
Cold rolled 93 .75- .85
Rolled sheet 38 .66
Groundsheet 50 .56

930-1100 .55- .61
Flat, rough surface 50 .95- .98
Unoxidized 100 .08
~olished, slightly 260 .20
~xidized I 538 \ .24 ]

1093 .32
Oxidized 25 – 600 .80
Stronglyoxidized 38 .80
Stronglyoxidized 50 .88

500 .98
Polishedsheet 38 .07

260 .10

tainks steel I I
Polished 38 .07- .17

38 – 700 .17– .30
Cleaned 38-700 .22- .35
Lightly oxidized 500-700 .33- .40
Highlyoxidized 500-900 .67- .76
Afterrepeated

232-900heatingand cooling .50- .70

The values in this table have been compiled
from various heat-transfer and engineering
resources [1-6].

, surfaceroughness
-15 pin. rms 246 – 882 .115-.325



For N concentric cylinders, assuming a source emissivity of 1.0, constant shield emissivities, and
equal spacing between shields, it is:

where

OAN(T04–T; ) Source

[

l+N
A-t)—+
r. 1-[l–&

E

1
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–1

i=l

-u2 l+N~
r.

()

l+i~
r. 1

+
1–E

E D
.$-” ‘“‘ ,.

..’ Ax’

,.

, @
r.

. ..
Shield

Ax= spacing between shields
r.= radius of source
AN= area of N* shield

In a heat-shield assembly, radiation occurs between successive shields and at the outer
shield to the environment. The spacing between shields will have some effect on the heat transfer
through the heat-shield assembly. The source radius is usually freed, being either the outside of
the well or the outside of the heaters. The heat flux due to radiation becomes the more dominant
mode of heat transfer with increased temperatures.

DESIGN AND FABRICATION

Shields
Heat shields should be as thin as possible, but with enough structure to provide rigidity.

Shield materials should have low emissivities, and be compatible with the process. A typical
example would be 0.03-inch-thick stainless steel sheet.

Spacing
In determining the spacing between shields, heat transfer and space issues must be

considered. For a planar configuration of shields, the spacing has little effect. However, for a
cylindrical configuration, the spacing between shields can have an effect on the performance of
the assembly. Typical values for both cases range between 0.1 and 0.5 inches.

Supporting
In connecting and supporting a heat-shield assembly, conduction paths must be kept to a

minimum. Often a trade-off must be made between heat transfer and structural integrity.
However, more metal-to-metal contact between shields or more conduction paths to the outside,
will increase the conduction heat transfer and subsequently reduce the effectiveness of the heat-
shield assembly.

METHOD OF APPROXIMATION
The following method can be used to approximate the outermost shield temperature, the

practical number of shields to use, and the net heat-transfer rate. This method first approximates
the amount of heat lost from the outer shield to the glovebox environment. This loss is caused by
natural convection and radiation. For a system to be at steady state, the heat lost must equal the
heat gained. Therefore, the heat loss from the source through the shield assembly to the outer
shield must equal the heat lost from the outer shield to the environment. The solution to this
equality allows the number of shields to be determined.



Approximations were made to the exact solutions of the planar and cylindrical radiation
equations in order to create a simple system of charts and graphs. The approximations cause the
results to be somewhat conservative. As the number of shields is increased, however, the
difference between the exact and approximate solutions decreases. In the case of five shields, an
error of 10f%Oor less is expected. There is usually more uncertainty in the approximation of the
ernissivity than in the error associated with the approximations used in this method,

This method makes the following assumptions:
1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.

shields are planar-horizontal or cylindrical-vertical
ambient temperature is 30”C
ambient pressure is atmospheric
outer shield is open to environment
natural convection occurs at outer shield (except for vacuum atmosphere)
planar shields and source are all of equal surface area
vertical shields and source are all of equal height
shields are of same material, properties, and uniform temperature
source is completely covered
source emissivity is 1
conduction through the support frame is negligible
conduction and convection through gas between shields are negligible

Before using this method, the following preliminary design information must be known:
internal operating temperature, geometry, shield emissivity, and glovebox or environment
atmosphere.

