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Modification of Guarded Box Conductivity Meter

Chaleamchai Inkraporn
Chaidate Hongladarom
Theerawooth Vijitmakthong

Ming Lokitsangtong Advisor

ABSTRACT

During the past few years, the importance of thermal conductance has become more and more
interesting, especially in Thailand which is located a little bit above the equator line. This is due to the fact
that the thermal conductance is very essential in the designing process of many cooling and heating systems.
In particular, the thermal conductance facilitates the selection of materials to be used in those systems.
Lately, most of the thermal conductance utilized is obtained from the western standards. Nevertheless, these
standards are subjected to some limits and usage of them may in turn result in mistakes. This problem stems
from three major reasons which are the difference in materials’ textures; the absence of standards for some
newly produced materials nowadays; and, the diversity of atmospheres that lead to different thermal
conductance. As a result, it is necessary to develop a device that can precisely measure the thermal
conductance of materials.

The objective of this project is to improve and develop the thermal conductance-measuring device in
order to increase the efficiency of the device. The device has been designed according to the American
Society for Testing and Materials (ASTM) standard which had applied the concepts of heat conduction, heat
convection, and heat radiation. Moreover, the device has already been developed by previous years students.
This project concentrates on studying and examining mistakes and errors of the device with the intention to

increase the efficiency by improving and rectifying mistakes and errors.
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2.2.4 HHITR1HFH (Composite wall)
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2.2.5 52UUNMSMIANNT o UNNUraINann NS ouMeTH (Heat source system)
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qmb Designation: C 236 - 88

Standard Test Method for

Steady-State Thermal Performance of Building Assemblies by

Means of a Guarded Hot Box'

This standard is issued under the fixed designation € 236: the number immediaichy following the d
( last revision. A number in parenthescs indicates the year eflast reappros alL A

orignal adoption or. in the case of revision. the ycar o

csignation mdicates the year of

supencript epsilon («) indicates an editorial change sincc the last revision of reapproval.

This wandard hay been approned for use by agenaivs o the Department of Detine.

Consaelt the DoD Index of Spevifications and

Siwadurds fiw the spetlic year of issue which has been adupted by the Department o Defense,

1. Scope

1.1 This test method, known as the guarded hot box
method. covers the measurement of the steady-state thermal
transfer propertics of panels. In distinction to Test Method
C 177, which is primarily applicable to homogeneous sam-
ples. the guarded hot box method provides for the evaluation
of thermal performance of building assemblies. This test
method is suitable for building construction asscmblics.
building panels. and other applications of nonohomo-
gencous specimens at similar temperature ranges. It may also
be used for homogeneous specimeéns.

1.2 This test method may be applied to any building
construction for which it is possible 10 build a reasonably
representative specimen of size appropnate for the appa-
ratus.

Note §—A alitaated hot box. Test Method C 976. mayakao be used
for the descrited masurcments and M3y prove more satisfacton for
testing aswmblics under dynamic conditions (nonsicady-state) and to
cvafuate the cffcets of water migration and air infiltration. The choice
betseen the calibrated o the puarded hot box should be madc only after
crcful consideration of the contemplated use. :

1.3 In applying this test mcthod. the general principles
outlined must be followed: however. the details of the
apparatus and procedurcs may be varied as needed.

1.3.1 The intent of this test mcthod is 10 give the essential
principles and the gencral arrangement of the apparatus. Any
fest using this apparatus must follow those principles. The
details of the apparatus and the suggested procedures that
follow are given not as mandalory requirements but as
cxamples of this test method and precautions that havc been
found useful to satisfy the essential principles.

1.3.2 Persons applying this test method shall be trained in
the methods of temperature measurement, shall posscss a
knowledge of the theory of heat flow. and shall understand
the general requircments of testing practice.

1.3.3 This standard docs not purport 10 address all of the
safety problems associated with its use. 1t is the responsibility
of the wser of this standard 1o cstablish appropriate safcty and
health practices and determine the applicability of regulatory
linsitations prior 10 use.

Noe 1—Whike various units may b found for thermal propertics.
the Intcrnational System of wnits is wveed exclusively in this test method.

e
' This test method i wnder the juridiction of ASTM Committec C-16 on
Thermal Insulation and ® the direct responsibility of Subcommitice €16.5 on
Thermal Mcawrements .
Current cdition approved Scpt. 29. 195). Publishcd June 1990. Originally
published as € 236 - 60. Last previous cdition € 236 - 87.

For conversion factors to inch-pound and kilogram-calorie sysiems. sce
Table I.

2. Refercnced Documents

2.1 ASTM Standards:

C 168 Definitions of Terms
lating Materials®

C 177 Test Method for Steady-State Heat Flux Measure-
ments and Thermal Transmission Properties by Means
of the Guarded Hot Plate Apparatus®

e
ey

P

o i mmte. ama.

-

Relating to Thermal Insu-’

C 518 Test Method for Stcady-State Heat Flux Measure-

ments and Thermal Transmission Properties by Means
of the Heat Flow Meter Apparatus’

C 578 Specification for Prefoimed Cellular Polystyrene
Thermal Insulation®

C 976 Test Method for Thermal Performance of Building
Assemblics by Means of a Calibrated Hot Box?

C 1045 Praciice for Calculating
Properties from Steady-State Heat Flux Measurements

E.178 Practice for Dealing With Outlying Observations’

E 230 Tempcralurc-Elcclromotivc Force (EMF) Tables,
for Standardized Thermocouples®

E 691 Practice for Conducting an Interlaboratory Test
Study to Determine the Precision of Test Methods®

2

3. Terminology . :
3.1 Dcfinitions— For definitions of terms used in this test’
method. refer to Definitions C 168. :

3.2 Symbuls:

3.2.1 The symbols uscd in this test mcthod have the.
following significance: :
A = thermal conductivity, W/{m-K),
C = thermal conductance, Wim*-K),
= sugface conductance, W/(m*-K).
= thermal transmittance, wam?*-K), |
= heat flux (time rate of heat flow through Arca A
“I/m!' i
time rate of heat flow, total irput to the metering box,’
w, }

= metering arca normal to heat flow, m?,

i
i
|
:

~ >
~
]

Q=R
]

2 tnnual Bt of ASTAL Standurds, Vol 84 06.
% 4nnual Bk of ASTM Standards, Vol 14.02.
¢ gnnual Baok of ASTM Standards, Vol 14.03.
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TABLE { Conversion Factors for Therms! Conductivity?

K8 kg-calfih- % Btu-in fh-
W/im -K) wWfom-K) calffs-cm-K} m-K) Btufth-k-°F) n2°F)
Twm VK- . 1000 1000 x 10°? 2388 x 10°° 08538 c.5778 6.933
iweem™ K™ = 1000 1.000 0.2388 8598 §7.78 693.3
tcalsem K - 4187 4187 1000 360.0 2419 2903 00
1 hg<cal-h™*-h~* K™ = 1163 1.163 x 102 2778 x 1073 1.000 0.6720 8 06¢
1 Bu-h ' F T = A 113 1731 x 1077 - 4134 x107? 1.488 1.000 - 1200
1 Bw-inh~*n2-F e ’ 0.1442 1.442 1072 3445 x 107 0.1240 8.333 x 107 1.000
Thermal Conductance”

wfm?-K)® W/(cm?-K) calfs-an’-K) - kg-cal/fh-m? -K) Btu/h-ht?-°F)
TwmlK . 1.000 1.000 x 1074 2388 x 10°° 0.8598 01761
iw-em K = 1.000 x 104 1.000 02388 8598 1761
1 cal-s™"em K"t = 4187 x 10* 4.187 1.000 : 3.600 x 10° 7373
1 kgcol-h"-m T-K"" = 1163 © 1163 x 107 2778 x 10°° 1.000 0.2048
1 Burh U 1oF = 5678 5678 x 107 1.356 x 107 4.882 1.000
2 Units are given in lerms ol (1) the absolu’e joule per second or watl, (2) the calorie {irternational Table) = 41868 J. or the British thermal unit (Internatronal Tadle} =

1055 06 J.
" This is the ST unit.

= length of path of heat flow (thickness of specimen), m.

L
N = minimum number of thermocouples (sce Eq 1.
6.5.1.1).
r = surface resistance. K-m*/W.
\ k= thermal resistance, K-m*/W.

. R, = overall thermal resistance. K-m*/W.
= average temperature of air 7§ mm or more from the

f;, =
hot surface. K.
t = area weighted average temperature of hot surface. K.
l, = arca weighted average temperature of cold surfacc. K.
i and
¢, = average temperature of air 7S mm or more from cold
surface. K.

4. Summary of Test Mecthod
1.1 To determine the conductance. C. the thermal trans-
mittnce. U. and the thermal resistance. R. of any specirnen,
i w necessary 1o know the area. A. the heat fux. g. and the
wmperature differences. all of which must be determinced
{under such conditions that the flow of heat is stcady. The hot
Iw is an apparatus designed to determine thermal perform-
"ance for representative test panels and is an armangement for
| establishing and maintaining a desired steady tcmpcrature
Milerence across a test panel for the period of time necessary
1 ensure constant heat flux and steady tempcerature. and for
| an additional period adcquate to mcasure these quantitics 10
| the desired accuracy. The area and the temperatures can be
{measured directly. The heat flux. ¢, however, cannol be
| fuectly measured. and it is to obtain a measurc of ¢ that the
"ot box has been given its characteristic design. In order to
Sletermine ¢. a five-sided metering box is placed with its open
wle against the warm face of the ftest pancl. I the avcrage
Ctemperature across the walls of the metering box is main-
ftned the same, then the net interchange between the
{ metering box and the surrounding space is zero, and the heat
“mput 1o the metering box is a measure of the heat flux

“through a known area of the pancl. The portion of the pancl”’

witside the meler area, laved by the air of the surrounding
< ruard space, constitutes a guard area to minimize lateral heat
Maw in the test panel ncar the metering area.' Moisture
" migration, condensation, and ficezing within the specimen
van cause variations in heat flow; to avoid this, the dew point
temperature on the warm side must be kept below the

2

temperature of the cold side when the warm surface is
susceptible to ingress of moisture vapor. It is expected that.
in general, tests in the guarded hot box apparatus will be
conducted on subsiantially dry fest panels, with no effort
made 1o impose or account for the effect of the vapor flow
through or into the panel during the test.

4.2 Since the basic principle of the test method is to
maintain a zcro tempceraturce differerice across the metering
box walls, adequate controls and {emperature-monitoring
capabilities are essential. It is recognized that small temper-
ature gradients could occur due to the limitations of control-
fers. Since the total wall area of the metering box is ofien
more than twice the metering area of the panel. small
temperature gradients through the walls may cause heat
flows totaling a significant fraction of the heat input 10 he
mctering box. For this rcason, the metering box walls may
also be cquipped to serve as a heat flow meter so that heat
flow through them can be estimated and minimized by
adjusting conditions during tests."and so that a hcat flow
correction can be applicd in calculating test results.

S. Significance and Use

S.1 When the guarded hot box is constructed 1o test
assemblics in the vertical oricntation. it is suitcd for cvalu-
ating walls and other vertical structures. When constructed
10 test assemblies in the horizontal orientation. it is suited for
evaluating roof. cciling. floor, and other horizontal struc-
turcs. Othcr oricniations arc allowable. The same apparatus
may be uscd for both vertical and horizontal testing if it can
be rotated or reassembled in either orentation.

Notg 3—Horizontal structures that incorparate attic spaces between
acciling and a sloping roof arc highly complex constructions. and testing
in the puarded hot box would be extremely diflicult. Proper consider-
ation must be given to specimen size, natural air movement, ventilation
cffccts, radiative cfect. baflles at the guard-metcr demarcation, etc. All
of these special conditions must be included in the repont (10.1.1).
Consideration should be given 1o the usc of the calibrated hot box for

such large. complex constructions.

5.2 For ventical specimens with air spaces that signifi-
cantly affect thermal performance, the metering box height
should idcally match the construction height. If this is not
possible, horizontal convection barriers must be installed to
prevent air exchange between meler and guard areas, unless



¢k c 236

it can be shown that the omission of such barriers docs not
significantly afTect results

5.3 For all spcamens it is nccessary 10 mzintain a near
2cro lateral heat flow between the guard area and the meter
area of the specimen. This can bé chieved by maintaining 2
near zero temperature difference on the specimen surface
between the metered and guard areas. In specimens incorpo-
rating an element of high lateral conductance (such as a
metal sheet). it may be necessary o scparate the metered and
the guard areas of the highly conductive element by a narrow
gap such asa saw cut.

5.4 Since this test method determines the total flow of
heat through the test area demarcated by the metering box. it
is possible to detamine the heat flow through a building
element smaller than the test area. such as 2 window or
representative ared of a panel unit. if the parallct heat flow
through the remaining surrounding area Of mask is deter-

mincd (see Annex Al

6. Apparatus

6.1 Arrangemen—Fig. 1 (a) shows a schematic arrangc-
ment of the test panel and of various major elements of the
apparatus: Fig. 1(M) and (¢) show alternative arrangements.
Still other arrangements, accomplishing the same purposc.
may be mcferred for reasons of convenicnce or €asc of
installing panels. In gencral. the sizc of thc metering box

dctermines the minimum sizc of the other clements.

6.2 Muering Bax: 3

6.2.1 Size—The size of the metering box is fargely gov-
cined by the mctening arcd required 1o obtain a representa-
tive test arca of pancl. For example. for pancls incorporating
air spaces of stud spaces. the metering arca. preferably.
chould esactly span an intcgral number of spaccs. The height
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FIG. 1 General Arrangements of Test Box, Guard Box,
Test Panel, and Cold Box
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Ve

of the metering box should be not less than the width and is
subject to the limitations as described in 5.2 The depth of
the metcring box should be not greater than that required to
accommodate its necessary equipment.

6.2.2 Thermal Resistance—The metcring box walls shall
have a thermal resistance of not less than 0.83 m* K/W. In
order that the resistance of the box wall shall be uniform over
the entire box area, a con

be used. for example, 2 glued balsa w
h aged urethane foam core. The edge in

contact with the panel shail, if necessary, be narrowed on the
outside only. to hold 2 gasket not more than 13 mm wide. If
necessary. 3 wood nosepiece can be used to carry the gasket,
The metering area of the panel shall be taken as the area
included between the center lincs of the gaskets. All surfaces
that can exchange radiation with the specimen must have 2
total hemispherical emittance greater than 0.8.

