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QHW Designation: C 1043 — 97

Standard Practice for
Guarded-Hot-Plate Design Using Circular Line-Heat
Sources *

This standard is issued under the fixed designation C 1043; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilone] indicates an editorial change since the last revision or reapproval.

1. Scope safety concerns, if any, associated with its use. It is the

1.1 This practice covers the design of a circular line-heat'e€sponsibility of the user of this standard to establish appro-

source guarded hot plate for use in accordance with Ted¥iate safety and health practices and determine the applica-
Method C 177. bility of regulatory limitations prior to use.

Note 1—Test Method C 177 describes the guarded-hot-plate apparati®. Referenced Documents
and the application of such equipment for determining thermal transmis- 2.1 ASTM Standards:

sion properties of flat-slab specimens. In principle, the test method . . . .
includes apparatus designed with guarded hot plates having either C 168 Terminology Relating to Thermal Insulating Materi-

distributed- or line-heat sources. al hod 1 | |
1.2 The guarded hot plate with circular line-heat sources is C 177 Test Method for Steady-State Heat Flux Measure-

a design in which the meter and guard plates are circular plates ments and Thermal Transmission Properties by Means of

having a relatively small number of heaters, each embedded the Guarded-Hot-Plate Apparafus
gal y : . ’ . C 1044 Practice for Using the Guarded-Hot-Plate Apparatus
along a circular path at a fixed radius. In operation, the heat

from each line-heat source flows radially into the plate and is In the One-Sided Mode to Measure Steady-State Heat Flux

transmitted axially through the test specimens and Thermal Transmission Properfies
. E 230 Specification for Temperature-Electromotive Force
1.3 The meter and guard plates are fabricated from a (EMF) Tables for Standardized Thermocougiles
continuous piece of thermally conductive material. The plates 2.2 ASTM Adjuncts;
are made sufficiently thick that, for typical specimen thermal Line—Heat—Source G.uarded-Hot-PIate Apparatus
conductances, the radial and axial temperature variations in the
guarded hot plate are quite small. By proper location of the3. Terminology

line-heat source(s), the temperature at the edge of the Meters 1 Dpefinitions—For definitions of terms and symbols used

p:aze ctr;\]n b? ”.‘Ii‘tdf. eqltJaI to th? mean temperatutre Of(;ht?] meﬁgthis practice, refer to Terminology C 168. For definitions of
piate, thus tactiitating temperature measurements and thermgy, .o relating to the guarded-hot-plate apparatus refer to Test

guarding. Method C 177.
1.4 The line-heat-source guarded hot plate has been used‘;z Definitions of Terms Specific to This Standard:

fuicgssoséf:ully_tr?ver ET mea? Itelmtperatu(;e ra_ng? flfomh‘ 1t0 3.2.1 gap, n—a separation between the meter plate and
0 » With circufar metal piates and a singlé line-heaty 4 plate, usually filled with a gas or thermal insulation.

source in the meter plate. The chronological development 9? 3.2.2 guard plate n—the outer ring of the guarded hot plate

the design of circular line-heat-source guarded hot plates I8 at encompasses the meter plate and promotes one-
i i - 2 . .
given in Refs(1-8). dimensional heat flow normal to the meter plate.

1.5 This practice does not p_recludéa) (lower or higher 3.2.3 guarded hot platen—an assembly, consisting of a
temperatures; 2) plate geometries other than circulag) ( meter plate and a co-planar, concentric guard plate, that

ine-heat-source geomelries other than Grcudyie use of _ proyides the heat input to the Specimens.
piates fabricated from Ceramics, COmposites, or other MAENIAIS, 5 5 4 jine_heat-sourcen—a thin or fine electrical heating

or (5) the use of multiple line-heat sources in both the meterelement that provides uniform heat generation per unit length.
and guar_d plates. 3.2.5 meter area n—the mathematical area through which
1.6 This standard does not purport to address all of thethe heat input to the meter plate flows normally under ideal
guarding conditions into the meter section of the specimen.
 This practice is under the jurisdiction of ASTM Committee C-16 on Thermal ~ 3.2.6 meter platen—the inner disk of the guarded hot plate

Insulation and is the direct responsibility of Subcommittee C16.30 on Thermakhat contains one or more line-heat sources embedded in a
Measurement.
Current edition approved Sept. 10, 1997. Published June 1998. Originally ————
published as C 1043 — 85. Last previous edition C 1043 — 96. 3 Annual Book of ASTM Standardéol 04.06.
2 The boldface numbers in parentheses refer to a list of references at the end of * Annual Book of ASTM Standardgol 14.03.
this practice. ° Available from ASTM Headquarters. Order Adjunct: ADJC1043.
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circular profile and provides the heat input to the meter sectioheater either do not significantly alter the temperature distri-
of the specimens. butions in the meter and guard plates or else affect these
3.2.7 meter sectionn—the portion of the test specimen (or temperature distributions in a known way so that appropriate
auxiliary insulation) through which the heat input to the metercorrections can be made.
plate flows under ideal guarding conditions. 4.6 The use of one or a few circular line-heat sources in a
L guarded hot plate simplifies construction and repair. For
4. Significance and Use room-temperature operation, the plates are typically of one-
4.1 This practice describes the design of a guarded hot plajsiece metal construction and thus are easily fabricated to the
with circular line-heat sources and provides guidance inequired thickness and flatness. The design of the gap is also
determining the mean temperature of the meter plate. l§implified, relative to gap designs for distributed-heat-source
provides information and calculation procedures fd):¢on-  hot plates.
trol of edge heat loss or gain (Annex Alp)(location and 4.7 In the single-sided mode of operation (see Practice
installation of line-heat sources (Annex A2}) design of the 1044), the symmetry of the line-heat-source design in the

gap between the meter and guard plates (Appendix X1); angyia| direction minimizes errors due to undesired heat flow
(4) location of heater leads for the meter plate (Appendix X2).5¢r0ss the gap.

4.2 A circular guarded hot plate with one or more line-heat
sources is amenable to mathematical analysis so that the megn Design of a Guarded Hot Plate with Circular Line-
surface temperature can be calculated from the measured gt Source(s)
power input and the measured temperature(s) at one or more ]
known locations. Further, a circular plate geometry simplifies -1 General—The g.enefral features of a Clrpular guar.ded.-
the mathematical analysis of errors resulting from heat gains diot-plate apparatus with line-heat sources are illustrated in Fig.
losses at the edges of the specimens (see @efk0). 1. F(_)r the double-sided mode of operation, there are two
4.3 In practice, it is customary to place the line-heatSPe€cimens, two cold plates, and a guarded hot plate with a gap
source(s) in the meter plate at a prescribed radius such that tRétween the meter and guard plates. The meter and guard plates
temperature at the outer edge of the meter plate is equal to ti€ €ach provided with one (or a few) circular line-heat
mean surface temperature over the meter area. Thus, tfUrCes.
determination of the mean temperature of the meter plate can 5.2 Summary-To design the meter and guard plates, use
be accomplished with a small number of temperature sensote following suggested procedurd) gstablish the specifica-
placed near the gap. tions and priorities for the design criteria2)( select an
4.4 A guarded hot plate with one or more line-heat source@ppropriate material for the plates3) (determine the dimen-
will have a radial temperature variation, with the maximumsions of the plates; 4] determine the type, number, and
temperature differences being quite small compared to thication of the line-heat source(s)5)(design the support
average temperature drop across the specimens. Providéystem for the plates; ané)(determine the type, number, and
guarding is adequate, only the mean surface temperature of thecation of the temperature sensors.
meter plate enters into calculations of thermal transmission 5.3 Design Criteria—Establish specifications for the fol-
properties. lowing parameters of the guarded hot-plate apparatlis: (
4.5 Care must be taken to design a circular line-heat-sourcgpecimen diameter;2] range of specimen thicknesses) (
guarded hot plate so that the electric-current leads to eaatange of specimen thermal conductancdycharacteristics of
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FIG. 1 Schematic of a Line-Heat-Source Guarded-Hot-Plate Apparatus
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specimen materials (for example, stiffness, mechanical conpf the guard plate while also considering) (the specimen thermal

pliance, density, hardness})(range of hot-side and cold-side conductivities; ) specimen thicknesses3)(edge insulation; and4f

test temperatures;6) orientation of apparatus (vertical or Secondary guarding, if any.