Step 1. Choose the desired outer shield temperature.
The fwst step is to choose the desired outer shield temperature. The selection of this

temperature could be based on design restrictions, safety regulations, etc. Often, for glovebox
applications, human factors and glove operating conditions require temperatures of surfaces that
can be touched by the user to be below some specified value. A temperature of 70”C is typically
considered a safe value.

Step 2. Determine characteristic length L. of outer surface.
The characteristic length is a variable that allows the

geometry to be incorporated into the theoretical solution to a a
problem.

D

P
For a horizontal surface, the characteristic length can be

characterized as the ratio of the surface area to the perimeter
(A@). T

Lc
For a vertical surface, the characteristic length can be

defined as the vertical length (i.e., height) of the shields. L

Step 3. Determine heat flux Qc from the Natural Convection Heat Transfer graph.
The heat flux lost to the environment due to convection can be approximated from the

appropriate convection loss graph. Natural Convection graphs are provided, in Figures Al, for
the following glovebox gases: air, helium, nitrogen, and argon. Characteristic lengths are given
for top, side, and bottom shield surfaces. Using the chosen outer surface temperature and the
characteristic length, the heat flux loss caused by natural convection can be approximated. In a
vacuum environment, convection heat transfer will not occur, and this step is omitted.



Step 4. Determine heat flux Q~ from the Radiation Heat Transfer graph.
The heat flux lost to the environment due to radiation heat transfer from the outer shield

can be approximated from Figure A2, the Radiation Heat Transfer graph. Using the chosen outer
surface temperature and an ernissivity value for the outer surface, the radiation 10SSflux can be
determined.

Step 5. Add the convection and radiation heat fluxes to get the total flux loss QT.
The convection flux loss Q. and the radiation flux 10SSQR can be added to get the total

heat flux Q~ lost from the outer shield to the environment. In a vacuum, the convection flux will
not exist, so the radiation flux term will equal the total flux loss.

Step 6. Determine the temperature factor (A, B,... ) from the Temperature Factor Chart.
Temperature Factor Charts are given in Table Al, for four different shield emissivity

values. Using the chart for an appropriate emissivity, find the pre-chosen surface temperature in
the top row, and then move down the column to find the internal operating temperature. Some
interpolation may be required. Once the operating temperature is found, move to the outside of
the chart to find the temperature factor (A, B, C, . . .). Often, the temperature factor will fall
between two letters (i.e., between C and D). The approximate position between letters is
acceptable for use in the next step.

Step 7. Find the number of shields from the Heat Transfer through Shield Assembly graph.
Graphs are given for two conf@rations, planar-horizontal and cylindrical-vertical. For

the planar shield configuration, the temperature factor and the total heat flux allow Figure A3, the
planar graph, to determine the practical number of shields.

For the cylindrical configuration, a geometry factor must fwst be determined. The
geometry factor is just the distance between shields (Ax) divided by the radius of the source (rO).
Using the geometry factor, along with the temperature factor and the total heat flux, Figures A4,
the cylindrical graphs, approximate the practical number of shields. Geometry factors will
usually fall between figure values, so use two figures and good judgement to select the number of
shields.

Now, all necessary information is known. The outer shield temperature was determined
in Step 1 and the practical number of shields was determined in Step 7. Lastly, the net heat
transfer rate can be determined by multiplying the total heat flux (determined in Step 5) by the
corresponding surface area. For the cylindrical case, the number of shields must be multiplied by
the spacing and then added to the source radius to determine the outer radius of the assembly.

A similar theoretical approach to the solution of heat shield problems is used by
Ktitateladze and Borishanskii [7]. In their book, they provide a solution to an example problem.
The solution to the example problem, using the approximation method described in this paper, is
almost identical to their solution. This verities that the approximation method described in thk
paper is not that different from other solutions to heat shield problems.