6.2.3 Hcat Supply and Air Ci irculation—Fig. 2 shows a

possiblc armangement of cquipment in the metering box to

assure an even. gentle movement of air over the metering
area of the panel. The clectric heaters 2r€ mounted in 2
housing with walls of resistance not less than 0.83 m* K/W,
and with 2 low emitlance outside surfacing to minimize

ol
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FIG. 2 Arangement of Equipment During the Test 1
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|
] [adiation heat transfer 10 the metering box walls. In this
\ ,nangemcnt air is continuously circulated by 2 small fan
i, up\\nrd through the cylindrical housing and downward
petween the baflle and the panel in accordance with the
motion that would result from ndtural convection forces. A
Jdat-ype bafMe is placed some distance above the outlet of
I the cvlindrical housing 10 prevent impingement of 2 jet of
peated air against the top inner surface of the metering box.
{or large meter boxes the cﬂindrical housing may cause
‘~\u\ccntralions of air flow. To direct the air properly across
~\he specimen, other fan arrangements may be preferable. A
curved vane is mounted at the top of the baffle to smooth the
cntrance of air into the bafMe space. In a hot box apparatus
l‘ used for {esting pancls in a vertical position only, the

maderate circulation of air resulting from natural convection

may be sufficient without the use of 2 fan. The change in
jmperature of the air as it MOves along the surface of the
‘panel will. in general. be greater with natural circulation than
with a fan. 1f 2 fan is used, its motor should be within the
metering box. its electrical input should be as small as
jeasible. and the input should be carcfully measured. If it is
accessary to locate the motor outside the metering box. the
heat cquivalent of the shaft power must be accurately
measured, and air leakage into of out of the metering box
aound the shaft must be z¢T0.

0.2.4 Temperature Control—To obtain reliable test re-
wilis. accurate temperature control equipment must be
anlized. Temperature controllers must be capable of control-
ling emperature within 0.25 K during the test period. The
peaters should be the open-wire W¥pe -of minimal heat
apacity and lag-

638 Gaskcts—The contact edges of the metering box
: Jould cnsure. by 2 gasket or other means. 3 tight air scal
| arainst the surface of the test pancl. For some pancls special
| provisions may be necessary. The metering box should be
| mewd tightly against the panel by suitable means, Some

, ket materials 3g¢ with time and service. Periodic inspec-

mwn of gaskets is recommended in order to confirm their
Alahty 10 providea tight scal under test conditions.

6.2.6 lcat Flux Tr'ansducrr——To‘equip the metering box

w.lls 10 scrve asa heat flux transducer. 2 means of detecting

- Tthe {cmperature difference across the mctering box walls or

i the heat flux through the metering box walls shall be

~ * penided. One mcthod found satisfactory for this purpose is

1 apply a number of differential thermocouples connccicd

i 12 a serics to the inside and outsidc surfaces of the melering

o walls to form 2 thermopile. Precautions must be taken

= hen determining the number of differential thermocouples.

Hawed on a surveyof guarded hot box operators. the numbcr

Lot differential thermocouple pairs Jocated on metering box

“walls shall be five pairs per squarc metre of specimen

| metered area Jocated on the metering box sides. At no time
t{ <hall there be Jess than | pair of diffcrential thermocouples
l; ! vncach of the fivesides of the melering box m? Precautions

must also be taken when determining Jocations of the

- dilerential thcrmocouples, as {emperature gradicnts on the

 \nudc and outside of the metering box wallsare Jikely 1o exist

I P—

‘ * The boldface numbeTs in parenthescs refer 10 the list of refcrences at the cnd
\ :

o this test mct

T S

and have been found tobe 2 function of metering and guard .

box air velocilies and temperature. The junctions and the
thermocouple wires for at Jeast 2 100-mm distance from the
junctions shall be flush with, and in {hermal contact with,

the surface of the wall. The output of the lhcm\ocouple pairs !

shall be averaged.

6.2.7 Thermopile emf and Hcat Flow Relationship—The '

relationship between thermopile emf and heat flow through
the metering box walls shall be determined. This relationship
shall be determined for each sct of metering box conditions
(temperd

accomplishing this objective is outlined in Appendix XL

6.3 Guard Box:

6.3.1 Size—1t is reccommended that the guard box be large
enough so that there is a clear distance between its inner wall
and the ncarest surface of the metering box of not less than
the thickness of the thickest pancl to be tested. but in no case
jess than 150 mm.

6.3.2 Thermal Conductance—T0 2ssuT¢ that there shall be
a temperaturc difference of no more than a few degrees
between the guard box air and its inner surfaces, the walls
shall have 2 thermal conductance not greater than 0.6
w/(m*-K) A jow conductance is also desirable for operating
reasons, to assure that the heat flow into or out of the guard
box from outside will be only a small fraction of the heat
flow through the guard arca of the test panel.

6.3.3 Heat Supply and Air Circulation—One or more
tcﬂcctivc-surfaced cvlindrical heater units with a fan may be
used to supply heat to the guard box air and also to circulate
the air to avoid stratification. The fan air intake of at least
one such heater unit should be located at the lowest point in
the guard box. 10 prevent pooling of cool air at the bottom.
The air discharged from the heater cylinder shall not impinge
directly against cither the metering box of the test panel.

6.3.4 Tcmpcrature Control—The guard box air tempera-
ture and hecat input can be controlled by 3 differential
thermopile such as that used on the metering box for a keat
flow meter, or by 3 sensitive bridge circuit with opposed
lcmpcralurc-scnsixivc arms located in the guard and mc-
{cring boxes- To avoid hunting duc 10 the small peniodic
tcmperature variations of the melering box aif. as its
thermostat functions. it IS desirable 1o put the {emperature-
scnsitive element of the differential control in the metering
box in good thermal contact with the inside surfaces of the
metering box. The lcmpcmurc-scnsi(ivc clement in the
guard box should be placed 10 avoid being dircctly in the aif
stream of the heater units and should be of minimum
thermat lag. The control cquipment used to maintain guard
box tcmperatures must be capable of controlling 10 within
0.25 K.

6.4 Cold Box:
6.4.1 Size—The size of the cold box js governed by the

size of the test pancl or by the arrangement of boxes used. as

illustrated in Fig. 1.
6.4.2 Insulation—The cold box should be heavily insu-
fated to reduce the required capacity of the refrigerating
equipment, and the extcriof of the cold box should be
provided with a good vapor barrier 1o prevent ingress of
vapor and heavy frost accumulations on the cooling coils-
6.4.3 Temperaturc Control—The cold box may be cooled
in any manner that is capable of the close control of air

ure and air velocity). A suggested method of .
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{emperature necrssary during a test. An arrangement of
equipment similar to that in the metering box may be used
with a fan to force air downward through the enclosed
refrigerating coils and upward through the space between a
baflle and the test panel as indicated in Fig. 2. It has been
found satisfactory with an arrangement of this sort to operate
a unit refrigeration system continuously, with the evapora-

ion temperature of the coil held constant by an automatic

back-pressure regulating valve. and refrigerant supplied 10
the coil through an automatic expansion valve. An alterna-
tive method is to usc an exterior located refrigeration system
and insulated ducts to supply chilled air to the cold box.
Liquid nitrogen in connection with a solenoid valve rcgu-
lating its flow may also be used. For fine control of the cold
box. installation of open wire clectrical heaters in the blower
duct or other fast moving part of the air circulation system
and controlling these heaters by a sensor located in the
discharge of the air circulation system is recommended. The
use of desiccants to remove excessive moisture in the
recirculating cold air may be useful. Temperature controllers
for stcady-state tesis must be capable of controlling temper-
atures within £0.25 K. 3

6.4.4 Air Circulation—High air velocitics are permissible
when their effect spon hcat flow is 10 be determined. This
may be accomplished by directing the airflow either parallel
or perpendicular to the specimen cold surface. One method
of obtaining paralkl uniform velocity is to force air through
a space between the specimen and 3 parallel bafMe whose
spacing may be adjustable to aid in changing the air curtain
velocity. Parallcl velocitics. as provided in this test mecthod.
aid in obtaining uniform specimen surface temperatures and
simulate the effcct of cross winds. Velocities commonly uscd
1o simulate cross wind conditions are 3.35 m/s for summer
conditionsand 6.70 m/s for winter conditions. Perpendicular
velocities, simulating dircct: wind impingment fequire
moving largcr amounts of air than most paralicl situations.
with corresponding farger power requircments. Also. the
baMe should be pheed further from the specimen surface
and should have a porous section (a screen O honcycomb
flow straightencr) that directs the wind at the spccimen
surface (scc Fig. 3 and 4). Vclocities commonly used to

at=nirriig

simulate wind conditions are 3.35 m/s for summer condi-
tions and 6.70 m/s for winter conditions. Air leakage through
the specimen shoutd be climinated by sealing all cracks and
joints with tape, caulk, or foam strips. -

6.4.4.1 Afer construction of the air circulation system a:
velocity scan across the air curtain is required to venfy thata
uniform air curtain is formed. The apparatus should provide
a means for determining air velocity past the specimen
surface. One method is to locate velocity sensors directly in
the air curtain.

6.5 Tcmpcmmm—Mcasuring Equipment:

6.5.1 Surface Tanpcra(urrx—Thmnocouplcs of wire not
larger in size than 6.25 mm (No. 30 AWG gage). and which
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mect or arc calibrated 10 the special limits of error specified
dard E 230.are reccommended for measuring surface
\ mpcraturcs in the apparatus (larger lhcrmocouplcs can be
aecd ifitean be shown that there is nO difference in bias): for
se the thermocouple junction and the adjoining
for a distance of at Jeast 100 mm <hould be taped.

k".l.d wircs
or prcrcrably cemented. tightly to the surface. The emittance
facing material tape of cement should be close 10

{ the surface.
0.5l 1 d therefore 1s thermal resist-

T anee) 1S uniform, of nearly so, over the area and thus the
:‘\m {ace temperatures vary only slightly at lower air velocities,
! | minimum number ol'\h:rmoco'uples spaced uniformly and
~wmmetrically ovev the surface is sullicient. This minimum
pumber depends on the specimen size. Experience has
hown that the required minimum number of thermocou-
ples. N an be determined from the relation thatt '
A = .4/10.07 + 0.08 < Q0

where -1 is the metering area in m>. If the number of
{heimocouples used is within 10 % of the number deter-
mincd by this relation. then the requircments of this section

are judged 10 be meL
05.1.2 Ithe specimen is of nonuniform construction. the
pumber of thermocouples specified in 6.5.1.1 may still be
© wllicient. In this cas< the thermocouples shall be judiciously
fecated to represerd cach of the construction clements. Such
Jepresentation shall be distributed appro.\imalcly uniformly
aml \'ymmclricn“y over the specimen surface.
w313 1f the sorface temperaturcs are expected 1o be
pathy nonuniform.addiliomi thermocouples must be uscd
o ample adequately the different temperature areas so that
sliable weighted man {emperatures may he obtained.
n5.1.4 With som¢ nonhomogencous walls. such as con-
rele. it may be adrisable to psc copper chim stock under the
nrmocouples 10 3TREC the tcmperaturc. Large aggregates
\n the concrete can ereate hiased tcmperature readings.
w318 Al lcast =0 surface thermocouples shall be placed
on the guard arcd of the specimen at suitable locations 1o
wdycate the effectiveness of the guard area. :
t.5.1.6 Surface {emperatures ON the cold side of the tcst
janct shall be measured by surface thermocouplcs pla
dneutly opposite those on the warm side.
.3 Air tempertures may be mcasured by thermocou-

ples. femperature semsitive resistance wires. or other sensors.
r than 0.51

\n thermocouples shall be made of wirc not large
mm (No. 24 AWG) i

632000 thermacouples of other point
they shall be located in the melering box arcd in the same
quantity and spacing as that specificd for surface thermocou-
ples in 6.5.1.1. The thermocouple shall be located midway
hetween the face of the panel and the bafMe. if one is uscd.
but in no case Jess than 75 mm from the face of the pancl.
Ihe junctions of the thermocouplcs shall have bright me-
jallic surfaces and shall be s small as possible 10 minimize
raddiation effects. Another method is 10 shield the thermo-
wouple junction. The thermocouples May be placed directly
apposite the surface thermocouples; in any case they shou
I lucated asuniformly as possible over the melering area.

.5.2.2 Thermoccuples chall also be placed in the guard

wace at suitable foaations, to indicate the degree of unifor-

sensors 4rc used.
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mity of guard space air temperatures: preferably, onc should
be placed opposite cach guard ared surface thermocouple,

but not fess than 7% mm from the panel.
6.5.23 Air temperaturés on the cold side of the panel shall
be measured by on¢ thermocouple placed directly opposite ;
each of the warm sidc air temperature {thermocouples an
locat~d in a plane parallel to the spccimens surface and
spaccd far enough away that they ar¢ unafTected by temper- !
ature gradients in the boundary layer. The thermocouples |
shall be located midway between the Tace of the panel and
the bafle, if one is used. For low velocities, 2 minimum
spacing of 75 mm from the specimen surface is required. At
higher velocitics the requircd minimum spacing is less butin .
1o casc less than 30 mm. No thermocouples necd be placed
in the cold space opposite guard space thermocouples remote .
from the pancl surface. :

6.5.2.4 Ifair temperatures are to be measured by means of
resistance wire £rids. the wire shall be distributed uniformly
to indicate approximalcly the average temperature of the air
on both sidcs of the panel at 2 plane midway between the
haffic and the pancl but in no case less than 75 mm from the
pancl.

6.5.25 ltis recommended that {he srriace temperature of
the bafTies on the hot and cold sides be measured by placing
1hermocouples 0n alt surfaces the specimen can see.

Note 4—This is not 3 requirement of this test method but is highly
recommended. There are scveral recasons for the recommendation: "

this indcatcs an¥ dillerence between the bafMc surface and air tempef-
aturese () @ will Jllow currections 10 be made to the radiation
componcst of the surface conductances duc 10 differences in these
{cmpCTAeRCST and (J) it is nucessary 10 do this for specimens such 3s

glass whach have 3 high-lhcrmul conductance.