horizontal heat flow); andrj required measurement precision. 5.5.1 Meter Plate DiameterThe diameter shall be large
Note 2—The priority assigned to the design parameters depends on th%nI?UQh so that t.he mfetﬁr SeCtlon IOf the SpECIImeES Ig. statisti-

application. For example, an apparatus for high-temperature may neceS@lly répresentative of the material. Conversely, the diameter

sitate a different precision specification than that for a room-temperatur8€€ds to be sufficiently Sma”(?r than the diameter of the guard

apparatus. Examples of room-temperature apparatus are available in tpéate so that adequate guarding from edge heat losses can be

adjunct® achieved (see 5.5.2).
5.4 Material—Select the material for the guarded hot plate Nore 5—The first requirement is particularly critical for low-density
by considering the following criteria: insulations that may be inhomogeneous. The second requirement is

5.4.1 Ease of Fabrication-Fabricate the guarded hot plate necessary in order to provide adequate guarding for the testing of the
from a material that has suitable thermal and mechanicaiPecimen materials and thicknesses of concern.
properties and which can be readily fabricated to the desired 5.5.2 Guard Plate Diameter~Use Annex Al to determine
shapes and tolerances, as well as facilitate assembly. either the diameter of the guard plate for a given meter plate

5.4.2 Thermal Stability—For the intended range of tempera- diameter, or the diameter of the meter plate for a given guard
ture, select a material for the guarded hot plate that iplate diameter. Specifically, determine the combinations of
dimensionally stable, resistant to oxidation, and capable ofliameters of the meter plate and guard plate that will be
supporting its own weight, the test specimens, and accomma@equired so that the edge-heat-loss error will not be excessive
dating the applied clamping forces without significant distor-for the thickest specimens, with the highest lateral thermal
tion. The coefficient of thermal expansion must be known inconductances. If necessary, calculate the edge heat loss for
order to calculate the meter area at different temperatures. different edge insulation and secondary-guarding conditions.

5.4.3 Thermal Conductivity-To reduce the (small) radial . . : .
temperature variations across the guarded hot plate, select a " 6—For example, when testing relatively thin specimens of

P 9 P ’ t|n%ulalt|on, it may be sufficient to maintain the ambient temperature at

material having a high thermal conductivity. For cryogenic Oresgentially the mean temperature of the specimens and to use minimal
modest temperatures, it is recommended that a metal such agge insulation without secondary guarding. However, for thicker con-

copper, aluminum, silver, gold or nickel be selected. Forductive specimens, edge insulation and stringent secondary guarding may
high-temperature (up to 600 or 700°C) use in air, nickel or &e necessary to achieve the desired test accuracy.

single-compound ceramic, such as aluminum oxide, aluminum 5 5 3 Guarded-Hot-Plate ThicknessThe thickness should
nitride, or cubic boron nitride is recommended. be large enough to provide proper structural rigidity, and have

5.4.4 Heat Capacity—To achieve thermal equilibrium g |arge lateral thermal conductance, thus minimizing radial
quickly, select a material having a low volumetric heat capacittemperature variations in the plate. Conversely, a large thick-
(product of density and specific heat). Although aluminum,ness will increase the heat capacitance of the plate and thus
silver, and gold, for example, have volumetric heat capacitiegdversely affect the (rapid) achievement of thermal equilib-
lower than copper, as a practical matter, either copper ofium, and reduce the thermal isolation between the meter plate
aluminum is satisfactory. and the guard plate.

Note 3—Heat capacity is particularly important when acquiring test 9-5.4 Gap Width—The gap shall have a uniform width such
data by decreasing the mean temperature. Since the meter plate, for mégat the gap area, in the plane of the surface of the guarded hot
designs, can only lose heat through the test specimens, the meter plate nphate, shall be less than 3 % of the meter area. In any case, the
cool quite slowly. width of the gap shall not exceed the limitations given in Test

5.4.5 Thermal Emittance-To achieve a uniform, high ther- Method C 177. The width of the gap is a compromise between
mal emittance, select a plate material that will accept a suitabléicreasing the separation in order to reduce lateral heat flow
surface treatment. The treatment should also provide goo@nd distorting the heat flow into the specimen and increasing
oxidation resistance. For modest temperatures, various high€ uncertainty in the determination of the meter area.
emittance paints can be used for copper, silver, gold, or nickel. Nore 7—The gap provides a significant thermal resistance between the
For aluminum, a black anodized treatment provides a unimeter and guard plates. The temperature difference across the gap needs
formly high emittance. For high-temperature, most ceramicso be maintained at a very small value, thereby minimizing the heat
have an inherently high thermal emittance and nickel and it§ansfer between the meter and guard plates, both directly across the gap
alloys can be given a fairly stable oxide coating. In any case?"d also through adjacent portions of the specimens.
the thermal emittance should not change significantly with 5.5.5 Gap Configuratior—Refer to Fig. 2 in selecting an
aging. appropriate design for the gap cross-section. Desighar{d

5.5 Guarded-Hot-Plate DimensiorsSelect the geometri- (c) permit a narrow gap at the surfaces, in the plane of the plate,
cal dimensions of the guarded hot plate to provide an accuratghile maintaining a fairly high thermal resistance between the
determination of the thermal transmission properties. meter and guard plates. For a small temperature difference

Note 4—The accurate determination of thermal transmission proper—across the gap, calculate the corresponding heat flow using

ties requires that the heat input to the meter plate flows normally througigmde”nes in Appendix X1.
the specimens to the cold plates. One-dimensional heat flow is attained by 5.5.6 Plate Flatness
proper selection of the diameter of the meter plate relative to the diameter 5.5.6.1 When assembled, the guarded hot plate shall have
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Gap Configurations times the radius to the center of the gap. If it is desired to have
heaters at more than one radius, select these radii by using the
Meter Guard criteria given in Annex A2.
Plate ap Plate 5.6.1.2 Guard Plate—For a guarded hot plate with the outer

radius of the guard plate equal to 2.5 times the radius to the

center of the gap, locate the line-heat source at a radius equal
to 1.29 times the radius to the center of the gap. If another
line-heat source is required in the guard plate, locate the heat
source at a radius of 1.97 times the radius to the center of the
gap. Use the criteria given in Annex A2 for determining other

)

( radii of line-heat sources in the guard plate.
a

Note 9—The location(s) of the line-heat sources in the guard plate is
less critical than is the case for the meter plate.