EXAMPLE

A 500”C process is to be run in a well 12 inches in diameter and 36 inches high. Heaters
with a 16-inch outside diameter will be clamped on the outside of the well. The well rests on a
layer of firebrick, and heat shields will be used to insulate the top and side of the well. Polished
stainless steel, 0.03 inches thick, will be chosen due to its low emissivity and compatibility with
the process. The shields for the top section will be outside the well, planar, and 16 inches in
diameter to cover the well and the heaters. For the side section, the shields will be cylindrical, 36
inches high and start outside the heaters. The shields for both cases will be spaced 0.25 inches



apart. The outer surfaces of the shields are within reach of glovebox users. The top shields are
open to the glovebox atmosphere (argon), while the sides are open to the outside of the glovebox
(air).

Step 1. Choose desired outer shield temperature.
Since the outer shield surfaces are within reach of the glovebox user, the surface

temperatures should be kept below 70”C. For this example, choose 60”C.

Step 2. Determine characteristic length L, of outer surfaces.
For the top shields, the characteristic length is the ratio of the surface area to the

perimeter (AM). This ratio, for a circular disk, reduces to the diameter divided by 4:
(7cD2/4)/(nD) = (D/4). Therefore, the characteristic length is 4.0 inches, or (X 0.0254 dim)
0.1016 m.

For the cylindrical shields, the characteristic length is the height of the shields, or 36
inches (0.9 144 m).

Step 3. Determine heat flux QCfrom the Natural Convection Heat Transfer graph.
Because the top shield is exposed to an argon atmosphere, the graph for argon will be

used. The surface temperature was chosen, 60°C, in Step 1.

The top shields are planar, so the
corresponding Horizontal Top curves will
be used. At 60°C and a characteristic
length of 0.1016 m, the heat flux lost to
natural convection is about 140 W/m2.
(See figure at right.)

For the cylindrical case, the graph for air
is used, and the curves for a Vertical
surface are used. Using a surface
temperature of 60°C and a characteristic
length of 0.9144 m, the heat flux lost to
natural convection is about 150 W/m2.
(Figure not shown.)
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In this example, heat shields are not used at the bottom of the vessel, so the Horizontal
Bottom curves will not be used.

Step 4. Determine heat flux Q~ from the Radiation Heat Transfer graph.
In the Table of Emissivity Values, look up the ernissivity for polished stainless steel. For

temperatures between 38 and 700”C, the emissivity ranges from 0.17-0.30. To be conservative,
choose an emissivity of 0.3.

Now, assuming an emissivity of 0.3 and a 60°C surface temperature, the Radiation Heat
Transfer graph gives a heat flux of about 100 W/mz. (Figure not shown.)

Step 5. Add Q. and Q~ to get the total flux QT.
The total flux Q~ for the planar shield is 140+ 100= 240 W/m2, the total flux QT for the

cylindrical shield is 150+ 100= 250 W/m2.



Step 6. Determine the temperature factor (A, B, C, . ..) from the Temperature Factor Chart.

Emissivity= 0.3

SurfaceTemperature~C)
Q m .lXJ .l@ m

A 1271 1271 1272 1272 1273
B 1086 1086 1087 1088 1090
c 955 956 957 959 961
D 820 821 823 825 827
E 690 692 694 697 701
F 539 542 546 551 557

~ 500”C
G 424 429 434 442 452
H 282 290 301 316 333
I 151 169 191 217 246

t
60°C

Therefore, the temperature factor lies between F &G.

Step 7. Find the number of shields from the Heat Transfer through Shield Assembly graph.

For the top shields, the planar graph
is used. Using the top total heat
flux of 240 W/m2 and the
temperature factor, the number of
shields is determined to be 14.
(See figure at right.)

For the side
graphs will
geometry
determined.

shields, the cylindrical
be used. First, the
factor must be

For this case, the
geometry factor (0.25 in./8 ~.) =
0.03125. This value falls between
those given on the graphs.
Therefore, two cylindrical graphs
will be used.