6.6 Jastrumenls:

6.6.1 All thermocouples of other temperature sensors for
observing surface and air lcmpcratures shall have their eads
brought out individually 10 suitable measuring instruments
capable of indicating tcmperatures 10 within +0.05 K. '

6.6.2 Total average power (or intcgrated cncrgy OVET a
specificd time period) for all cnergy to the meter box shall be
accuraic 10 within 0.5 % of reading under conditions of
usc. Power measuring instruments must be compatible with
the power supplicd whether 2¢ dc. on-n[fpmponionin; etc.
Voltage stabilized powcr su pplics are-strongly recommended.

6.6.3 Vclocitics of air over both surfaces of the panel
should be measured with suitable instruments or be calcu-
Jated from a heat balance between the rate of loss of gain of
heat as it MOveS through the baMe spacc. as indicatcd by its
{cmpcrature change. and the rale of heat flow through the
test pancl. average valucs of which can be determined from
the test data. It should bc secognized that radiant transfer
between the ballle and the specimen can affect the calcula-
tion if the sadiation is significant. For this rcason direct
velocity measurcment is desirable.

Noig $—ht B reccommended that 2 central control focation be

cstablished. that automatic scanning and recording cquipment for ‘

wnatiendcd operation be used. and that data bec computer pr

6.7 l’criﬁculion——thn a new of modified apparatus is
constructed, verification tests shall be conducted on pancls
made from matenals of known conductance that does not
exceed 1.5 W/(m*-K) as determined in Test Methods C 177
or Test Mcthod C 518 Any differences in results should be

;
|
|
|

!
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carcfully analyzed and corrective mMEasures taken. Further
periodic checks are recommended.

7. Sampling and Test Specimens

7.1 Specimens shall be representative 5f the construction
10 be investigated but may be modified if necessary for test
purposes as mentioned in 5.2 and §.3. It must be recognized
that modifications 0 the construction may result in condi-
tions that do not represent true ficld conditions. In many
cases conduction and convection paths have considerable
cffect on the performance of the specimen and must be left
intact. Other considerations are:

7.11 Scnsors—Install femperature sensors as directed in
6.5. When desired, {emperature and other sensors may be
installed throughout the interior of the specimen for special
investigations.

7.1.2 C onditioning—The usual pre-test conditioning is in
ambient air long enough to come to practical equilibrium.
Asscmblies that may have significant moisture content,
which can influence test results, must be allowed to reach
steady-state moisturc conditions. Since the specimen size will
probably preclude oven dnving, concrete wall specimens may
requirc 6 10 8 weeks of room temperature aging.

7.1.3 Edge Insulation—When 2 test panel is installed. its
edges shall. if necessary. be insulated to prevent edge effect
from overtaxing the guarding effect of the guard area of the
panel. For this purpose. the edges of the panel may be
protected against heat loss or gain by 2 thickness of insula-
tion withan R of 1 or 125 K-m?/W. It may be necessary 10
vapor-proof the insulation to prevent condensation of mois-

‘qurc in the edges of the panel. if a test arrangement similar to

that shown in Fig. 1(c) is used. The edge of the specimen
should be well sealed 1o prevent air infiltration between the
guard and the cold box.

§. Proccdurcs

8.1 Test conditions of temperatuse and oricntation should
be chosen to correspond as closely as possible 1o the
circumstances of use of the construction 10 be tested. This
tcst method is primardy designed for the temperatures
encountered in normal building use. however. it is 1ecog-
nized that the method may find application in testing
conditions that are outside this normal range. It is recom-
mendcd that 3 minimum temperature differential of approx-
imatcly 25 K be maintancd for accurate mcasurement.

8.2 The required stabilization and tcst periods arc. as
follows:

8.2.1 Impose stcady-state conditions for at lcast 4 h prior
to final data collection. This condition is satisficd when, over
this 4-h period, the aver3ge surface temperaturc did not vary
by morc than +0.06°C (20.1°F) and the average power in the
meter arca did not vary by mote than 41 % and the data did
not change unidirectionally. During this period, data shall be
collected at intervals of 1 hor less. -

§.2.2 After the conditions in 8.2.1 have been satisficd.
continuc the test period at least 8 h, but do not terminate the
test until two or more svccessive 4-h periods produce results
that do not difler by mose than 1 %. During this period take

“data atinfervals of 1 h or less. The average of the data for the

{wo or more successive &-h periods that agree within 1 % are
used in calculating the final results. In testing pancls that are

7

_and 6.5.2 (Note 7).

;

heavily insulated, very massive, or both, it may be necessary
to extend the duration of the test beyond the minimum
period of two consecutive 4-h periods in order to be assured :
that conditions are steady, as it has been observed that |
continuing but small incremental changes can give a prema- l
rure appearance of stability. !
8.2.3 The calculation of a time constant, generated from i
appanatus measurements (Note 6) combined with an esti-
mate of the thermal properties of the specimen, will help in !
estimating the time required for the test set-up to reach |
equilibiium. (2) Itis also suggested that C and U values bci
calculated for the test specimen, utilizing known propcnicsi
of the components. This will serve as general check of the
measured results and avoid serious errors in measurement. %

Nore 6—The thermal mass of the apparatus may be the major factor 1
contributing 10 the time constant of the system. .

8.3 Data to be determined includc: |
_§.3.1 The total net encrgy Of average power through the!
specimen during 3 measurement interval. This includes a]li
meter box heating and power to fans or blowers, and any .
corrections for moies hez walt heat flow - :
.32 All air and surlace {emperatures spetincy i S

5.3.3 The effective dimensions of the metered area.

Note 7—In 6.5 the locations of thcrmocouples of temperature-
measuring clements at various points are stipulated. for example, in the
guard s$pace and on the guard arca of the test pancl. The temperatures
indicated by such thermocouples are of great value in evaluating the
uniformity of temperaturcs prevailing in the guard space and on the test
pancl surfaces. but i is not feasible to stipulate gencrally the limit
within which cenain of these measured temperatures must agree. h
must. therefore, b the responsibility of the test engincer o obscrve and
weigh the significance of these icmperatures (0 3scertain their effect]
upon the validity of 3 particular test measurcment.

9. Calculation ;

9.1 Calculate the final test results by mcans of the,
following equations using the average data obtained in 8.2.
for the two 4-h periods that agree within 1 %:

U o= Q/A 1)

C = Q/Al, - 1)

R =(t,-1:1/Q

R, =t — )1/0=r.+ R+

nn = (n-n1/0

ry (’2 i ",'4/0

h, =Q[Al~ 1)

by, = 1Q/A(G = 1)

A =QL/AW 1)

9.1.1 For a relatively uniform but nonhomogencous spec
imen such as normal walls, floors, ccilings. etc., the proper
tics that may be calculated are transmittance U, conductanct
C. resistance R, overall resistance R, surface resistances and
surface conductances, h. . :

9.1.2 For uniform and homogeneous specimens all of the
propertics listed in 9.1.1 may be calculated plus therm?'
conduclivity A N

9.1.3 For clements smaller than the metering area, the
propertics that apply to the clement, according 10 the
distinctions of 9.1.1 and 9.1.2 may be calculated if tests havt
been run that allow the clement heat flow to be determined
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Annex Al prescats considerations for these calc¢ulations.

10. Report

10.1 Report the following information:

10.1.1 Name, and any other identification or description
of the test construction. including if necessary 2 blueprint
(owing important details. dimensions. and all modifications

madc to the comstruction, if any. and specimen orentation.

nescription of the test construction and a complete and -

Jdetailed descripton of all materials. This includes the generic
pame of the material and its density. (For hygroscopic
matenials. such as some concrete materials and wood. the
maisture contest should also be given). If the thermal
onductivities of these materials. at the test conditions. have
peen measured :a 3 hot box facility (Test Method C 236 or
jest Method C976). a guarded hot plate (Test Mcthod
(- 177) or a heat flow meter (Test Method C 518), these
\alues should also be included.

N 8—By gemenic description, the name of the material in

WLhtion 1o the brand name should he given (for example. prcformed.
Ctulae polystyrene Type VIl with a density of 22 Lg/m": spruce-
piow-lir with 3 mossrure content of 12% and a dry density of 486
Lem'h

10.1.2 Pertinent information in regard 10 precondilioning

of the test panel.
10.1.3 Size and dimensions of the metering and guard

aveas of the test pancl.

|0.1.4° Average values during the test period of the tem-
jeratures and veocities of the air on both sides of the
metering area of the panel, and of the temperaturc of the
irfaces on, both sdes. (If significant. give the average values

< ul the temperature of specific arcas of the surface of ihe

panel.) :
10.1.5 Averapemitc of net heat input 1o the metering box.

10.1.6 Any themal transmission properiies calculated in
% | and the knows precision of the equipmen

Nony 9—Discussons of this method can be found in many fcat-
Tuohs 00 cngincerirgnpttim!alion and statistical analysis (3)-

10.1.7 Test duration and date.

j0.2 All values shall be reported in both SI and inch-
pound units unles specified otherwise by the clicnt.

10.3 Where ths test method is specifically referenced in
published test reports and published data claims. and where

Jeviations from the specifics of the test method existed in the .

Il uscd 10 obtam said data, the following statement shall
jon: “This

be required to accompany such published informati

1t did not fully comply with the following provisions of

lest Method i C2367 (followed by 3 listing of specific
deviations from this test method and any special test

_tonditions that were applicd)-

N4
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1. Precision of
o oahe cquipment should be checked using the propagation of
o enors theory. '

11. Precision and Bias

11.1 Background—A round robin for guarded and cali-
brated hot boxes was conducted in accordance with Practice
E 691. Thisround robin involved 21 different laboratories of
which 16 had guarded hot boxes (4). Data were reported for
100-mm (4-in.) thick homogeneous specimens of expanded
polystyrénc board (Specification C §78). Each laboratory
received material from 2 special manufacturer’s lot that was
controlled to maintain a uniform density. Data reduction
and analysis using
laboratories as 2 statistical outlier. Resu
laboratories showed that at a2 mean temperature () of 24°C
(75°F). the average R value was determined to be 278 K
myW (1577 F fi* h/Btu). The regression equation for the

data set wasc

R = 3.146- 0.016 1 (R in K-m¥/W and t in °C) (2a)
R=17861—00281(RinF fi*h/Btu and 1 in °F) (2b)
over the mean femperature range from 4°C t0 43°C (40°F 10

20.2 to

110°F). The mean specimen density ranged from
31.9 kg/m’® (1.26 10 1.49 Tbs/RY).

11.2 Precision—At 2 specimen thermal resistance of R=
278 K-m3/W (1576 7 ATh/Bw) und vn ihe basts of test
error alone, the diffcrence in absolute value of two test results
obtained in different Jaboratories on the same specimen
matcrials will be expected 10 exceed the reproducibility
inte
example, measurements from lwo_diffcrenl laboratories on
the same specimen could differ by up to +7.8 % at a mean
temperature of 24'C(15F) 95 % of the time.

11.3 Bias—Based on guarded hot plate data (Test Method

Practice E 178 identified one of the 16 .
Its from the other 15 ¢

rval only 5 % of the {ime according t0 Table 2. For -

C 177) from the National Institute of Standards and Tech- .

nology—Center for Building Technology and supported by

mcasurements from other laboratories. the true value for the .

round-robin specimen is a thermal resistance of 2.81 X-m*/

W (1594 F ft*h/Btu). The mean value measured by the

guarded hot box differed by —1.07 %.

Noie 10—Another test scrics was conducted on homogencous
common lot specimens in three guarded hot boacs at different laborato-
fics. (S, 6) R-values of the specimens ranged from approximately 0.5 t0
1 K-m W (3o 1.8 F fi*h/Bu) at mean (empcratures of 4. 24, 2nd
13°C (40.75.20d 110°F). This scries indicated that results with precision
of 28 % may be achicved.

Nors 11—Both round robins uscd 3 homogeneous specimen. an

idcal wall scction. Actual wall sections will be nonhomogencous. The

precision and bias has not yc! becn determined for nonhomogencous

specimens. The above statements providc 2 bound.®

2 Precision for Test Method C 238

TABLE
Mean Tem- Thermal Reprodud-
perature, Resistance, bty intervel, K- m,: qu Nh’h‘/'éw)
°c(’f X-m? W (FRTh/BlY) 3
4(40) 295(16 75) =73 2022(21.23)
24 (5) 278 (35.77) 278 2022 (21.23)

286 20.22 (=1.27)

43(110) 2,60 (14.79)

.
’
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ANNEX

(Mandatory Information)

Al USING THE GUARDED HO

T BOX TO DETERMINE HE

AT TRANSFER THROUGH A BUILDING

ELEMENT SMALLER THAN THE METERING AREA

ALl General Considerations )
~ALLL In this use. the building cement area (4,)is jocated
centrally in the metering area (45 demarcated by the hot
ded by a masking partition which extends
homogeneousty berond the ared A, into the guard area. The
arca of the mask (4.) within the metering arca equals (.1, —
4). The towd heat flow rate (8 determined by the hot box
mecasurcmen consists of two heat flow rates in parallel. in
accordance nith the equation
Oh by (,: + Qm
where @, is the total through the building clement arca A
and Q.. is that through the mask area A,,,.
Al.12 In conducting a test 10 ascertain Q, fora particular
building clement. Qs determined by the hot box measurc-
ment, and O is inferred from the results of calibration
measurcmemsts. The calibration is madc by mecans of hot box
tests of the masking partition cither before the aperture for
the building clement is cut out or with 2 blank of known
thermal  comductance installed in place of the building

clement. The emvof in Q. 1s evidently equal 1o the diffcrence
0, and On The fractional error is

(ALD)

of the algebraic €rroes in
given by :
300 =1~ 30 W0 = O

= /O - (.\Q...IO,.)IIU - Q10
where (3QJis the algebraic crror in Q= cic. An estimate of

the fractionat errof (A0.)MOn is dependent upon the mcthod
which is used 10 calibrate the mask. If the calibration 1 madc

(ALD)

- tefore the apcrture for the building clement is cut out thea

O™ 1AQ" /0 % (4,42 (ALY

where (3Q") is the errot in hcat flow mcasurcd during the
calibration st If 2 blank of known thermal conductancc is
used 10 calibrate the mask then \

50../0. =A@~ 3014)/0'-

where (AQy) is the algcbraic error in delermination of hecat
flow through the plank. Litle can be <aid in general about
the magnitedes of the algebraic fractional errors (A0, O
and (00.¥O~ since thesc depend on the quality and
managemen of the particular hot box apparatus and upon
the accuracy of determination of heat flow through the
blank. but s i cvident that the systematic portion of the
crror (AQYQ. is reduced as 0.2 is made small. Also. as
., 1S made small. the term (AQ.JOW is prcsumably also
made less sgnificant. Thus, the fractional systcmatic crror
possible in the dctermination of 0, is reduced by increasing
cither the e of the building clement (f fcasible). or the
total therna! resistance of the mask. :
Al11.3 The need to infer the mask hcat flow Q. accu-
+ e that the mask b¢ designed to actasa heat flow

ratcly requircs
meter with an emf output and temperature difference of &,
- /

(A1d)

——

proponional 1o the total heat flow through it. This consider-
ation is the pasis for the specific recommendations which

follow.