5.6.2 Type of HeaterSelect the line-heat source from one

of the following types of heater elementgd) thin ribbon; @)
sheathed; or3) any other stable type that provides a uniform
heat output per unit length, for example, fine resistance wire
with dielectric insulation.
5.6.2.1 Ribbon Heater—A thin ribbon heater consists of an
(b)

etched foil or wire-wound heating element sandwiched be-
tween two layers of electrical insulation. For a guarded hot
plate intended for use over the temperature range of building
insulations, the electrical insulation can be any of a variety of

plastics (for example, polyimide). For use over a broader
temperature range, care must be taken to select an insulation,
such as high-temperature polyimide or silicone rubber, that will
survive the temperatures of interest.
5.6.2.2 Sheathed HeaterA sheathed heater, sometimes
known as a cable heater or a swaged heater, consists of a
()

straight or coiled heater element insulated from its surrounding
FIG. 2 Designs for the Cross-section of the Gap Between the metal sheath by Compa_Cted_ ceramic powder. This t_ype of
Meter and Guard Plates heater can be used to quite high temperatures, depending upon
... .the type of resistance wire and sheath that are selected.
the surfaces of both the meter and guard plates flat to within 5 g% Installation of Heaters
0.025 % of the outer diameter of the guard plate " ; o
: : 5.6.3.1 Install the ribbon heater(s) by fabricating the plate
Note 8—For example, a guarded hot plate with a 600-mm diamete{meter or guard) in two concentric sections and placing the
guard plate should be flat over its entire surface to within 0.15 mm.  heater between the sections by either an interference fit or a

5.5.6.2 During fabrication, assembly, and installation of thetapered fit. Prepare the interference fit by applying a moderate
guarded hot plate, considerable care needs to be taken t@mperature difference to the two concentric sections. See
achieve this flatness tolerance. For a metal plate, it may badjunct for further details.
necessary to anneal the plate to relieve stresses introduced®.6.3.2 Install the sheathed heater(s) by pressing the heater
during machining and then grind the plate(s) to final tolerancednto circular grooves that have been cut into one (or more)

Continued checking may be necessary to ensure the flatnegdrface(s) of the plate (meter or guard). The grooves should be
tolerance is maintained after temperature cycling. deep enough that the heater will be below the surface of the

5.5.7 Surface Emittances plate. Fill the remainder of the groove with either conductive
5.5.7.1 Guarded Hot Plate-Treat the surfaces of the €POXy, solder, or braze.
guarded hot plate to maintain a total hemispherical emittance 5.6.4 Lead Wires for Heate+In order to minimize undes-
greater than 0.8. In any case, the hot plate surface emittané@d heat generation from the heater leads, select lead wires that
shall meet the requirements of Test Method C 177. have a lower electrical resistance per unit length than the heater
5.5.7.2 Gap—To minimize the heat flow across the gap, element(s). The heater elements may have either integral

either treat the surfaces of the gap (by p0||sh|ng or e|ectrop|at€|ectrical lead Wires, or individual insulated lead wires attached
ing) to reduce their thermal emittance, or fill the gap withto the heater elements with the junctions electrically insulated

thermal insulation. (with, for example, epoxy or ceramic cement). Secure the
5.6 Heater Desiga-Select the radius of each circular line- €lectrical connections so they are reliable and properly insu-
heat source for the meter plate and the guard plate as follow!ated electrically from the guarded hot plate.
5.6.1 Location of Heaters Note 10—Since some heat will be generated by the wire leads, thereby

5.6.1.1 Meter Plate—If the meter plate has a single line- perturbing the temperature profile, consideration must be given to where
heat source, locate the heat source at a radius equ@ﬁdZ the leads are located and how they are installed. Refer to Appendix X2 for
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guidance on locating the wire heater leads. the temperature difference across the gap, rather than separate
5.7 Support Structures measurements of the absolute temperature of the meter and
5.7.1 Support for Meter Plate-Design the support system guard-sides. In order to minimize heat conduction through the
for the meter plate to: thermopile wires, selectl) wires of small diameter and low

5.7.1.1 Facilitate assembly of the meter and guard plates §oermal conductivity; Z) the minimum number of thermo-
that the two plates are co-planar (per 5.5.6) and concentric witBouple junction pairs necessary for adequate sensitivity; and

a uniform gap width (per 5.5.4), (3) an oblique (rather than radial) path for the wires to cross the
5.7.1.2 Support the mass of the meter plate as well as th@ap.
forces from clamping the test specimens, 5.8.4.1 Type of Wire—In general, avoid constructing the
5.7.1.3 Account for the effects of thermal expansion of thethermopile from copper wires. Because of its high sensitivity
meter and guard plates, and relatively low thermal conductivity of both alloys, consider
5.7.1.4 Minimize heat conduction between the meter andype E thermocouple wire, having a diameter no greater than
guard plates, and 0.3 mm.
5.7.1.5 Facilitate installation and repair of the line-heat 5.8.4.2 Sensitivity—For a line-heat-source guarded hot
sources, lead wires, and sensors. plate, angular temperature variations on either side of the gap

N ahould be small so that only a small number of thermocouple
ote 11—Extraneous heat flows caused by the support system coul ti f lin urposes is required. oprovided th
disturb the desired temperature distribution in the meter plate. OnéunC !Ons or se_lmp 9 purpo S. S required, provide €
successful technique consists of a system of three small pins with bottiNCtions are wisely located relative to the heater leads (see
ends tapered that are installed in radially drilled holes in the guard plateAppendix X2).

A tapered-end screw pushed against the outer end of each pin presses th . .
other end of the pin into a circumferential groove in the outer edge of th(? ?\IOTE 14—Different designs for guarded hot plates have used anywhere

meter plate. This system will center the meter plate accurately so that thagmesefivgtﬁ%i 0;;?:2222;;;‘/?"3 e{ﬂgcsggsutgtesi\;:alli:ur:)(?‘r;de ﬁ’:r']rqs é‘?a_
gap width is uniform (per 5.5.4). q ty q pling p

. ture on either side of the gap. The number of thermocouple junctions
5.7.2 Support for Guard Plate-Design the support system needs to provide the desired resolution of the temperature difference

for the guard plate to maintain the guarded hot plate in thecross the gap. For example, if thermocouple wire with a nominal

desired orientation (usually the plane of the hot plate will besensitivity of 60 pVv/K were used, a thermopile with 16 pairs of junctions

either horizontal or vertical), and, minimize conductive heatwould have a sensitivity of 960 uV/K. For such a thermopile, measure-
losses from the guard plate ment of the thermopile output to a resolution of 1 pV would correspond to

a resolution in the temperature difference across the gap of approximately
Note 12—Extraneous heat flows caused by the support structure could mK.

disturb the desired temperature distribution in the guard plate. One . . . .
successful technique for supporting the guard plate is wire cables (at three 5.8.4.3 Installation—Place all thermocouple junctions in

or four locations) at the periphery of the guard plate. A second techniqugoc’d th?rmal contact with the meter plate or guard plate._
is to rigidly support the underside of the guard plate at the periphery eitheP€cure, if necessary, by mechanical fasteners. Insulate electri-
from above or below. cally all thermocouple junctions from the meter plate and guard

5.8 Temperature Sensars plate.

5.8.1 Type—Select temperature sensors for the guarded hot 5-8.5 Location in Guard Plate-Measure the temperatures
plate that provide adequate sensitivity and do not significanthpf the primary guard using thermocouples, (platinum) resis-
change the temperatures that are to be measured. At modéapce thermometers, or thermistors, or indirectly using differ-
temperatures, select sensors from the following typay: ( ential thermocouples.
thermocouples (either Type T or E wire being the most y:e 15 Temperatures in the guard plate do not enter directly into the
commonly used); 4) small, accurate (platinum) resistance calculation of thermal transmission properties. However, it is important to
thermometers; or3) stable thermistors. At extreme tempera- measure temperatures at some locations in the guard plate so that correct
tures (high or cryogenic), consult Specification E 230 or Refoperation of the guarded hot plate can be verified.