On the cylindrical graph for a
geometry factor of 0.01 and a total
heat flux of 250 W/m2, the number
of shields is determined to be 13.
(See figure at right.)
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On the cylindrical graph for a geometry w
factor of 0.06 and a total heat flux of =
250 W/m2, the number of shields is w
determined to be 11.
(See figure at right.) X-

Therefore, for a geometry factor of
0.03125, the number of shields should
be about 12.

. , m ,Cw ,m .
WI FiIEiWfm?.0,

Lastly, the heat transfer rate can be determined for both top and side sections. The top heat flux
of 240 W/m2 can be multiplied by the top area to get the heat transfer rate. The top area is
(nD2/4) = 201.06 in.2, or (x 0.0254 m/in)2 0.130 m2. The heat transfer rate is then 31.13 W, or (X
3.412 Btu/hr/W) 106.22 Btu/hr.

To determine the area of the side outer shield, the spacing and shield thickness must be
multiplied by the number of shields, which is 3.36 inches ((0.25 in. + 0.03 in.) x 12). This is
added to the source radius of 8 inches to get a total radius of 11.36 inches (22.73-inch diameter).
The area is thus (ZDXheight) = 2569.57 in.2, or (x 0.0254 m/in)2 1.658 m2. The area is multiplied
by the side heat flux of 250 W/m2 to get a heat transfer rate of 414.45 W, or (x 3.412 Btu/hr/W)
1414.09 Btu/hr.

CONCLUSION

Heat shields can be used in place of insulation materials in a variety of applications. In
determining the heat transfer characteristics of a heat-shield assembly, a number of factors must
be taken into consideration. The glovebox or outside environment, material properties, geometry,
and operating temperature all have varying effects on the expected results. The method discussed
in this paper will allow for the simple approximation of the outer shield temperature, the practical
number of shields, and the net heat transfer rate through the shield assembly. It is a method of
approximation only, and a more thorough analysis should be carried out, if necessary.
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FIGURE Al-1 Natural Convection Heat Transfer - AIR
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FIGURE Al-2 Natural Convection Heat Transfer - HELIUM
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FIGURE Al-3 Natural Convection Heat Transfer - NITROGEN
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FIGURE Al-4 Natural Convection Heat Transfer - ARGON
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FIGURE A2 Radiation Heat Transfer
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TABLE Al Temperature Factor Chart

Emissivity = 0.1
SurfaceTemperature(“C)

Q @ m m ~
A 1815 1815 1815 1816 1816
B 1565 1565 1565 1566 1567
c 1388 1388 1389 1389 1390
D 1204 1205 1205 1206 1207
E 1027 1028 1029 1030 1032
F 821 823 824 826 829
G 664 665 668 671 676
H 464 467 472 479 488
I 268 277 289 304 323

Emissivity = 0.5

Emissivity = 0.3
SurfaceTemperature~C)

@ B Eo Ko m
1271 1271 1272 1272 1273 A
1086 1086 1087 1088 1090 B
955 956 957 959 961 c
820 821 823 825 827 D
690 692 694 697 701 E
539 542 546 551 557 F
424 429 434 442 452 G
282 290 301 316 333 H
151 169 191 217 246 I

Emissivity = 0.7
SurfaceTemperature(“C)

Q M XO m m
896 897 898 900 902 A
757 758 760 762 766 B
658 660 663 666 671 c
557 559 563 568 574 D
460 463 469 475 484 E
348 354 363 373 387 F
265 274 287 302 321 G
167 183 204 228 255 H
88 116 148 181 217 I
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FIGURE A3 Heat Transfer through Shield Assembly - PLANAR
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FIGURE A4-1 HeatTransfer through Shield Assembly - CYLINDRICAL
geometry factor = 0.01
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FIGURE A4-2 Heat Transfer through Shield Assembly - CYLINDRICAL
geometry factor = 0.06
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FIGURE A4-3 Heat Transfer through Shield Assembly - CYLINDRICAL
geometry factor = 0.10
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FIGURE A4-4 Heat Transfer through Shield Assembly - CYLINDRICAL
geometry factor = 0.16
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