NoTtE Al 1—Additional crrof may anse due 10 the possible infle-
cnces of the building clement in causing w0 or three dimensional heat
flow at the poundan with the mask and thus affecting the mask heat’
low in regions adjucent 10 the clement. Thus mask hcat flow,
determined undet a given sct of conditions with 2 calibration standard in
hange when the huilding clement is installed. crven though

placc. may ¢
the test conditions femain unchanged. The usce of this procedure should
e awarc of such possible crrart and should attcmpt 10 cvaluate their

magnitude in rclation to the desired accuracy of the test.

A1l Rccommendations

ALl Itis recommended that the mask be made of 2
suitable uniform thickness of 2 homogeneous and stable
material of low thermal conductivity having adecquate
strength 1o support the weight of the building elements 10 be
1csted. Suitable matcrials arc faced high-density glass fiber or
polystyrene boards Jaminated togcther as necessary. Strongef
masks can be fabricated by sandwiching layers of insulation
between layers of rigid matcrials such as plyw
masks. though nonhomogecneous. are uniform in the direc-
tion pcrpcndicular {o the direction of hcat flow and are
calibrated in the samc manncr as homogcncous masks. It
may be necessary in somc cases 10 incorporalc framing in the
mask to support heavy building clements such as heavy-duty
metal frame windows of masonry scctions. Such nonuniform
masks are necessarily calibrated using blanks of known
thermal conduciance. Framing members must be kept away
from the juncture with the building element and with the
boundary of the metering area SO a8 not to contribute
cxcessively 100 fateral heat transfcr at these points. It i
jmportant that the mask be low in hygroscOpicily 1o mini-
mize changes in its thcermal resistance with ambient hu~
midity conditions. and that it be substantially impenvious 10

air flow through it.

A121 Thermocouplcs for mcasuring the {emperature
dilference across the mask should be pcrmancnlly install
uniformly flush with or just under its surfaces. Thesc may be
connected in serics-differential for determination of the
mask temperature diffcrence. or a8 individual thermocouples
for exploring the temperature distributions on the faccs
the mask. It is recommended that there be at Jeast cight
thermocouple junctions on each face of uniform masks: foul
at positions bisecting the four lincs from the corners of the
building element aperturc 10 the corresponding corners
the metering ared. and four at positions bisccting the sides
the rectangle having the first four thermocouples at i
corners. A suitable thermocouple arrangement would have
10 be chosen for nonuniform masks that would provide
ICprcscnlalivc average surface {cmperatures. This is particu
Jarly important when patural convection is used and aif|

- .
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eratures and film cocficicnts vary over the metering
face. If framing members are used, an area-weighted
serage of temperatures measured over the members and
~av from them is necessary. The mask. as a heat flow
.weter. should be calibrated and used in terms of the average
temperature (or thermocouple emf) difference across it
‘adicated by the permanently installed thermocouples.
. AL2.3 To protect the surfaces of the mask and the
wrmanently installed thermocouples. and il necessary 1o
cnder the surfaces jmpervious to air, a permanent coating or
{:in facing on cach face of the mask is desirable. However,
{he coating or facing must be of low conductance laterally so
(hat it does not contribute excessively to lateral heat transfer
4t the juncture with the building element or at the boundary
of the metering area. The emittance of the mask surfaces
Jould be uniform, and unchanged after calibration of the
mask: in cases where the transmittance (rather than the
«onductance) of the building element is of particular interest,
it is preferable that the emittance of the mask surfaces be

Yerd

(RIS )
A1.2.4 In view of the desirability of hich thermal resist-
anee of the mask relative to that of the building element, the
ymilorm thickness of the mask should in general not be less
than that of the building elements to be tested. and may be
greater than that of the thinner clements. Mask thickness
greatly exceeding that of the building element is to be
avoided if possible because of lateral heat flow in the mask
Juc 10 its exposure at uncovered areas of its aperture. (In
-pwcial instances, for example, a window designed to be set a
1w inches outward from the plane of the inner surface of a
w.ll. a special calibration of the mask as a heat flow meter
may be necessary using a blank of known thermal conduc-
tance in the precise position of the window at the juncture
with the mask aperture.)

AL2.S The mask aperture in which the building elcment
w installed for test should fit the element specimen snugly.
Cracks between them should be minimal in width, and
Jwwld be filled completely with a good fibrous insulation
.l cavlked or otherwise scaled at the mask surfaces 10
prevent air leakage. It is desirable that the insulation used to
1ill cracks have approximately the same conductivity as the
mask matenal; it would then be possible. if the cracks
apgregale an area significant in relation to the mask area. to

n10
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compensate roughly for the increased virtual mask area by
increasing the mask heat flow indicated by its temperature
drop in proportion to the increase of area.

A1.2.6 It is probable that many building elements to be
tested are inhomogeneous or nonuniform in construction for
structural reasons, and in consequence that the local thermal
conductances differ considerably at different frontal areas of
the element. The varations are inherent, and the result of
the test is an average conductance or transmittance value for
the total construction. provided that the conductance varia-
tions at edges do not seriously impair the validity of using the
mask as an adequate heat flow meter. This is a matter which

varies with the case, and therefore must rest on the judgment .

and discretion of those conducting the test measurement. A
useful guiding principle is that nothing should be incorpo-
rated in, or omitted from, a building element specimen being
tested that would make it not representative of the assembly

that ‘would be found in actual installation in service. For

example. if a metal window ordinanily is installed with inset
wood framing. the test specimen should include just so much
of the wood framing as is properly chargeable to it.

A1.3 Calibration of the Mask as a Heat Flow Meter

Al.3.1 The calibration of the mask is made by means of
hot box tests either before the aperture for the building
clements is cut out or with a blank of known thermal
conductance installed in place of the building clement. The
mask must be fully prepared with the permanent difTerential
thermocouples installed and any final facings or coatings
applicd. Several tests are made. adequately covering the
range of mask mean temperatures (and perhaps mask
tcmperature drops and box air veiocities) ai which the mask
will be operated in tests of building clements. In each test,
undcr stcady-state conditions, the metering box heat flow O,
and the corresponding mask tempcrature drop 4, indicated
by its permanently instalicd thermocouples, are determined.
The net mask heat flow @,, coresponding to 4/ is calcu-
lated as Q' (4,,./4,) when the calibration is made before the
aperture is cut, where A, and 4, arc as defined earlier, and as
(Q’, = O) for the calibrated-blank method where Q, is the
calculated heat fow through the blank. In the Jatter method
of calibration, a suitable blank must first bc prepared and

calibrated.
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APPENDIX

(Nonmandatory Information)

AL THERNOPILE EMF AND HHEAT FLOW RELATI

X1.1 The procedure given in this Appendix outlines the
geps suggested 10 obtain the relationship between heat flow
;nd thermopile output. This method addresses the techrique
that will vicld the heat flaw relationship as a function of the
hermopile output and a thermopile offsct. if present.

X1.1.1 It is essential that the number of fans and power
input in the metering, guard, and environmental boxes be
held constant along with all temperatures throughout the
calibration (and measurement) phasc. By holding the fan
aumber and input along with the surface tempcratures
constant. the operator assurcs a constant heat transfer film
coeflicient to the specimen throughout testing. The E,, value
sssociated with negligible nct heat flow across the mcter box
walls is then obtained from the relationship between Q,, and
[.. The equation that describes the total heat flow drawn
schematically in Fig. 4 i

pe Qr+0n+0m=0‘=i‘%z (XL
where:

0, = hcat flow due to fan. WV,
();; = heat flow duc to heater, W,
0,, = hcat flow through the metering box walls, W,
Q. heat flow through specimen. W, .
thermal resistarice of specimen. m-K/W,
heat flow metered arca. m?, {
= temperature difference across specimen. K,
= thermopile emf when net heat flow through metering
box walls is negbgible, and
E = thermopile emf.

ONSHIP (7, 8)

The goal is to make Q.. equal to zero. Q.. can be descri
by:
0,,,=ﬁ1(E)=mE+h (X
X1.1.2 To quantify m. at least two test runs must
perfarmed with differing levels of E. E must be held cons
within each test. The specimen surface to surface temp
wre difference for all tests must be constant and of the s
value. Q, can be approximated by assuming the design f
is not necessary to know the R of the specimen. Plot
calculated from Eq X 1.1 versus E. The slope of the line i
The next step is to quantify b in Eq 2. Sct the temperat
dilference across the specimen surface equal to zero (@, =
Substituting Eq X1.2 into Eq X1.1 and setting O, =
reduces Eq X1.1 to:
Oy +Qu=-(mE+ b) (X

X1.1.3 Set E 1o a value such that the fan wattage i
operational conditions and the heater wattage is at
minimum value that maintains temperature control. |
will assure that no heat is flowing anywhere except thro
the meter box walls. During this test. lateral heat flow n
till be negligible. Using ni that was determined, Eq X1.3
vicld b. The thermopile emf value that pertains to neglig ’
net heat flow through the meter box walls E, can ther
calculated using Eq X1.2: )
E,= —(h/m) (X
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;w’ Designation: C 518 - 85

(

Standard Test Method for

Steady-State Heat Flux Measuremen-ts and Thermal
Transmission Properties by Means of the Heat Flow

Meter Apparatus’

This standard is issued under the fixed designation C 318: the num
original 2doption . in the case of revision. the vear of last revision. A number in parentheses in

ber immediately following the designation indicates the vear of

dJicates the year of last reapproval. A

superscnpt epsilon (e) indicates an editorial change since the last revision or reapproval.

This stardard has been approved for use by agencies of the Departmest of Defense.

Consult the DoD Index of Speciticazions ard

Stancards for ihe specific year of issue that has beer adopred by the Department of Defense.

INTRODUCTION

This test method presents 2 comprehensive assemblage of information and requirements on the
complex problem of the measurement of the thermal transmission properties of insulations using
a heat flow meter apparatus. For convenience. it is organized in four major parts:

General Considerations (Sections ! through 6)

Apparatus and Calibration (Sections 7

through 9)

Test Procedures and Report (Sections 10 through 14)

Annexes (Al through A4)
This test method shall be used in conjunction
Many advances have

been made in therma

with Practice C 1045.
| insulation technology. both in measurement

technigues and in improved understanding of the principles of heat flow through such materials.
These advances have prompted revisions in the conceptual approaches to the measurement of the
thermal transmission properties, s€¢ References (1). (2): (3). and (4).% All users of this test method

should be aware of these concepts.

1.1 This tast method covers the measurement of steady
e thermal transmission through flat slab specimens using
sheat flow meter apparatus.

2 This 15 a comparative (or secondary) method of
surement since specimens of known thermal transmis-
“n properties must be used to calibrate the apparatus.
rsperties of the calibration specimens must be traceable to
fapsolute measurement method. and should be obtained
am or traceable 10 2 recognized national standards labora-
n
13 The test method is applicable to the measurement of
%mal transmission through 2 wide range of specimen
‘operties and environmental conditions. The method has
“{3?!1 used at ambient conditions of 10 to 40°C with

1_~“Cknesses up to approximately 250 mm, and with plate
mperatures from —195°C to 540°C at 25 mm thickness
ke, (5. 6)).

14 To meet the requirements of this test method the
ijfmal resistance of the sample must be greater than 0.10
{m?/W in all directions.

e

TIT-"uis test method is under the jurisdiction of ASTM Committee C-16 on

):“mnl Insulation and is the direct responsibility of Subcommittee C16.30 on

®rmal Measurement.

_\fl.“ﬂ'tm edition approved Oct. 22, 1985. Published December 1935, Onriginally

‘:‘Shcd as C §18 - 63T. Last previous edition C518 - 76*%

lhTht boldface numbers in parcntheses refer to the list of references at the end
is test method.

n12

By

i.5 Itis not practical in 2 method of this type to try to
establish details of construction and procedures to COVEr all
contingencies that might offer difficulties to a person without
pertinent technical knowledge. Thus users of this test
method shall have sufficient knowledge to satisfactorily fulfill
their needs. For example. knowledge of heat transfer princi-
ples. low level electrical measurements. and general test
procedures is required.

1.6 Standardization of this test method is not intended t0
restrict in any way. the future development of improved or
new methods or proced\ires by research workers.

1.7 Since the design of a heat meter apparatus is not a
simple matter, 2 procedure for qualitying an apparatus 1s
given in 7.8.

1.8 This standard may involve hazardous materials, oper-
ations, and equipment. This standard does not purport 10
address all of the safety problems associated with its use. Itis
the responsibility of whoever uses this standard to consult and
establish appropriate safery and heal:h practices and deter-
mine the applicability of regulatory limitations prior to use.