(11) for the use of thermocouples for temperature measure- i i
ment. 6. Design Precautions

5.8.2 Calibration—Temperature sensors shall be calibrated 6.1 Error in the measurement of the temperature of the
with standards traceable to a national standards laboratory. guarded hot plate can be introduced from several sources,

Note lS—_The Qvera_ll uncertainty depends not only on the type of:ndutqmg'f(]t'% m:proper ?e5|gn of the guardlid ?.Ot pl?tﬁ]) (
sensor and its calibration, but also on the measurement system. Normglcation ot the temperature sensor, a¥l ¢alibration of the
precautions require minimizing spurious voltages by locating junctions of€Mperature sensor as well as the measurement system (see
dissimilar metals in regions of low thermal gradients and using high5.8.2).
quality low-thermal emf switches. For further guidelines, consult Test 6.2 A basic premise in the design of the guarded hot plate is
Method C 177. the location of the line-heat source at a prescribed radius as

5.8.3 Location in Meter Plate-If the line-heat source(s) is described in Annex A2. This ensures that the mean temperature
located per 5.6.1 in the meter plate, then locate the temperatuod the surface of the meter plate is equal to the temperature at
sensor at the outer radius of the meter plate. Consult Appendike edge of the meter plate. The radial temperature profile is
X2 for the angular location of the temperature sensor. Locataffected by the thermal conductivity of the plate. Consequently,
the temperature sensor at the center plane of the meter platéhe thermal conductivity of the plate should be high relative to

5.8.4 Location in Gap—Use a thermopile to detect directly the specimen (see Annex A2).
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6.3 Experimental checks to verify the radial temperatureadequately the mean temperature of the surface of the meter
distribution are recommended. These include independemtate.
temperature measurements of the guarded hot plate with
thermocouples, for example, as described in R8Js(8). 7. Keywords

6.4 Angular perturbations in the temperature profile are 7.1 guarded hot plate apparatus; heat flow; line source
possible due to heating from the heater leads crossing the gapeater; steady state; thermal conductivity; thermal insulation;
Additional temperature sensors may be necessary to determitigermal resistance

ANNEXES
(Mandatory Information)

Al. CONTROL OF EDGE HEAT LOSS OR GAIN

Al.1 Scope The geometrical mean of the thermal conductivities is

Al.1.1 This annex provides a procedure for determining thé = ()Y ] ]
diameter of the guard plate and ambient temperature conditions A1-2-3 For the range of parameters that provide appropriate
required to reduce the edge effects to negligible proportiongguarding, Eq A1.3 and Eq Al.4 are convergent and require
Alternative procedures may be used, but it is the responsibilit"ly & few terms to obtain accurate results. Peavy and Rennex

of the user to determine that those procedures yield equivale®®) Provide plots ofAandB as functions of geometry and of the
results. ratio of heat transfer coefficienh, to specimen conductivity.

Al.2.4 For relatively small values & andB, approximate
Al1.2 Theoretical Analysis universal curves can be obtained by writing:

Al.2.1 For an apparatus with an isothermal guarded hot ht
plate and cold plate(s), the error due to edge heat loss or gain A= A
has been derived for both circular and square plates by Peavy 1+ (1 + 4V_Ld)
and Rennex9), for the case of the specimen being anisotropic, m
and by Bodg10), for the isotropic case. The error due to edge ht
heat transfer in a guarded hot plate apparatus is given by: B= A T (AL7)

e = A+ BX (AL.1) 1+<1+%)ﬂ
where: whereA andB are computed from Eq A1.3 and Eq A1.4 and
2T — Ty A" andB' are then computed using Eq A1.6 and Eq A1.7. Fig.
X= T T, (AL2)  A1.1 and Fig. A1.2 present parametric curvesAofand B’,

Here, T,, is the guarded hot plate temperature, 8pdthe
cold plate temperature. The mean temperature of the specimen 0.020 T
is T, = (T, + TY/2, andT, is the ambient temperature at the
edge of the specimen.

Al.2.2 For a circular plate geometry, the coefficieAtand

rC A (A1.6)
27\

B are given by: 0.015 -
A= 21 Won (AL1.3)
ne
B= 3 Wy (A1.4) < 0010 F
The terms in the summations are given by:
4 /hL\ /yL I,(nmb/yL)
w-2(5) ()7
T n“ [l (nmd/iyL) + (hLnmh)lg(nmd/iyL)] 0.005 |-
(AL1.5) :
wherel, andl, are modified Bessel functions of the first kind
of order 0 and 1, respectivelyis the radius to the center of the
gap,d is the outer radius of the guard plateis the thickness 0.000 ‘ |
of the specimen, ant is the heat transfer coefficient at the 00 0.0 0.4 06 0.8 1.0
circumference of the specimen. The anisotropy ratio for the YL/d
specimen _'SV? =N\, V\_/here A a_nd )}z are the thermal FIG. A1.1 The Coefficient A’ as a Function of yL/d with d/b as a
conductivities in the radial and axial directions, respectively. Parameter
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0.020 guarded hot plate is higher than the ambient resulting in a heat
loss along half the specimen edge. Conversely, the other half of
the specimen (next to the cold plate) experiences a heat gain
from the ambient. In effect, a small fraction of the heat input to
the meter plate bypasses the meter section of the specimen,
resulting in an error in the computed thermal transmission
properties.

A1.3.3 The quantityBXin Eq Al1.1 and Eq Al.2 represents
the additional error when the ambient temperature differs from
the mean temperature of the test specimen. In principle, the
error due to edge heat losses or gains can be eliminated by
selecting an ambient temperature such Bt = -A, which
occurs when the ambient temperature is somewhat hotter than
the mean temperature of the specimen:

AT,—T,
Ta=Toig—o— (A1.10)

0.015

T

o 0.010

0.005

A1.3.4 While this value ofT, is a good choice, relying on
0.000 1 1 this selection alone as a means of adequately controlling edge
60 02 04 06 08 10 heat loss or gain is usually insufficient. Simply controlling the
YL/d ambient temperature to the value given by Eq A1.10 cannot
FIG. A1.2 The Coefficient B’ as a Function of yL/d with d/b as a adequately eliminate edge heat losses or gains unless the guard
Parameter plate is sufficiently wide and the value at/\ is sufficiently
low to ensure that botih and B are small.

respectively, as functions efL/d. The values computed faX’
andB’ are also weak functions ¢ic/\. The widths of the lines ’\(;OT(El Sl-l_The s”a'yéica'hmc’de's ”?ed by Peavy and Re.r(?.“.md. ’
P . e ode assume that edge heat transfer occurs across an infinitesimally
shown in Flg'.Al'l "’?”d Fig. Al.2 Cprr'egpond to the varlatllonsﬁlin boundary with a uniform film coefficierth and a uniform ambient
due tohd/\ being varied fr(_)m 0.1 to infinity. Fig. A1.1 a_nd Fig. temperatureT,. In actuality, the following conditions can cause the
Al.2 can be used to obtain valuesAfandB’, from whichA  assumptions to be invalidi) if edge insulation is used artdis taken as
andB can be computed using Eq A1.6 and Eq Al.7. the thermal conductance in the radial direction, the assumption of an
Al1.2.5 For values ofi/b not shown, or for values ofL/d infinitesimally thick boundary is not satisfied; ar) {f a secondary guard
|arge|’ than un|tyA and B can be obtained from Peavy and is used (see Test Method C 177), there may be heat flows in the edge
Rennex(9) or computed directly from Eq A1.3 and Eq Al.4. insulation to regions at temperatures different than that of the secondary
Alternatively, upper limits onA’ and B' can be computed guard. Consequently, the basic assumptions of the analysis may not be

. . valid.
simply from the expressions: A1.3.5 In designing a guarded hot plate,and d can be
A< i(V_L) <9)M ex (M) (ar.8) Variedin order to obtain acceptably small edge-effect errors for
w?\ b/ \b vk the specimen thermal conductivities and thicknesses of inter-
.4 (L [dy12 —m(d — b) est. Fig. A1.1 and Fig. A1.2 reveal that, for any given value of
B < ﬁ(?) (B) eXp(T) (AL9)  g/b, bothA’ andB’ increase rapidly agL/d increases beyond

L 0.3. Reducindy, the radius of the meter area, relativediche
Al.3 Application guard plate outer radius, significantly lowers the value#\'of
A1.3.1 Areview of Eq AL.6 and Eq A1.7 and Fig. A1.1 and and B" as d/b increases from 1.5 to 2.0. However, further
Fig. A1.2 indicates thaf\’ andB’ are, aside from a very small reduction inb does not provide much additional reductiorAin
dependence ohL/\, functions ofyL/d and d/b, or, equiva- andB’. From these observations, the valuedab should be
lently, some other ratio of these geometrical quantities. For aqual to 2.0 or greater, but little additional benefit would be
given guarded hot platé,andd are fixed and the values #f gained by selecting/b greater than 2.5.
andB’ are functions only ofyL (again, neglecting the weak  A1.3.6 EqAL.6 and Eq Al.7 reveal that whiel/\ « 1.0,A
dependence ohl/y). The quantities multiplying\" andB’ in and B are approximately equal tohl/A\)A’ and QL/\)B’,
Eq Al.6 and Eq Al1.7 are, aside from a small dependence orespectively. WhehL/\ is very largeAis approximately Z2A’
yL/d, functions only ofhL/\ and thus do not depend on the and B is approximatelywB’, corresponding to the situation
meter area or guard plate diameters. For fixed hot- anevhere the circumferential edge of the specimen is essentially
cold-plate temperatures, the quantityn Eq A1.1 and EqAl1.2 isothermal at the same temperature as that of the ambient. For
is a function ofT,, the ambient temperature. Thus, for a giventhese limiting values, fixed values &f and d, and a given
guarded hot plate, with fixelllandd, the error due to edge heat ambient temperaturg,, hL/\ needs to be less than 3.0 in order

losses or gains is dependent updn hL/\, andT,. to reduce the edge heat loss effects to less than half of what
Al1.3.2 From Eq Al1.1 and Eq Al.2, it is seen that they would be ifhL/w were quite large.
represents the error when the ambient temperafiyie equal A1.3.7 Using edge insulation having a thermal conductivity

to the mean temperature of the specimen. Under ideal condi, and thicknes&, the equivalent film coefficient for the edge
tions, the temperature of half of each specimen next to thensulation ish =AJE and accordingly,hl/Xx = (\J\)(L/E).
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Assume that the edge insulation and specimen have the sanmsulation such thatl/\ = 3, the edge effects are estimated as
thermal conductivity X, = \) so thathl/\ = L/E. Based upon follows. From Fig. A1.1 and Fig. A1.2A’ =0.0043 andB’
Al.4.6, the thickness of the edge insulation should be at least 0.11. From these values, using Eq A1.6 and Eq AA7,
one-third the thickness of the specimen in order to reduce= 1,99\’ =0.0086 andB =1.448' =0.16. Thus, from Eq

significantly the edge effects. For example, a specimen 0.15 m1.1, e = 0.0086 + 0.18. From Eq A1.10, taking,— T.= 20
thick requires at least 0.050 m of edge insulation. For thickek | the ideal choice for the ambient temperature would be
specimens, or an apparatus with a fixed—dia}meter secondaﬁgz T, + 0.54K. Assuming that the ambient temperature can
'guard,'lt may not be possible to have the desired level of edgge neld withine 1 K of this value, the edge heat loss error,
insulation. from EqAl.1 and EqA1.2, would be= +0.016. Thus, for the

A1.3.8 Example—Given a guarded hot plate withib = 2.0, above assumptions. the edae effects could-hes %
an isotropic specimeny(= 1) of thicknesd. = 0.8d, and edge P ' g >

A2. LOCATION OF LINE-HEAT SOURCES

A2.1 Scope where thek-th heater, located at= a,, producesy,’ W per

A2.1.1 This annex provides procedures for determining thaénit length. The total power input to the meter plate is given by:
radial locations of the line-heat sources. Alternative procedures n
than those in this annex may be used for selecting these Q= k; 2mad (A2.2)
locations, but it is the responsibility of the user to determine
what, if any, corrections must be applied to measured temperg-
tures in order to compute thermal transmission properties of
test specimens. This annex provides for two general cases f
the meter plate:1) the mean temperature of the meter plate
equal to the gap temperature; arX)l the mean temperature of
the meter plate maximally isothermal and greater than the g
temperature. Analogous procedures are provided for the gua
plate.

n 2
A2.2 Meter Plate: Case 1 > ak<2ik— 1) =0 (A2.3)

2
A2.2.1 The procedure in this section provides the means for P\ b
multiple heaters in the meter plate to be located so that the A2.2.4 For only one heater, the locationds a; =b /2
temperature at the gap will be equal to the mean temperature &. If there are multiple heaters, EqA2.3 does not have a unique
the meter plate. The special case of one circular line-heagolution. However, if half of the power input to each heater is
source in the meter plate is also discussed. constrained to flow radially inward in the meter plate and half
, to flow outward and the power input to the region of the meter
Note A2.1_—The latter represents the case for plates built at theplate between two heaters is provided only by those two
National Institute of Standards_ and.Technolpgy (formerly the Natlonalheaters a uni uti Eq A2.3 | ilable. With th
Bureau of Standards) as described in the adj@inct. ! que solution to Eq -3 Is available. Wit .t ese
constraints, when the heaters are of equal strength (that is, have

A2.2.2 The meter plate is assumed to havecircular :
heaters. If the effects of heater leads are neglected and tﬁh_e same power output per unit length), they should be located

thermal conductance of the test specimens is not too high, tHe"

temperature distribution in the meter plate can be assumed to &
be a function only of radial position and the heat flux from the b
plate into the specimens can be assumed uniform. For thesevalues fora /b obtained from Eq A2.4 fon = 6 are listed in
assumptions, the temperature at the guard gapp, will be Table A2.1.

equal to the mean temperature averaged over the entire mete
plate provided that:

" ZTrakQ’k(ZaE )_O

A2.2.3 If all of the heaters carry the same currept,in Eq

2.1 can be replaced by the electrical resistance per unit length
f thek-th heater an@ can be replaced by the total combined
Rlectrical resistance of all of the heaters. Further, if all of the
heaters have the same electrical resistance per unit length, the
temperature at the guard gap can be made equal to the mean
Smperature of the meter plate by selecting heater locations
such that:

k
=—, fork=1,2,...n (A2.4)
n“+n

rA2.2.5 When the heater locations have been selected such
that the mean temperature of the meter plate is equal to the
2 temperature at the gap, the radial temperature distribwiign
1 Q \p? is given by:
TABLE A2.1 Radial Locations for Line-heat Sources in the Meter Plate, Selected so that the Gap is Equal to the Mean Temperature of
the Meter Plate

(A2.1)

n a;/b a,/b as/b a,b as/b aglb Frnin Frax
1 0.707 -0.307 0.192
2 0.408 0.816 -0.132 0.072
3 0.289 0.577 0.866 -0.076 0.038
4 0.224 0.447 0.671 0.894 -0.050 0.023
5 0.183 0.365 0.548 0.730 0.913 -0.035 0.015
6 0.154 0.309 0.463 0.617 0.772 0.926 -0.027 0.011
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vr) — V b? location. If three heaters were used, the center temperature
VT 2,mR’ F(n/b) (A25) " would be 0.08 % colder and the maximum temperature 0.04 %

Here,V =T,~ T, is the mean temperature of the meter plateNOtter than the mean temperature.

measured relative to the cold platas,is the thermal conduc- _ A2-2.8 Example 2-Consider a meter plate having a radius
tivity of the material of which the meter plate is constructed, ©f 0.05 m, a thickness of 0.005 m, and a thermal conductivity

is the thickness of the meter plate, amdis the thermal of 50 W/m-K used to test specimens having a thermal resis-

resistance of the specimens. The functiois given by: tance of only 0.05 MK/W. The factor multiplyingF in Eq
A2.5 would be 0.1. If a single heater were used, the tempera-

F(nrib) = o 4 i K |n<f_k) (A2.6) ture at the center of the meter plate would be 3.1 % colder than
b? n* + nk=1 b the mean temperature and the temperature at the location of the
wherer,. is the greater of or a, (that is,r. = a, whenr < heater would be 1.9 % hotter. Thus, for high-conductance
a, andr,. =r whenr > a,). Eq A2.5 requires two specimens Specimens, the user may decide to build the meter plate with
each having the same thermal resistance. If the specimens hal@!r line-heat sources so that the extreme temperatures would
different resistances?;, and R,, R in Eq A2.5 becomes be only-0.5% and + 0.2 % different from the mean tempera-
2R,R,/(R, + R,). If the guarded-hot-plate apparatus is operatedure.
in the single-sided mode, with only one specimen, the right .
hand side of Eq A2.5 should be divided by two. A2.3 Meter Plate: Case 2 . ] ]

A2.2.6 Fig. A2.1 shows the functidi(n,r/b) for values ofn A2.3.1 The procedure in this section provides the means for
ranging from 1 to 4. For each value ofthis function has its Neater locations that result in the meter plate being more
lowest valueF, ;. at the center of the meter plate and local isothermal than if heater locations had been determined using
maxima at the location of each heater, with the highest valugh€ procedure in A2.2. However, this improved temperature
F..a Deing at the outermost heater. The valuesgf, and uniformity is obtained at the expense of either locating the
F.ax are included in Table A2.1. These values can be used ifemperature sensors somewhat inboard of the outer edge of the
conjunction with Eq A2.5 to compute the range of temperaturéneter plate or else making a small correction to the gap
variation for a given meter plate and specimens. temperature in order to obtain the mean temperature of the

A2.2.7 Example i-Assume that the meter plate has ameter plate. As was the case in A2.2, it is assumed that the
radius of 0.1 m, a thickness of 0.005 m, and a thermaheaters all have the same electrical resistance per unit length
conductivity of 200 W/m-K. For a pair of specimens, eachand carry the same current.

having a thermal resistance of 0.5-#/W, Eq A2.5 yields: A2.3.2 An iterative procedure is required to determine the
() -V location of the heaters so that a simple equation cannot be used

v— = 0.01 -F(nr/b) (A2.7)  to compute the values @{/b, as was done in A2.2. The radial
_ _ _ . locations are given in Table A2.2, for the cases of 1 to 6

For a meter plate with a single line-heat source and this se{eaters. The values shown fox. ./b indicate the largest radius
of parameters, the temperature of the meter plate, relative to thg which the local temperature of the plate is equal to its mean
temperature of the cold plates, would be 0.3 % colder than thgsmperature. This is a location at which temperature sensors
mean temperature in the center and 0.2 % hotter at the heatgin pe located if one does not wish to have to make a (small)
correction to the measured temperature in order to obtain the
mean temperature.

A2.3.3 When the heater locations have been selected from
the values in Table A2.2, the radial temperature distribution is
given by Eq A2.5, but with=(n,r/b) replaced byG(n,r/b), the
function shown in Fig. A2.2. Fan =1 to 6, the minimum and
maximum values ofG(n,r/b) are given in Table A2.2. The
examples given previously in A2.2.7 and A2.2.8 can easily be
adapted to the modified heater locations by replacing values of
F with the corresponding values .

2

I

A2.4 Guard Plate; Case 1

A2.4.1 The procedure in this section provides the means for
multiple heaters in the guard plate to be located so that half of
the heat input to a given heater flows inward in the guard plate
while half flows outward.

A2.4.2 The temperature distribution in the guard plate
depends upon the inner and outer diameters of the guard ring,
the heater locations, and the amount of heat loss from the edge

0.0 0.0 0.4 0.6 0.8 10 of the guard plate. Normally, the edge heat losses would not be

r/b negligible when specimens having high thermal resistance are

FIG. A2.1 The Function F(n,r/b) for the Meter Plate, Plotted tested. In a.wgll-de5|gned guard.ed hot plate, the radial tem-
versus r/b with n as a Parameter perature variations for such specimens would be so small that
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TABLE A2.2 Radial Locations for Line Heat-Sources in the Meter Plate, Selected so that the Meter Plate is as Isothermal as Possible

n a;/b a,lb aslb aslb as/lb aglb Imeas’D Gpin Gprax
1 0.646 0.804 -0.209 0.208
2 0.354 0.791 0.882 -0.062 0.065
3 0.246 0.548 0.853 0.916 —-0.030 0.031
4 0.189 0.420 0.653 0.886 0.935 -0.018 0.018
5 0.153 0.341 0.530 0.718 0.907 0.947 -0.012 0.012
6 0.129 0.287 0.445 0.604 0.763 0.922 0.955 —-0.008 0.008

this section and in A2.5, that is, assuming that there is no edge heat loss,
and then to design and build the guarded-hot-plate apparatus with an edge
heater on the guard plate that can be adjusted to provide essentially all of
the heat that is lost to the ambient.