2. Referenced Documents
2.1 ASTM Standards:
C 167 Test Methods for Thickr\xcss and Density of Blanket

or Batt Thermal Insulations’
C 168 Terminology Relating 10 Thermal Insulating

Materials’®

_—

3 gnnual Book of ASTM Standards, Vol 04.06.
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c177 Test Method for Steady-State Heat Flux Measure-
ments and Thermal Transmission Properties By Means
of the Guarded Hot Plate Apparatus’

519 Test Method for Density of Fibrous Loose-Fill
puilding Insulations?

c 1043 Practice for Calculating Thermal Transmission
properties from Steady-State Heat Flux Measurements®

£ 230 Temperature-Electromotive Force (EMF) Tables
for Standardized Thermocouples*

E 691 Practice for Conducting an Interlaboratory Test
Program 1o Determine the Precision of Test Methods®

I Terminology
3.1 Definitions—The terms and symbols are as defined in
yiinitions C 168 with exceptions included as appropriate.
3.2 Symbols and Units—The symbols used in this test
¢thod have the following significance:
thermal conductivity, W/m-K,
thermal conductance, w/m?-K,
thermal resistance, K-m¥W,
heat flux density. W/m?,

heat flux. \W.
area measured on a selected isothermal surface. m".

wonoun o

faces. m.

mean temperature, K.

temperature difference, K,

density of the material as tested, kg/m>,
sensitivity of heat flow transducer (W/m?)/V.
heat flow transducer output, N,

temperature of hot plate surface, K, and
remperaiurs of cold plate surface, K.

wononnon o

.

{ Summary of Method

41 The heat flow meter apparatus establishes steady state
unidirectional heat flux through a test specimen between two
parallel plates at constant but different temperatures. By
ippropriate calibration of the heat flux transducer(s) with
alibration standards and by measurement of the plate
pmperatures and plate separation, Fourier's law of heat
onduction is used to calculate thermal conductivity,
hermal resistance. or resistivity.

42 The accurate use of the method is limited by the
apability of the apparatus to reproduce unidirectional
onstant heat flux density in the specimens. or by the
precision in the measurement of temperature. thickness,
EMF produced by heat flux transducer, etc.

3. Significance and Use

3.1 This method provides a rapid means of determining
thermal properties with high precision and as such is useful
in research and quality control work.

5.2 The thermal transmission properties of specimens ofa
gven materal or product may: (I) vary due to variability of
the composition of the material; (2) be affected by moisture
or other conditions: (3) change with time: (4) change with
mean temperature and temperature difference. and (5)
depend upon the prior thermal history. It must be recog-
nized. therefore. that the selection of tvpical values of
thermal transmission properties representative of a material

* Annual Book of .457':\! Standards, Vol 14.03.
S tnnual Book of AST)M Standards, Vol 14.02.
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d

thickness of specimen measured along a path normal 1o isothermal sur-

in a particular application should be based on a considég
ation of these factors and will not necessarily apply vn'thd[{
modification to all service conditions. As an example, thy
method provides that the thermal properties shall be ob
tained on specimens that do not contain any free moistug
although in service such conditions may not be realizeq’
Even more basic is the dependence of the thermal propertig
on variables such as mean temperature and temperatug
difference. These dependencies should be measured or the
test made at conditions typical of use. " ~

5.3 Special care must be taken in the measuremen
procedure for specimans exhibiting appreciable inhome
geneities, anisotropies, nigidity, or especially high or low
resistance to heat flow (see Practice C 1045). Special consi¢
erations are necessary when the measurements are com
ducted at either high or low temperatures, in a vacuum Or iy
hazardous gases.

5.4 The determination of the accuracy of the method for
any given test is a function of the apparatus design, of th
related instrumentation and of the type of specimens undx
test (see Section 9), but this method is capable of determiniag
thermal transmission properties within +2 % of those deter-
mined by Test Method C 177 when the ambient temperatur
is near the mean temperature of the test (T (ambient) =T
(mean) =1°C), and in the range of 10 to 40°C.

5.4.1 Where certification of measurement by this tes
method is required, the apparatus shall have the capabilitis
required in 7.8 and one of the following procedures must 3
followed:

5.4.1.1 The testing laboratory apparatus shall be cali
brated within 24 h before or after the certification test using
calibration standards that have been issued or whose value
have been established by a recognized National Standard
Laboratory not more than five years prior to the certificatioz
date. The average of two calibrations shall be used as the
calibration factor and the specimen(s) certified with th
average value. When the change in calibration factor &
greater than one percent. the standard specimen shall b
retested and a new average calculated. If the change i
calibration factor is still greater than | % the apparatus mus
be calibrated using the procedure in Section 8.

5.4.1.2 Where both the short and long term stabilities d
the apparatus have been proven to be better than 1 % of the
reading. see 8.4, the apparatus may be calibrated at les
frequent intervals, not exceeding 30 days. The specimens &
tested cannot be certified until after the calibration followit,
the test and then only if the change in calibration factor frot
the previous calibration test is less than | %. When the,
change in calibration is greater than one percent, test result;
from this interval shall be considered void and the test,
repeated in accordance with 3.4.1.1. |

5.4.2 The precision (repeatability) of measurements mad’
by the heat flow meter apparatus calibrated as in 5.4.1 a®
normally much better than =1 ‘¢ of the mean value. Th
precision is required to identify changes in calibration and ¥,
desirable in quality control applications. =

“a

6. Limitations to Test Method

6.1 Limitations Due to Apparatus: ot
6.1.1 The apparatus shall not be used at temperature®
thicknesses, or resistances, other than those within the rang;
|
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jihe calibration, unless it can be shown that there is no
’.ﬂ'crence in accuracy. : _
i) The apparatus must be capable of maintaining at
2 10°C temperature difference across the specimen for
Juration of the test, unless a smaller AT is a requirement
, particular test. '
"¢1 Limitations Due to the Specimens:
2.1 The specimens under test may also limit the use of
petest method and these limitations are outlined in Practice

“045.

1 .\pparatus

71 The construction details given in this section should
o understood by the user of this test method. While it is
gndatory that these details be carefully followed when
J,nstructing an apparatus, it behooves the user to verify that
4 equipment was built as specified. Serious errors of
xasurement may result from this oversight.

11 General:

72,1 The general features of a heat flow meter apparatus
4th the specimen or the specimens installed are discussed in
wnex Al. A heat flow meter apparatus CONSIsts of two
wihermal plate assemblies, one or more heat flux trans-
jicers. equipment to measure and control temperature,
fickness, and the output of the heat flux transducers and
quipment to control the environmental conditions when
xeded. Each configuration will yield equivalent results if
ged within the limitations stated in this test method. There
1 distinct advantages for each method in practice and these
e discussed in Annex Al.

- 11 The working surfaces of the plates and the heat flux
mnsducer (that is. the surfaces making contact with the
pcimens).shall be painted or otherwise treated to have a
o1l herispherical emittance of greater than 0.84 at oper-

fing temperatures (Note 1).

Nore 1—Hard anodizing of aluminum produces a surface with a
2ul hemispherical emittance of approximately 0.85. Several paints are
niilable which when applied as directed, produce a total hemispherical
mittance of approximately 0.836.

1.3 Plate Assemblies. Hot and Cold—The two plate
Ssemblies provide isothermal surfaces in contact with either
ide of the test specimen. The assemblies consist of heat
Wurce or heat sink, a high conductivity surface, means to
Teasure surface temperature, and means of support. A heat
lux transducer may be attached to one, both or neither plate
‘Ssembly, depending upon the design. In all cases the area
{efined by the dimensions of the heat flux transducer is
|lled the metering area and the remainder of the plate is the
ls‘uard area.

' 131 The portion of each plate assembly in contact with
;lhe heat flux transducer, or if a heat flux transducer is not
1?10unled on the plate assembly, the portion in contact with
;J)e sample, shall consist of a high conductivity materal,
Ssually metal, known as the isothermal plate. The isothermal
Mate-shall be supported so as to minimize temperature
¥adients across its surface. For a 2 % total uncertainty,
deviations from isothermal conditions over the plate surface
¥ no more than £0.5 K shall be allowed.

_7.3.2 A means shall be provided to maintain the temper-
Aure of the isothermal plates at the desired level. Examples

nl4

are fluid baths, electrical heaters and combinations of these
(see Refs (7, 8, 9)). ' o

7.3.3 If a heat flux transducer is mounted at the midplane
of the specimen then means shall be provided to determine
the average temperature of the transducer in order to apply
temperature corrections to the calibration, except when test
temperatures are equal to those used in calibration, in which
case no correction is required.

7.3.4 Means shall be provided to measure the temperature
of the surfaces of the heat flux transducer or plates in contact
with the specimen.

7.3.5 The surface plates shall be sufficiently rigid to
maintain flatness and parallelism to within one-tenth the
accuracy required of the final result. For measurements on
non-rigid materials and an allowable total uncertainty of
+2 %, a flatness and parallelism of 0.2 % of the maximum
linear dimension of the heating unit is thus required (Note
2). One recommended way to check this is to generate a
L-map over the metering area. This 1s discussed fully in Ref

(10).

Note 2—The planeness of the surface can be checked with a
straightedge, of a length greater than the width or diameter of the unit,
held against the surface and viewed with a light behind the straightedge.
Departures as small as 25 pm are readily visible, and larger departures

can be measured using shimstock or thin paper.

7.3.5.1 The parallelism of the plates must be maintained
for several reasons. In most cases it is the plate separation
which is measured in order to determine specimen thickness.
Furthermore the plate parallelism is important in ‘main-
taining consistent surface contact with specimens in repeat
testing (such as calibration). and is required to maintain a
uniform temperature difference across the specimen(s).

7.3.6 The rigidity. flatness, and parallelism of the plates
may impede the testing of rigid specimens where it is not
possible to obtain good surface contact. In such cases the use
of a thin sheet of suitable homogeneous material may be
interposed between the specimen and the plate surfaces. This
thin sheet should have a low thermal resistance relative to
the specimen. The resistance of the thin sheet should be
determined using a Test Method C 177 apparatus. The
resistance of the composite sandwich (sheet-rigid specimen-
sheet) is then determined and the value of the sheet
resistance (determined in a separate test) subtracted from the
total resistance measured.

7.4 Temperature Measuring and Control Systems:

7.4.1 Any proven device possessing adequate accuracy
may be used for measurement and control of the tempera-
tures in the apparatus.

7.4.2 Surface temperatures are often measured by perma-
nently mounting temperature Sensors. such as thermocou-
ples, RTD’s or thermistors, in grooves or flush with the
working surfaces on both plates.

7.4.3 Many existing systems utilize a minimum of two
temperature sensors 10 determine the average temperature of
each isothermal surface. However. 10 determine the actual
surface temperature variations under typical operating con-
ditions, the temperature must be sampled at considerably
more than two points. This is especially true when the
specimen surface temperature itself must be measured or
when the specimen is highly inhomogeneous. Therefore, no
strict specification is given as to the number of temperature
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qsors that must be used for each surface. However, the user
qust report the uncertainty of the temperature measure-
qent. including the component, due to temperature
nommifonnity across the surface. This determination is
(obably best done with a multijunction thermocouple in
,d-hoc experiments and not part of every measurement. (See
ref-(10).) In some cases where temperature mapping of the
date surfaces has indicated high uniformity under all condi-
jons of use. one thermal sensor per surface has been
atisfactorily used.

= 4.3.1 Special precautions should be taken to ensure that
jhe temperature sensors are thermally anchored to the
arface to be measured and that the temperature gradients
Jong the wires leading to the sensors are minimized. If
@nsors on opposing surfaces are connected differentially,
thev must be electrically insulated from the plates with a
esistance of 1MQ or greater (11, 12).

7.4.3.2 Thermocouples mounted in the surfaces of the
plates should normally be made of wire not larger than 0.51
am in diameter (No. 24 B & S gage). Thermocouples placed.
qeainst or set into the surfaces of the specimens should be
made of wire not larger than 0.25 mm in diameter (No. 30 B
& S gage). For information concerning sensitivity and
wccuracy of thermocouples in the cryogenic temperature
range. and installation, see Refs (6) and (13).

- 4.3.3 Temperature sensors should be calibrated to an
accuracy equivalent to that for thermocouples conforming to
Tables E 230. The temperature measuring svstem shall have
an equivalent accuracy. The precision of the temperature
measuring svstem may need to be better than this to detect
the effect of drift on the results as discussed in 7.9. Tables
E230 lists both “standard” and “special” limits on the
accuracy of thermocouples. The accuracy required by a heat
flow meter apparatus can best be determined by carrving out
an error analvsis (see Section 9), and then calibrating the
lemperature sensors to the degree required.

- 3 Hear Flux Transducer—The heat flux transducer is @
device including both the metering and guard areas which
measures heat flux by sensing the temperature ditference
1cross a core of appropriate thermal resistance and thermal
stability. The metering area usually consists of a number of
differentially connected temperature sensors placed on each
faca of the core and surface sheets to protect the assembly.
The guard area is usually constructed of the same material as
the core. A properly designed transducer will have a sensi-
tivity that is essentially independent of the specimens’
thermal properties (14, 15).

5.1 Thpes of Heat Flux Transducers—The type of heat
flux transducer described in this test method is. called a
egradient type. This type consists of a slab of material. the
“core.” across which the temperature gradient is measured,
normally with a thermopile.

5.2 Temperature Difference Detector—The temperature
ditference across the core material shall be measured with a
sensitive stable temperature detector. The main transducer
surfaces are assumed to be isothermal, so that heat flow will
be normal to them. Precautions must be taken to limit the
effect of heat flow through the leads on the output of the
temperature difference detector. Often the heat flux trans-
ducer is also instrumented to measure one of the surface
temperatures of the specimen(s).
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7.5.3 Surface Sheets—To prevent damage to the temi
ature difference detector that will affect its calibration, bp(q
surfaces shall be covered with a layer of material as thin ag;
compatible with protection from thermal shunting of
temperature difference detector wires. The working surfag
of the heat flux transducer shall be smoothly finished }
conform to the desired geometric shape to within the limy
of 7.3. nﬁ
7.6 Plate Separation, Specimen Thickness—A meay
shall be provided to determine the average separatiog
between the heating and cooling plate surtaces duri,‘E
operation. Rigid specimens cenerally act as the spacex
themselves and plate separation is determined by the
thickness at operating temperature. In this case a sma
constant force is generally applied to hold the plates againg
the specimen. It is unlikely that a pressure greater than 2§
kPa (approximately 30 Ibt/ft") will be required. For eash
compressible specimens, small stops interposed between the
corners of the hot and cold plates, or some other positie
means shall be used to limit the compression of th
specimens, (Note 3). Provision must be made for checkin
the linearity of any thickness measuring system.