A2.4.3 Given the same constraints as in A2.2.3, thahis,
heaters of equal strength per unit length located so that half of
the heat input to a given heater flows inward in the guard plate
while half flows outward, thé-th heater should be located at
a radiusc,, given by:

b2
C—bk=%l[1+(k—1)(l—?)] (A2.8)

1

whereb is the inner radius of the guard plate aodis the
location of the innermost heater, with/b given by the real,
positive root of:

2 o < 2 & 2
03 ] n+nNZ-(z+2n"-1)=+N"—n=0 (A2.9)
b b b
| . . L . .
0.0 0.0 0f4 0%6 0T8 10 Since Eq A2.9 is quadratic ie?/ b? the root is easily
r/b obtained. Values foc, /b, obtained from Eq A2.8 and Eq A2.9,
FIG. A2.2 The Function G(n,r/b) for the Meter Plate, Plotted for d/b =1.5, 2.0, 2.5, and 3.0 amil =< 6 are listed in Table
versus r/b with n as a Parameter A2.3.

optimal location of the heaters would not be critical. ForA2-5 Guard Plate: Case 2
specimens with very low thermal resistance, edge heat loss A2.5.1 The heater locations given in this section result in
would not have much effect on the selection of heater locathe guard plate being somewhat more isothermal than it would
tions, provided that reasonably good edge insulation were usdsk for the heater locations determined using the procedure in
and the ambient temperature did not differ too greatly from theA2.4. As was the case in A2.4, it is assumed that the effects of
guard plate edge temperature. For this reason, the heatedge heat losses can be neglected and that the heaters all have
locations given in this section and in A2.5 have been computethe same electrical resistance per unit length and carry the same
assuming that edge heat losses are negligible compared to tbarrent. An iterative procedure, or the solution of a family of
heat flow through the test specimen(s). equations, is required to determine the location of the heaters
Note A2.2—For a specific guarded-hot-plate design, a particular edg(—if‘:O that a simple equatlon cannot be .used to C(.)mpUte the values
heat loss can be assumed and the corresponding optimal heater locatidds G/b, @s was done in the previous section. The heater

computed for specimens having the lowest thermal resistance of intered@cations obtained by iteration are given in Table A2.4, for the
A better procedure would be to compute the heater locations as is done gases of 1 to 6 heaters, for four different valuesiti.

10
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TABLE A2.3 Radial Locations for Line-heat Sources in the Guard Plate, Selected so that Half of the Heat Input to a Given Heater Flows

Inward in the Guard Plate While Half Flows Outward

db n c,/b c,/b cs/b c,/b cs/b cs/b
1.5 1 1.275

2 1.132 1.381

3 1.087 1.253 1.419

4 1.064 1.189 1.314 1.439

5 1.051 1.151 1.251 1.351 1.451

6 1.043 1.126 1.209 1.292 1.376 1.459
2.0 1 1.581

2 1.276 1.769

3 1.179 1.510 1.841

4 1.132 1.381 1.630 1.879

5 1.105 1.304 1.504 1.703 1.903

6 1.087 1.253 1.419 1.586 1.752 1.919
2.5 1 1.904

2 1.430 2.161

3 1.277 1.771 2.265

4 1.203 1.576 1.948 2.321

5 1.160 1.459 1.758 2.056 2.355

6 1.132 1.382 1.631 1.880 2.129 2.368
3.0 1 2.236

2 1.592 2.556

3 1.380 2.035 2.690

4 1.278 1.773 2.268 2.763

5 1.218 1.616 2.013 2.410 2.808

6 1.180 1.511 1.843 2.175 2.507 2.839

TABLE A2.4 Radial Locations for Line-heat Sources in the Guard Plate, Selected so that the Plate is as Isothermal as Possible

db n c,/b c,/b cs/lb cu/b cs/b cs/b
1.5 1 1.114

2 1.059 1.273

3 1.040 1.185 1.296

4 1.030 1.142 1.238 1.435

5 1.025 1.111 1.156 1.241 1.226

6 1.021 1.096 1.165 1.240 1.330 1.461
2.0 1 1.338

2 1.179 1.598

3 1.121 1.416 1.667

4 1.091 1.321 1.510 1.733

5 1.073 1.262 1.415 1.584 1.750

6 1.060 1.221 1.352 1.493 1.626 1.813
2.5 1 1.605

2 1.320 1.952

3 1.214 1.665 2.059

4 1.160 1.511 1.815 2.128

5 1.128 1.415 1.665 1.912 2.172

6 1.106 1.350 1.563 1.771 1.978 2.208
3.0 1 1.893

2 1.470 2.322

3 1.311 1.921 2.464

4 1.231 1.704 2.129 2.546

5 1.184 1.570 1.920 2.257 2.600

6 1.153 1.479 1.777 2.062 2.343 2.640

11
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APPENDIXES

(Nonmandatory Information)

X1. ESTIMATION OF HEAT FLOW ACROSS THE GAP

X1.1 Scope

X1.4 Gap of Diamond-Shaped Cross-Section

X1.1.1 This appendix provides analyses of heat flow for x1.4.1 As shown by Hahn et a(3), the total heat flow

three gap cross-sections) (rectangular; I§) circular; and, €)

across the gap in Fig. &(is:

diamond-shaped (Fig. 2). The analyses for the following

geometries have been derived by HaBn3).

X1.2 Gap of Rectangular Cross-Section
X1.2.1 The heat flow across the gap in Figa)2is simply:
2mbmi Vo
Q~—w — (X1.1)

whereV, is the temperature difference across the gggs
the thermal conductivity of insulation in the gap,s the plate
thicknessp is the radius to the center of the gap, amds the
width of the gap.

X1.3 Gap of Circular Cross-Section

X1.3.1 As shown by Hahn et al3), the heat flow across the
gap in Fig. 2b) is:

2nbm\ Vo[ m—-2R 8R & 1  /nw
Qg ~ —w | Tm + m nzl n—z Sin 7R (X1.2)

1
9 W ., n

_2mbmVo[m—2R 8w &
m M -T3s.

nmw 2nmR
cosech(nm) coshm — coth(nm) COSsR T w

(X1.3)

Here, Ris the vertical distance of the meter plate subtended
by the angle of the diamond-shaped cross-section (see Fig.

2(0)).

X1.5 Other Considerations

X1.5.1 If the temperature across the gap is imbalanced,
other factors affecting the heat flow across the gap should be
considered, including:1) conduction heat transfer across the
air gap; @) conduction through the meter plate support system
(metal pins, for example)3} conduction through sensor wires
that cross the gap4) conduction through the wire heater leads

whereR is the radius of the circular cross-section. The firstthat cross the gap; and)(radiation heat transfer across the
term in Eq X1.2 represents heat flow across the narrov@ap. For further details, the user is referred to Hahn’s disser-
portions of the gap near the surfaces of the plate, while thé&ation (2).

second term represents heat flow across the circular region.

X2. ANGULAR LOCATION OF HEATER LEADS AND TEMPERATURE SENSORS

X2.1 Scope

ing assumptionsl) axial heat flow in the guarded hot plate can

X2.1.1 This appendix provides a method for locating thePe neglected;2) radial and angular heat flow in the specimen
angular positions of the heater leads and temperature sensorsGan be neglected;3] the heat flux from both sides of the
the gap. The analysis presented here has been derived by Hagigarded hot plate is uniform#) there is no heat flow across
(2) utilizing Green’s functions to describe the generation ofthe gap; and,g) heat is generated only in circular line-line heat

heat due to the heater leads.

Note X2.1—The analysis presented in Annex A2 is based on ideal

sources or heater leads normal to the sources.
X2.2.3 Meter Plate—As shown by Hahn et al(2), the

temperature distributions, independent of angle. In actuality, this symmesolution for the meter plate far =b, is:

try in a line-heat-source guarded hot plate can be disturbed by the
(joulean) heat generated from the wire leads to the heaters in the meter and
guard plates. These effects are generally small but can be determined by
application of Green’s functions.

X2.2 Theoretical Analysis

X2.2.1 Geometric Model-A meter plate of thicknessn,
radiusbl, and thermal conductivitx, has a single line-heat
source at radiua as illustrated in Fig. X2.1. For the analysis,
anr, 6, z cylindrical coordinate system is utilized. The lead
wires for the heater enter the meter plate radially at the
half-angle,a. The heat generation per unit length for the lead
wires isq,’; for the portion of the heater betweerx< 6 <
g,’; and the remaining portiorys’.

X2.2.2 Assumptions-The analysis is based on the follow-

12

v(b,,0) =

q. [bl-a 7
2mmi,l  3p2

— by(1 —cos(@ — ) In(2 — 2 cos(b — o))
—b; (1 —cos(6 + a))In(2 — 2cos(d + a))

+ (a— b,cos(0 — o)) 1n (1 — 2bicos(6 - )
1

a a
+ (a— b; cos(6 + «) In (1— 2b—cos(e +a)+
1

— 2b, sin (6 — o¢)<tan’1

_,a—b;cos(d — )
Bl STy

1
— 2b, sin (6 + a)(tan‘1

+§(b1_a)

1—-—cos(6—a)
sin(6 — )

)

—cos (0 +a)

sin(6 + «)

2

+ —
bz

2

b?
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_,a— b, cos(6 + a))]

TR TSN e T
L2 Gy + G (= )] bi+a® 3
T, Qo+ ga(m—a 207 7

2a P a\" . —
+w_m)\p(q2_%) 1Znn—2 b, sinna cosnd + V,,

9,
(X2.1) /) '
wherev is the temperature and,, is the average temperature | _\i(f 0
of the meter plate. | \Lu

X2.2.4 Example—Choosinga =b; \/2 /2, « =0, and
0, — 05’ =0, Eq X2.1 becomes:

b [23 1la
V(bl,e) = 1T_m)\p 12~ Fb—l - (1- COSB) 1n(2-2 CO@)
a 3 a — Circular line
+ <b_1 — COSQ) 1in <§ — 2b_1 cosﬁ) heat source

) < _,1—co® 71a/bl—c099)] —
— 2sim | tan +

simp t@an Sing m
(X2.2)

Further substituting fog,’ = p,mi® = 0.029% W/m, X, = 370
W/(m-K), b, = 75.79 mm andn = 9.53 mm allows plottingy " |
(by, 0) = V,)/i® versusd . Forv (by, 0) = V,,= 0,0, ,=69° and - o ‘
291°. Thus, temperature sensors on the meter-plate side of the Side View - Meter Plate

L. ... FIG. X2.1 Geometry Used in the Analysis of Angular Temperature

gap would be located at these two positions. A similar Distribution at the Gap
computation(2) is performed to determine the angles for the
guard-plate side of the gap.

X3. COMMENTARY

X3.1 Introduction construction using materials having differential thermal expan-

X3.1.1 This commentary provides the user of this practice>!0NS may warp or deform permanently after thermal cycling.
with its background and history. It includes a brief discussion X3.1.5 In contrast, a guarded hot plate with circular line-
on the precision and bias of the line-heat-source guarded hb€at sources typically utilizes one (or a few) heaters embedded
plate. at fixed locations in a monolithic plate having a high thermal

X3.1.2 The guarded-hot-plate apparatus and its applicatiofonductivity. A plate having a circular geometry simplifies the
in determining the steady-state thermal transmission propertiggathematical analysis permitting the temperature profile and
of flat specimens are covered in Test Method C 177. The teghean surface temperature of the meter plate to be calculated.
method permits different designs for the apparatus and, in X3.1.6 The main benefit of the line-heat-source design is
principle, includes apparatus designed with guarded hot platdbat the temperature distribution in the meter plate can be
having either distributed- or line-heat sources. accurately predicted. Thus, it is not necessary to install

X3.1.3 A guarded hot plate with a distributed heat sourcgemperature sensors in the central region of the meter plate.
typically utilizes a core heater of wire or ribbon distributed The mean surface temperature of the meter plate is measured
over a square or circular core plate and laminated between twaith one (or a few) temperature sensors located at the edge of
thermally conductive surface plates. In most cases, the surfadee meter plate in the gap.
plates are metal and are insulated electrically from the heater X3.1.7 Other benefits due to the circular plate geometry
windings. include simplification of the mathematical analysis of edge

X3.1.4 Considerable difficulty is encountered in assessindieat losses (or gains) as well as facilitating the temperature
the errors associated with this type of appardli®y. A square balance of the gap between the meter and guard plates. The
plate geometry can further complicate the thermal balance ahonolithic construction of the guarded hot plate facilitates
the guard due to the effects of corners. Also, a laminatedabrication and repair of the plate.
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X3.2 History of Practice C 1043 plate apparatus is covered in Test Method C 177. Currently, the

X3.2.1 In 1964, H. E. Robinson presented the basic desightatement does not distinguish between types of apparatus,
of the line-heat-source guarded hot plate to a thermal condudine-heat-source or otherwise. The user is directed instead to
tivity conference sponsored by the National Physical Laborathe intra- and interlaboratory tests reported as follows if
tory in England. Tyg1) reported: information on precision and bias is required.

_ _ ~ X3.3.2 Guarded Hot Plate Temperature Distributies-or

H. E. Robinson (U.S. National Bureau of Standards) disthe NIST 305 mm line-heat-source guarded hot plate, Peavy’s
cussed forms of line heat sources that could be used as heatgr,$a|ysis(3) for a perfectly balanced gap predicts that the
in apparatus for measurements at lower temperatures Qfaximum temperature at the heater is 0.03°C above that at the
mslulatlng materials in disk and slap form. These new Conf'g%enter of the meter plate. Experimental verification by Gju
rations lend themselves more readily to mathematical analysigq\s the temperature at the heater to be 0.2°C higher than the
they are more simple to use and would appear to be able 9, er of the meter plate. This difference, however, was equal

yield more accurate results. h . in th
X3.2.2 In 1971, Hahr§2) conducted an in-depth analysis of to the uncertainty in the temperature mea§urements.
the line-heat-source concept and investigated several design3-3-3 Intralaboratory Tests-In 1981, Siu(6) presented

options. Subsequently, in 1973, the design, mathematicz{PSUltS of a within-laboratory comparison of d.istributed—. a.nd
analysis, and uncertainty analysis for an apparatus unddipe-heat-source guarded hot plates.. The maximum deviations
construction at the National Bureau of Standards (now NISTPf the measured results for a pair of fibrous-glass board
were presented at an ASTM symposium on Heat TransmissiopPecimens were less than one percent from the SRM 1450
Measurements in Thermal Insulatio(®). A final description ~ curve for the temperature range - 10 to 80°C.
of this apparatus was presented by &yin 1981. Favorable X3.3.4 Interlaboratory Tests-From 1985 to 1991, the
test results resulted in the construction at NIST of a secon|IST 1-meter line-heat-source guarded hot plate has partici-
larger line-heat-source guarded hot plate appar@tis pated in three (published) interlaboratory tests. The first, in
X3.2.3 In 1985, the practice for using a line-heat-source imggs, was sponsored by the American Society for Testing and
a guarded hot plate was adopted by the American Society fQyjaterials and the Mineral Insulation Manufacturers Associa-
Testing and Materials with a (minor) revision made in 1989. In;j5, (13). the second on loose-fill insulations by ASTM
1996, the practice was revised extensively with changes in titlesy 1\ mittee C-16 with eleven laboratoriés4), and third also

and scope with a minor revision in 1997. on loose-fill insulation by ASTM Committee C-16 with nine
X3.3 Precision and Bias laboratorieg(15).
X3.3.1 A statement on precision and bias for guard-hot-
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