NOTE 3—Because of the changes of specimen thickness possible a.
result of temperature or compression by the plates. it is recommend=
that specimen thickness be measurad in the apparatus, at the existy
test temperature and compression conditions whenever possible.

7.7 Edge Insulation—Heat loss from the outer edgest
the heat flow meter apparatus and specimens shall t
restricted by edge insulation or by governing the surroundir:
air temperature or by both methods. The three differec
configurations differ in their sensitivity to edge heat lossesz
is discussed in Annex Al (2. 4. 16).

7.7.1 For all three configurations, the sensitivity to edz
heat losses is strongly related to the sensitivity of tk
transducer to temperature ditferences along its main surfae
and therefore only experimental checks while changiz
environmental conditions ¢an confirm, for each operatit;
condition, the magnitude of :he effect of edge heat losses &
measured heat flux. This error should be smaller than 0.3 %
An approximate guideline 1s 10 maintain power lost throug
the edges below 3 % of the power flowing through t
specimen. '

7.8 Measuring System Reguirements for Certification=
When the apparatus is used for certification testing, &
measuring system shall have the following capabilities:

7.8.1 The accuracy of the measurement of the temper
ture difference across the specimens shall be within £0.5 %
The accuracy of the measurement of the output from i
heat flux transducer shall be within £0.6 %.

7.8.2 A voltage sensitivity of better than 0.2% of t
minimum output (from the transducer) to be measured.

7.8.3 Sufficient linearity so that it contributes less the
0.2 % error at all outputs.

7.8.4 Sufficient input impedance so that it contributes let
than 0.1 % error for all readings. One megohm has ¢
found adequate for many apparatuscs. =

7.8.5 Sufficient stability so that it contributes less thal
0.2 % error during the period between calibrations, or-
days, whichever is greater. . 5

7.8.6 Adequate noise immunity so that less than 02%
rms noise occurs in the readings. :

e polirny,
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Ef1,8.7 Where direct readout equipment is used, adequate
| vision shall be made for calibration of the electronic
ic';cﬂim" ipdependent of the remainder of the apparatus, and
E#“H contribute no more than 0.2 % error, for each variable.
*19 Proven Performance—Any heat flow meter apparatus
L is new or has been modified must be tested for the
1 owing characteristics and corrections shall be made where
o change of greater than one percent occurs in the transducer
put due 10 the effects of 7.9.1 to 7.9 over the range of
ation and are recommended for changes of 0.3 % over
- range of operation.

19.1 Zero Offset—TIf there is any output from the trans-
jucer for zero heat flux. this may be due to:

19.1.1 Electrical contact resistance on a transducer with
pw output: improve connections to eliminate the problem
g his wype of output may be temperature dependent.

79.1.2 Also check grounding circuits because such a
gnal may be due to AC pickup in the leads from the
mnsducer. If after checking 7.9.1.1 and 7.9.1.2 there is still a
gro off-set. it may be possible to correct for this by assuring
fat the calibration curve of output versus heat flux is linear
wer theé range of operating conditions.

79.2 Sensitivity 1o warm Orf cold plate temperature non-

miformity. Check for temperature non-uniformity under all
grating conditions.
'19.3 Drift in the transducer due to material aging or
‘¥amination. This can be used to determine the required
alibration frequency.

79.4 Temperature coefficient of the transducer. sensi-
ity as this depends on the type of temperature detectors
sed in the temperature difference detector (thermocouple
materials used in the thermopile) and the type of material
‘wed for the transducer core. If it is found that the sensitivity
§ temperature dependent. a curve of sensitivity Versus
emperature shall be developed and used to correct measure-
ment data.

79.5 Heat flow down the leads. One possible way to
seck for this is to move one’s hand across the surface of the
masducer between the metering area to the point where the
‘ads exit the plate assembly, while observing the transducer
autput. In a well designed plate or transducer assembly there
hould be no observable output from the transducer except
inthe metering area.

7.9.6 Effect of the thermal conductivity of the specimen
M the sensitivity of the transducer. A “thermal shorting”

:ffect between elements caused by low thermal resistance -

Xtween the sensors of the thermopile or a funneling of heat

‘through the sensors can change the sensitivity of the meter.

This can best be tested by running specimens with known
‘idely different thermal conductivities.

7.97 Effect of loading pressure on the transducer sensi-

Wity. if the transducer core is flexible.

7.9.8 The test results obtained by this method can only be
Ssured if the limitations of the apparatus are known. To

\&tablish the limitations, one must prove the performance by

I

mparing the results with materials of similar thermal
roperties previously tested on a guarded hot plate apparatus
% those to be evaluated.

79.8.1 A single point of reference may lead to serious
trors. It is best to select a range of transfer standards having
known thermal transmission properties which cover the
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range of values to be tested, in both resistance and thickness.

79.8.2 If the apparatus is to be used at thicknesses greater
than that of the available reference materials, a series of
calibration measurements must be performed to insure that
the equipment does not introduce additional errors which
may be due to lateral heat losses or gains brought about by
insufficient guarding (4, 17). _

7.10 Environmental Control—In many applications, it is
desirable to control the environment surrounding the test
specimen to reduce edge heat losses and it is especially
important if the mean test temperature must be below the
ambient temperature, in order to avoid condensation on the
cold plate.

7.10.1 A cabinet or enclosure surrounding the heat flow
meter assembly to maintain the ambient temperature at the
mean temperature of the specimen may also be used as a
means to maintain the dew point temperature at least S K
lower than the temperature of the cold plates, that will
prevent condensation and moisture pickup by the specimen.
This is required when conducting tests at mean temperatures
substantially lower than the laboratory air temperature.

7.10.2 Any environmental control system employed in
conjunction with a heat flow meter apparatus shall be
capable of maintaining its set point condition within £1°C in
temperature, and +2 % in humidity.

8. Calibration

8.1 The calibration of a heat flow meter apparatus is a
very critical operation. Since lateral heat losses or gains of
heat are not automatically controlled or eliminated, but only
lessened by increasing the size of the guard area and edge
insulation, there is no guarantee that the heat losses or gains
are negligible under all testing conditions. To ensure that the
equipment is performing properly with specimens of dif-
ferent thermal resistances, the apparatus must be calibrated
with materials having similar characteristics as the materials
to be evaluated. These reference materials must be evaluated
through an absolute test method such as the guarded hot
plate, Test Method C 177.

2.1.1 In order to determine the calibration factor. and aid
in the determination of the apparatus precision and bias, a
series of repeat measurements should be run on one calibra-
tion standard with known properties. The average of these
tests shall be used to determine the calibration factor of the
heat flow transducer.

8.1.2 To determine the possible effects of test materials on
the calibration factor a series of tests should be run on
varying calibration standards with known properties such as
a range of densities, thicknesses, ot thermal resistance. Such

2 serics of tests will help define the uncertainty of the test

results for the apparatus.

8.2 Calibration Curve—Most heat flux transducers are
temperature sensitive and the sensitivity will change with the
mean temperature; therefore, measurements must be re-
peated at different mean temperatures o cover the expected
temperature range of the heat flow metcr apparatus. A
calibration curve or equation shall be prepared (sensitivity
versus mean temperature of the transducer assembly). The
calibration should be done using at least two specimens of
widely differing thermal resistance if the apparatus is to be
used for certification purposes. -
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8.3 Calibration Drifi—Check the heat flow meter appa-
ratus for calibration at least once every month; maintain a
running record of calibration results. If the checks indicate a
difference in the measurement of the thermal resistance of
the standard specimens of more than | %, then prepare a
new calibration curve or equation. It is unlikely that the
shape of the curve will change. The curve can be shifted to
. the new position.

8.4 Maintenance of Calibration—The use of secondary
reference’ standards is recommended for continuous moni-
toring of calibration. Each secondary reference specimen
should be tested a minimum of five times in order to
establish control limits. within which any one test of the
reference specimen should fall (these limits should also
encompass operating variability if applicable). If a calibra-
tion check is made using one secondary reference specimen
and the results fall outside the previously established control
limits a second reference specimen should be tested before
any calibration changes are considered. If such tests confirm
a shift in calibration and the cause is not obvious (plate
temperature shifts. AL readout shift, etc.), new calibration
- coefficients shall be developed based on the primary refer-
ence star.dards.

9. Error Analysis

9.1 A complete error analysis is complex. However. it is
mandated for compliance with this test method. The per-
formance of this analysis involves consideration of:

9.1.1 Estimates of errors in each individual measurement
procedurs and propagation of these errors to the final result.

9.1.2 Measurements to determine apparatus sensitivity to
intentional deviations from normal operations. and

9 1.3 Measurements on reference materials and participa-
tion in round-robin programs.

9.1.4 For a more complete discussion of this error analysis
the reader is directed to Test Method C 177, and Ref (10).

9.2 To illustrate a procedure of error analysis estimation,
consider the operational definition of thermal conductivity:

N=Q-L/A-AT
The uncenainties in Q. A4, L, and AT (8Q, 84. oL, and 6AT)
can be used to form the uncertainty S\ by the usual error
propagation formula where the total uncertainty is calculated
from the square root of the sums of the squares of the
individual standard deviations.

TABLE 1 Estimates of Random and Systematic Errors at Room Temperature

SN = (0Q/Q)* + (3A/A) + (5L/L)* + (8AT/AT)? -~

This equation assumes that the errors in O, A, etc,,
random and independent of each other since the covariap
terms are omitted. This is valid here if different instrume
tation is used for measurements on each of the variables:&

9.2.1 An alternative approach, which generally leads to§
larger calculated uncertainty, is to sum the upper limits g
the individual uncertainties (10). A

9.2.2 Care must be taken to properly evaluate all of
uncertainties in the varables Q. A, etc. For example,
obvious sources of error in Q are those causing extraneg
transverse heat flow along leads and deviations from on|
dimensional heat flow. However. an often neglected by
important quasi-heat leak is that caused by a temperatuy;
drift of the transducer itself, or in the heater, or both.

9.2.2.1 This can readily be estimated from the heg
capacity of the transducer assembly and the drift detectio
limit of the measurement system. The error in AT, 6AT,
be caused by calibration errors and measurement errors b
also by incorrect placement, incorrect thermal anchoring
and disturbances introduced by the thermocouple itself.

9.3 Numerous experiments can be performed to dete
mine the sensitivity of the measurement results to deviatior
from normal operating conditions. This sensitivity combing
with the probable deviation under normal operating cond:
tions can be used to estimate the error from this source. Af-
one example, the effect of imperfect guard balance contro
can be determined by purposely offsetting the guard (if thisy
possible) by a sufficient AT in both directions and measuri
the differences in the measured output.

9:3.1 Care should be taken to not use such large offset;
that nonlinear effects occur in the specimens. These resuls;
combined with the probable value of the offset during
normal operation vield the error due to imperfect guaci
balance. ‘

9.4 Finally, measurements should be performed on &
cepted reference matenals. if available, to qualify the app?g
ratus. Care should be taken here to ensure that the referenc:
materials have characteristics similar to the specimens toki
measured, and that the uncertainties of the standards them
selves are known.

9.5 The total estimated imprecision can be listed in 2 tabk
of errors such as shown in Table 1. This table is shown as &
example only and does not represent any one particular hes

Absolute Variations

Percent Variations

Variable
Random Systematic Random Systematic
Mean Temperature. T 0.02K 02K 0.007 0.07
AT 0.01K 02K 0.04 0.40
LY 0 0.1 mm 0 0.40
Transducer area 0 50 mm2. 0 0.10
Heat flux
drift 1mwW 1mw 0.2 0.2 ’
lateral 1 mw 2mwW 0.2 0.4 s
calibration 0 2mwW 0 0.2 B
Temperature N
drift 005K 0.05K 0.01 0.01 s
calibration 0 0.1K 0 0.4 1
A 0.2 mW/m-K 0.3 mW/m-K 04 0.6 =]

¢ AlT
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-  meter apparatus since the errors will be specific to each

'zpﬂmus.

540‘ Test Procedures

0. Foreword on Testing Procedures—The simplicity of

i test procedure may lead one to overlook very important

00 which may affect the results. To ensure accurate

: wsuremcnt, the operator must be fully instructed in the
ation of the equipment. Furthermore, the equipment

Pt be properly calibrated with reference materials having

ilat heat transfer characteristics. It is also necessary that

e specimen be properly prepared for the evaluation.

10.2 Sampling and Preparation of Specimens:

10.2.1 Test Specimens——One or two-piece specimens may

used. depending on the configuration selected for the test.

where TWO pieces are used, they shall be selected from the
gme ample 10 be essentially identical in construction,
pickness. and density. For loose fill materials, the method
cified in the material specification shall be used to
oduce a specimen of specimens of the desired density.

10.2.2 Selection of S_pecimens—The specimen Orf speci-

qens shall be of such size as to cover the heat flux
mansducer. cold plate and warm plate surfaces and shall
diher be of the actual thickness to be applied, or of sufficient
‘pickness to give a true average representation of the material
1 be tested.

10.3 Specimen Cona'itioning—Details of the specimen

'glection and conditioning are preferably specified in the
material specification. Where such specifications are not
‘i;iven. the specimen preparation shall be conducted in
\iccordance with the requirement that materials shall not be
{iposed 10 temperatures that will change the specimens in an
'imeversible manner.

104 Measurements on Specimens:

1 10.4.1 Blanket and Batt Type Materials—When specified.
“the test thickness of blankets and batt type materials shall be

|determined before testing in accordance with Test Methods

,C 167. provided that good contact is maintained between the

Ispecimen and the isothermal plates. '

b A0S Limitations on Specimen Thickness:

10.5.1 General—The combined thickness of the specimen
)Or specimens. the heat flux transducer and any damping
material. which in total equals the distance between the cold
and hot plates. must be restricted in order to limit the effect
of edge losses on the measurement of heat flux. The edge
losses are affected by the edge insulation and the ambient
temperature, so the requirements on both the these parame-
| ters must be met as well. '

10.52 Maximum Spacing  Between Hot and Cold
iP Jates—The maximum allowable distance between the hot
\and cold plates during the test, is related to the dimensions of
the heat flux transducer, the heat metering area, the width of
the non-metering plate, the construction of the heat meter
Ipparatus. and the properties of the specimen. No suitable
theoretical analysis is available to predict the maximum
allowable thickness of specimens. It is possible to use the
Tesults of an analysis fora similarly sized guarded hot plate as
2 guide (8, 18).

11. Procedure of Measurement
11.1 Temperature Difference and Gradient—For any test.

nls
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make the temperature difference across the specimen not less
than 10 K. For specimens that are expected to have 2 large
thermal resistance, a larger temperature difference in the
specimen is recommended. The actual temperature differ-
ence or gradient is best specified in the material specifica-
tions or by agreement of the parties concerned.

11.2 Edge Insulation—Wrap the edges of the specimens

_ with the required thermal insulation to reduce edge heat

losses to an acceptable level (see 7.7).

11.3 Settding Time and Measurement Interval—Check for
thermal equilibrium by observing and if possible recording,
the mean temperature and the emf output of the heat flux
transducer, the mean temperature of the specimens, and the
temperature drop across the specimen. Make observations at
time intervals of at least 10 minutes unless experience has
shown that a shorter time interval may be used until five
successive observations yield values of thermal conductance -
which fall with one-half percent of their mean value. If the
five readings show 2 unidirectionally increasing or decreasing
trend the data is suspect and additional sets of readings shall
be taken. For high density specimens (p>40 Kg/m?) or for
low conductance specimens (C <0.05 W/K-m?) the time
between readings may have t0 be increased to 30 minutes of

longer (19)-

12. Calculation

12.1 Density and Change in Mass—When required, cal-
culate the density of the dry specimen as tested, p, the loss of
mass due 10 conditioning of the material, and the mass
regain of the specimen during test.

12.1.1 Density of Bat and Blanket Specimens—It has
been found that in characterizing the thermal performance
of low density materials it is important to measure the mass
of the specimens in contact with the heat flux transducer
metering area. For these materials. the area of the specimen
directly measured must be cut out and its mass determined
after testing. This procedure is desirable for all specimens.

12.2 Thermal Properties Jor One Specimen—When only
one specimen is used, calculate the thermal conductance of
the specimens as follows:

C=S-E/AT
and where applicable, calculate the thermal conductivity, as
follows:
\=S-E-(L/AT)

12.3 Thermal Properties for Two Specimens—When two
specimens are used, calculate the total thermal conductance.
C, as follows:

C=S-E/QAT, + T2
The X factor, that is, the average thermal conductivity 0
the specimen is calculated as follows:
S-E_L+L;
1 AT, + AT,
where the subscripts refer t0 the two specimens.
12.4 Other derived thermal transmission properties ma

be calculated but only under the provisions given in Practic

C 1045.
12.5 Thermal Properties Jor Two Transducers—All pert

)‘avc =

~ nent specifications of 12.2 apply on this configuratio:
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pmvided S-E will be replaced by (5! £+ 8" E'")/2, where
the superscripts " and ’’ refer to the first and second heat flux
transducer, respectively.

13. Precision and Bias

13.1 Theprecision and bias of this test method cannot be
stated quantitatively for all apparatus variations and test
conditions. However, it is mandated that for compliance
with this test method, any result must be accompanied with
its uncertainty. Further details on doing this are given in
Section 9.

13.2 While no definitive statement of precision or bias
can be made at this time, results of a round robin test
involving both high and low density mineral wool specimens
are currently being analyzed. In addition inter-lab testing
carried out between nine laboratories involve in the National
Voluntary Laboratory Accreditation Program is currently
showing a range of laboratory test results of 4.3 % between
the laboratory values of thermal conductivity obtained on
similar but not identical specimens. The standard deviation
about the mean value for three different tests was found to be
1.06 %.

13.3 Tt should be noted that the omly statistically valid
procedure to determine uncertainty 1s t¢ force all sources of
svstematic bias 10 be exhibited as random €rrors and then
uncertainty can be directly estimated from imprecision.
However. this is impractical since it involves variation of all
measurement variables (Global set) and cost constraints
make this impossible. For example, this implies the repeti-
tion of an experiment with differently calibrated thermocou-
ples. different size and configuration of the apparatus.
different operators. different environment, differently cali-
brated instrumentation, etc. For any one given apparatus a
careful error analysis as outlined in Section 9 will. in most
cases. show up any major difficulties, which may need
correcting in order to improve the measurement accuracy of
the heat flow meter apparatus.

14. Report

14.1 The report of the results of each test shall include the
following information with all data to be reported in both SI
and inch-pound units unless specified otherwise:

14.1.1 Name and any other pertinent identification of the
matenal including a physical description.

14.1.2 Description of the specimen and its relationship to
the sample.

n19

14.1.3 Thickness of the specimen as received and g
tested. In a two piece specimen configuration this is th
thickness of one piece only. =
14.1.4 Method and temperature of the conditioning, K
°C. i
14.1.5 Density of the conditioned specimen as tested
kg/m’. :

14.1.6 Mass loss of the specimen during conditioning ax
testing, in percentage of conditioned mass. '

14.1.7 Mass regain of the specimen during test, in pe
centage of conditioned mass.

14.1.8 Average temperature gradient in the specimg
during test as computed from the temperatures of the hg
and cold surfaces, K/m. |

14.1.9 Mean temperature of the test, K or °C. i

14.1.10 Heat flux per unit area through the specimen
W/m?. i

14.1.11 Thermal conductance. w/m>-K. !

14.1.12 Orientation and position of the heat meter appg.‘i
ratus during test (vertical, horizontal, etc.) and whether th:
meter was against the hot ot cold surface of the specimen ax:
whether the edges of the specimen(s) were sealed or open &;
the ambient.

14.1.13 Duration of the measurement portion of the tes
minorh. . :

14.1.14 For loose-fill materials report the sample prepars
tion followed. ;

14.1.15 Date of the test. the date of the last heat metr
calibration, and the type or tvpes of materials used. :

14.1.16 For certification testing only. the specimens use
in calibration must be identified as to the type, therm:.
resistance, date of specimen certification. source of certificx
tion, expiration date of calibration and the certification tes
number.

14.1.17 Statement of Compliance or, where circum-
stances or requirements preclude complete compliance wit:
the procedures of the test. agreed exceptions. A suggeste
wording is: “This test conformed with all requirements ol
ASTM C 518 - — with the exception of (a complete listc!
exceptions follows).” :

14.1.18 For direct reading apparatus. the results of
calibration of electronic circuitry and equipment, Of 2
statement of compliance including date. and a statement of
compliance on linearity requirements. i
14.1.19 Estimated or calculated uncertainty in reponei
values. |

|
!
!
;_
|i
|
'
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ANNEXES

(Mandatory Information)

TABLE A1.1 Limits of Error for Thermocouples .

NOTE

NOTE :
o5 35 wire size. temperature, time of exposure, and environment.

1—Limits of error in this table apply to new thermocouple wire, normally in the size range 0.25 to 3 mm in diameter
stures not exceeding the recommended lirnits of Table 2. If used at higher temperatures these limits of error may not apply.

2—Limits of error apply to new wire as delivered to the user and do not allow for calibration drift during use. The magnitude of such changes depends on such

yorz 2—NoT= 3—Where limits of error aré given in percent, the percentage applies to the temperature

(No. 30 to No. 8 Awg) and used to

being measured when expressed in degrees Celsius. To

gamine the limit of error in degrees Fahrenheit multiply the limit of error in degrees Celsius by 9/5.

Temperature Range

Limits of Error-Reference Junction 0°C (32°F)

Thermo: Standard Special

couo'e . i

Type c F 3G of 2G -

(whichever is greater) (whichever is greater

T 0to 350 32to 700 +10r075% Note 3 +050r04% Note 3
J 0to 750 32 to 1400 +2200+075% +110r04%

< ) 0 to 900 32 to 1600 +170r+05% +1or=04%

K 0to 1250 32 to 2300 +220r£0.75% +11o0r=04%

Rers 0 to 1450 32 to 2700 +150r+025% +0.6 or =0.1 %

s 870 to 1700 1600 to 3100 +0.5% ==

TS -200t0 0 —328 to 32 +tor=15% 2

e -200t0 0 —328 to 32 +17o0rx1% &

K* -200t 0 —328 to 32 +220022% g

+Thermocouctes and thermocouple materials are normally supplied to
~wever. may not ‘all within the sub-zero limits of error given in the secon
st 50 state. Seiection of materials usually will be required.

¢ imte nformauon is avai
: ramocouples:
‘€ —-200 %0 9°C =1°C or 0.5 % (whichever is greater)
e T =200 t0 0:C =0.5°C or =0.8 % (whichever is greater)

~ese TS are Givan only as a guide for discussion between purchaser and supptier.
J thermocouples and special sub-zero limits for Type K thermocouples are not listed.

0.2 0 ine characterisiics of the materials, sub-zero limits of errcr for Type

\3 Response of Heat Flux Transducers
A3.1 Contigurations—The general features of a heat flow

mler apparatus with the specimen or the specimens in-
salled are shown in Fig. A2.1. A heat flow meter apparatus
«nsists of two isothermal plate assemblies, one or more heat
fux transducers, equipment to measure and control temper-
ure. thickness and the output of the heat flux transducers
und equipment 10 control the environmental conditions
Ahen needed. Configuration a is called single transducer. one
fice: the heat flux transducer may be placed against either
glate. The Configuration b is called two transducer, both
fes. The Configuration ¢ is called single transducer, mid-
shne: in this case. the specimens should be halves of the
ame specimen (20). Each configuration will yield equivalent
wsults if used within the limitations stated in this method.
For a particular heat flux transducer, the test configuration
that has the fastest response, that is shortest settling time, is
%st determined by experiment. Four specimens of different
Materjals. such as urethane, ceramic fiber board, a rubber.
d a high conductivity. low-thermal capacity material, each
fwhich is conditioned to the mean test-temperature, should
t‘ tested in each configuration. A study of these will allow
Mither the selection of the proper configuration for each type
j°fmaten'al. or the selection of a reasonable conﬁguration‘for
Wtypes.
| A3.1.1 In order to predict settling times for all types of
‘Pecimens. each of the above specimens must be retested
|

L N20

_ |A' ; 7

ilable to justify establishing special limits of error for sub-zero temperatures. Limited experience suggests

meet the fimits of error specified in the table for temperatures above 0°C. The same materials,
d section of the table. If materials are required to meet the sub-zero limits. the purchase orcer

the following limits for Types E and

after being conditioned to temperatures both below and
above the mean temperature of the test.

A3.2 Time Responses of Heat Flux Transducers:

A3.2.1 High Thermal Resistance Transducer—A trans-
ducer with a high thermal resistance is generally used in
Configuration a. When the specimens are preconditioned to
the mean temperature of the test and when the plates are
capable of both heating and cooling the specimen, the time
response of a high resistance transducer will be more rapid
than a comparable guarded hot plate apparatus. However, if
the heat flux transducer has appreciable mass the response
will not be rapid.

A3.2.1.1 The temperature drop across 2 high thermal
resistance transducer may be greater than desirable, that is,
one percent of the total, when used in Configuration ¢, and
thus its use in this configuration is not recommended.

A3.2.1.2 Configuration b can be used to obtain very rapid
response times if both plates are capable of heating and
cooling and if the outputs of both transducers are summed,
(15). Configuration b is always faster than Configuration a
with the same transducers and specimens and can be
comparable to Configu-ation c if a low thermal resistance
transducer is employed.

A3.2.2 Low Thermal Resistance Transducers—The low-
thermal resistance, gradient-type heat flux transducer is
better suited to the Configuration c. The temperature drop
across the low-resistance transducer is small enough so that
the two specimens can be considered as halves of a single
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Conversion Factors (Thermochemical)
uctance can be found by using these tables in the reverse direction.

Thermal Conductivity*

W-m™*- Kg cal
K-Y(8) W-em~'-K™! cal-s~'-cm™'-K™! h“’-(rﬂ" . Btu-h='-ft=1-°F~!
tw-m KT = 1.000 1.000 x 1072 2.390 x 1072 0.8604 0.5782
{W-cm™ K™ = 100.0 1.000 0.2330 86.04 57.82
{ca-s™ham KTt = 4184 4.184 1.000 360.0 2419
1 kgcal-h~*-m~1-K™' 1.162 1.162 x 1072 2778 x 1073 1.000 0.6720 |
{Btu-h™'-ft=1-°F' = 1.730 1.730 x 1072 4.134x 1072 1.488 1.000 12.00
{ Btu-in.-h='-f=2.°F " = 0.1441 1.441 x 1073 3.445 x 1074 0.1240 8.333 x 1072 1.000
Thermal Resistance*
K-m2-W~Y(8) K-cm2-W! K-cm2-s-cai™* K-m?2-kg<ca™' °F.ft2-h-Btu™"
1K-m2Wt = 1.000 1.000 x 10* 4.184 x 10* 1.162 5.674
1K-cm*W™' = 1.000 x 107* 1.000 4.184 1.162x 107* 5674 x 107*
1K-cm?-s-ca™ = 2.390 x 1073 0.2390 1.000 2.778 x 1075 1.356 x 107*
1K-m2-h-kgcal™ = 0.8604 8.604 x 10° 3.600 x 10* 1.000 4.882
{°F-f2-h-Bu™l = 0.1762 1.762 x 10° 7373 x 10° 0.2048 1.000

A Units are given in terms of (7) the absolute joule per second of W

J.

att, (2) the calorie (thermochemical) = 4.184 J, of the British thermal unit (therm

ochemical) = 10542

8 This is the SI (Intemational System of Units) unit.

TABLE A1.2b Conversion Factors (Intemational Table)
NoTs—Conversion factors for thermal resistivity and thermal conductance can be found by using these tables in the reverse direction.

Thermal Conductivity*
Wem="- kg-cal- Btu-in..
K='(%) w-cm™'-K™! cal-s'-cm™'-K™! h='m*- Btu-h~'-ft~'-°F~" h=- 2
( K—1 OF—l
1TW-m™ K = 1.000 1.000 x 1072 2.388 x 1073 0.8598 0.5778 6.933
1W-em™ K = 100.0 1.000 0.2388 8598 57.78 693.3
{cai-s'-em™ KT = 418.7 4187 1.000 360.0 241.9 2903.
1kg<ca-h~'-m™"-K™' = 1.163 1.163 x 1072 2778 x 1073 1.000 0.6720 8.064
1Btu-h~'-H'-F T = 1.731 1.731 x 1072 4134 x 1073 1.488 1.000 12.00
1 Btu-in.-h='-ft"2-°F~' = 0.1442 1.442 x 1073 3.445 x 1074 0.1240 8.333 x 1072 1.000
Thermal Resistance”
K-m2-W=Y(%) K-cm2-W™! K-cm?-s-cal™’ K-m?2-h-kgcal™' °F.ft2.h-Btu™"
1K-m2-W' = 1.000 1.000 x 10* 4.187 x 10* 1.163 5.678
1K-cm?- W™ = 1.000 x 107* 1.000 4.187 1.163 x 107* 5678 x 107*
1K-cm?-s-ca™t = 2.388 x 1075 0.2388 1.000 2.778 x 1075 1.356 x 10~*
1 K-m2-h-kgca™' = 0.8598 8.598 x 10° 3.600 x 10* 1.000 4.882
1 °F-fi2-h-Bwu™" = 0.1761 1.761 x 10° 7.373 x 103 0.2048 1.000

A Units are given in terms of (7) the absolute joule per second or watt, (2) the calorie (Intemational Table) = 4.1868 J, or the British thermal unit (Intemational Table) =

1055.06 J. These tables are meant for use in Canada and Great Britain.
8 This is the SI (International System of Units) unit.

specimen. When the specimens are first conditioned to the
mean temperature of the test and when the specimens are
identical, the response is sufficiently rapid to be used for
quality control work.

A3.2.2.1 Where half thicknesses of the normal specimen
can be used. it can be more rapid than Configuration a,
especially when each of the specimens is first conditioned to
the mean temperature at which it will operate in the test. The
use of the low-resistance transducer in Configuration a is
ideal if Plate 1 can provide both heating and cooling, but
unless the temperature of Plate 1 is extremely well con-
trolled, a damping layer will be required between the
transducer and the plate. The advantage of the fast response
time is then partially lost, but the response time is likely
rapid enough in any event. The transducer can be mounted
permanently in this configuration.

A3.3 Sensitivity of Configurations to Edge Losses:

> - qla.,-u-__.ir.

n21

A3.3.1 The Configuration a is similar to the guarded hot
plate apparatus regarding edge heat losses through the
specimen. The edge heat losses in the transducer may be
much more significant than those in the guarded hot plate
apparatus because they may produce errors due to the
temperature non-uniformity on the side in contact with th¢
specimen.

A3.3.2 The Configuration b is the most insensitive to edg
conditions if the average of the readings of the two meters i
assumed to be the measured heat flux per unit area through
the specimen. If the plates were perfectly uniform in tempef
ature, if the two transducers were exactly equal in the layoul
of the thermopile junctions, and if the specimen had the
conductivity independent of temperature, this configuratio?
would be insensitive to edge conditions. However, eved
under these ideal conditions the use of Configuration b dods
not eliminate edge losses but only reduces the apparatll{’

4
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Pla

Plate 2

CONFIGURATION A: CONFIGURATION B: CONFIGURATION C:

SINGLE TWO TRANSDUCERS, SINGLE
TRANSDUCER, BOTH FACES. TRANSDUCER,
ONE FACE. MID—PLANE.

FIG. A2.1 Typical Heat Flow Meter Apparatus Configurations

(a) (b) (c)

FIG. A2.2 Some Layouts of the Liquid Paths in Heating or Cooling Plates

asitivity to variations in the boundary temperatures. Also. guarded hot plate will be 73°F (25°CQ).
# settling time is short if the average of the two readings is A4.1.2 The calibration wransfer standard is then tested in
sed. the heat flow meter apparatus at the same test thickness and

1133 Configuration ¢ is very sensitive to edge heat losses a calibration coefficient is determined from the equation as

nthe heat flux transducer as the power that flows through follows:
% adges 15 supplied. not by a heavy nearly isothermal metal
{2, but by the specimens, SO that their surface tempera-  where:
wes may not be uniform. If the transducer is sensitive 1o 1)/ ; ! 4 ;
imperature differences along its main surfaces, edge heat P Flvaep coet’ﬁcxenft at the given thickness and
¥%ses may now create serious errors. Edge heat losses within T JFreon temperature of the transducer.
d specimens are similar to those in the guarded hot plate » = hot platy temperature.
#en the surrounding temperature is that of the hot or cold cold plate temperaiure.
e, , E = outputof the heat flux transducer, mV, and
= thermal resistance measured in the guarded hot plate.
_ A4.1.2.1 While this seems simple and straight forward, in
e the real world it is seldom possible 10 achieve. The coefficient
M. Calibration of a Heat Flow Meter Apparatus derived from a single calibration standard must be used with
_~\4.1 Procedure—This is a representative procedure for  caution, if the apparatus 1s used for samples with widely
% calibration of a typical heat flow meter apparatus with  different thermal resistances, or at different thicknesses.

§=(T, — TME-R

o m
o

;he. transducer(s) mounted on one of the plates. For other A4.1.2.2 The critical apparatus variables effecting the
tlibration techniques. s¢¢ Refs (15 and 16). . calibration are the heat flux (determined by the specimens’
Ad.1.1 In order to calibrate an apparatus primary refer- R-value), the thickness, and the temperatures. There may be

ce materials must be available. These calibration transfer systematic errors in the measurement of all three of these
fandards must have been tested in an absolute apparatus and while thesc errors are to some extent cancelled at the
ch as a Test Method C 177 guarded hot plate. The critical  calibration point they may well change away from that test
Rrameters which must be known ar¢ the thermal resistance, condition. Furthermore, the underlying assumption has been

‘éle test thickness, the mean temperature, and the uncertain- made that the flux transducer output voltage is linear with
t:s of the measured values. In most cases the mean heat flux.
mperature of both the heat flow meter apparatus and the A4.123 Itis therefore highly desirable to calibrate at heat

n22
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(c)

FIG. A2.3 Schematic Designs of Transducers

flow meter apparatus at more than one point. One common
method is 10 calibrate at various thicknesses of a material.

One can then prepare a calibration curve for the instrumen
of the calibration coefficient versus thickness.
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qm) Designation: C 177 - 85

Standard Test Method for
Steady-State Heat Flux

Transmission Properties by Me

Apparatus’

This standard is issued under the fixed designation C 1772 the num
original adoption or. in the case of revision. the vear of last revision.

Measurements and Thermal
ans of the Guarded-Hot-Plate

ber immediately following the designation indicates the year of
A number in parentheses indicates the vear of last reapprov al. A

superscript epsiton (¢) indicates an editorial change since the last revision or reapproval.

This iest method has been approved for use by agencies of the Departme

und Siandurds

|. Scope

|.1 This test method covers the achievement and mea-
grement of steady-state heat flux through flat-slab speci-
qens using a guarded-hot-plate apparatus. The method
sncompasses both the single-sided and the double-sided
mode of measurement. Both distributed and line source
warded heating plate designs are included, in principle. in
tHis test method. The reader should consult the standard
practices on the single-sided mode of operation and on the
line source apparatus for further details on these variations of
e method.

2 The calculations of thermal transmission properties
rmsed upon measurements using this method shall be per-
iarmed in conformance with Practice C 1045.

1.3 Thisis an absolute (or primary) method of measure-
ment since no heat flux reference standards are required
acept to confirm accuracy statements and 10 establish
rraceability to recognized standards. This absolute method is
contrasted with @ comparative (or secondary) method. such
s Test Method C 318. in which the results are directly
dependent on heat flux reference standards.

1.4 This test method is applicable to the measurement of
1 wide varety of specimens, ranging from opaque solids to
porous Or transparent materials, and a wide range of

eavironmental conditions. Special precautions in the mea-

surement process are described for the following:

1.4.1 Specimens exhibiting appreciable inhomogeneities.

anisotropies. rigidity. Or eXtremes of thermal flux density.

1.4.2 Neasurements conducted at extremes of tempera-

wre (either high or low) or under vacuum conditions.

1.5 This test method is intended to allow a wide variety of
apparatus designs and design accuracies to satisfy the re-
quirements of specific measurement problems. Compliance
with this test method requires a statement of the uncertainty
~9f cach reported variable in the report. Théefore, in the
lollowing sections. the significant error factors will be dis-
“cussed.

1.6 This standard may involve hazardous materials. oper-
Lations. and equipment. This standard does not purport to
| tddress all of the safety problems associated with its use. It is
{

I
gThl This test m_nhod is.undcr fhc jurisdicli.or.\ .of ASTM Comfniucc C-[é on
\ ermal Insulation and is the direct responsibility of Subcommittce C16.30 on

Thermal Measurement. s
Current edition approved Oct. 22, 1985. Published Deccmber 1985. Origimally

Dublished as C 177 - 42 T. Last previous edition C'177 ~76.2

|
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'nt of Defense and for listing in ike DoD Dudex of Specifications

the responsibility of whoever uses this standard to consult and
establish appropriate safery and health practices prior 10 use.

2. Referenced Documents

2.1 ASTM Standards:

C 167 Test Methods for Thickness and Density of Blanket
or Batt Thermal [nsulations™

C 168 Terminology Relating
Materials®

C 518 Test Method for Steady-State Heat Flux Measure-
ments and Thermal Transmission Properties by Means
of the Heat Flow Meter Apparatus

C 687 Practice for Determination of the Thermal Resist-
ance of Loose-Fill Building Insulation®

C 1045 Practice for Calculating Thermal Transmission
Properties from Steady-State Heat Flux Measurements’

E 230 Temperature-Electromoti\'e Force (EMF) Tables
for Standardized Thermocouples’

2.2 Adjunct:

Descriptions of Three Guarded-Hot-Plate Designs (C

to Thermal Insulating

177)°

3. Terminology

3.1 Definitions—For definitions of terms and symbols
used in this test method. refer to Detfinitions C 168.

3.2 Description of Term Specitic to this Standard:

3.2.1 heat flux—the term heat flux is not defined in
Definitions C 168; it 1s used here as synonymous with heat
flow.

4. Significance and Use

4.1 This test method covers the measurement of heat flux
and associated test conditions for flat-slab specimens. Since
heat flux and its uncertainty may be dependent upon
environmental and apparatus test conditions, as well as
intrinsic characteristics of the specimen, the report for this
test method must include a thorough description of the
specimen and of the test conditions. Also, since this test
method is applicable to a wide range of specimen character-
istics, test conditions, and apparatus design, it is impractical
to give an all-inclusive statement of precision and bias for the

PE————

2 gnnual Book of ASTM Standards. Vol 04.06.

3 Annual Bk of ASTM Standards, Vol 14.01.

4 nnual Book of ASTM Standurds, Vol 14.03.

s Available at a nominal cost from ASTM Headquarters.
Philadclphia, PA 19103. Request PCN No. 12-301770-00.
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test method. For this reason, conformance with the test
method includes the requirement that the user must estimate
and report the uncertainty of the results under the reported
test conditions. Based on the heat flux measurements con-
ducted with this method, thermal transmission properties
shall be calculated in conformance with Practice C 1045.

5. Principle of the Experimental Method

3| This section discusses both the idealized principle of
the method and the deviations from this that are encoun-
tered in practice. Figure 1 illustrates the core components of
the idealized system: WO isothermal cold surface units and a
guarded isothermal hot-surface unit. The guarded iso-
thermal hot-surface unit is composed of the metered area
unit and a concentric guard unit. Sandwiched between these
three units (as illustrated in Fig. 1) is the material to be
measured. that is. the specimen. In the double-sided mode of
measurement. the specimen is actually composed of two
pieces. The measurement in this case produces a result that is
the average of the two pieces and therefore it is important
that the two pieces be as identical as possible. In the
one-sided mode of measurement only one of the pieces is
measured and therefore they do not have to be identical.
However. the backflow specimen is needed and it should
have thermal properties similar to the specimen. In further
discussion, specimen will be used to denote either one piece
or two pieces unless further clarification is needed. The
metered area unit s the portion of the assembly that provides
the power (heat flow per unit time) for the measurement and
defines the actual test volume, that is, that portion of the
specimen that is actually being measured.

5.1.1 The function of the guard portion of the isothermal
hot surface unit is to provide the additional power necessary
to create the-proper thermal conditions within the test
volume. In the idealized case, the guard portion can be
thought of as infinite in width. The proper (idealized)
conditions are illustrated in Fig. | by the configuration of the
isothermal surfaces and lines of constant heat flux density
within the specimen. The isothermal surfaces are planes that

'
|
1
i
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Schematic of the Guarded-Hot-Plate Apparatus

are parallel to each other and to the three core components.
In addition, the lines of constant heat flux density are
perpendicular to these planes and are uniformly distributed
throughout the metered area. The establishment of the above
idealized conditions simply means that there are no radial
components of heat flow within or immediately adjacent t0
the test volume.

5.1.2 Deviations from the idealized configuration are
caused by: (a) specimen inhomogeneities, (b) temperature
differences between the metered unit and the guard unit (gap
unbalance), and (c) temperature differences between the
outer edge of the assembly and the surrounding environment
(edge unbalance). These experimental realities lead to distor-
tions of the isothermal surfaces and lines of constant heat
flux density within the test volume. Consequently, the power
supplied to the metered area unit is not exactly equal to that
which flows through the test volume. The measured power
can be either too small or too large depending on the
direction of the above-mentioned unbalances. The resulting
actual heat flows are qualitatively indicated in Fig. 2.

5.2 The three heating/cooling units are designed to create
isothermal surfaces on the faces of the specimens within the
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FIG. 2 filustration of Specimen Heat Flux, Q, Gap Heat Flux, Qg

and Edge Heat Flux, Q,

‘J .

o



- adjusted to be equal to the temperature

b c 177

ENVIRONMENTAL CH AMBER

LA

ULATION 227
59

SPECIMEN

2 : ;%PRIMARY |[ METERED AREA |_cuaro &

SPECIMEN

OTTOM AUXILIA
B e SRR L2 GO AT o S,

t

BASE

FIG. 3 General Arrangement of the Guarded-Hot-Plate Apparatus

metered region. The two surfaces designated as the cold
isothermal surfaces are adjusted to the same temperature for
the double-sided mode of operation (that is, two specimens
are measured). In the single-sided mode of operation (that is,
only one specimen is measured) the temperature of one of
the surfaces designated as the cold isothermal surface is
of the central plate.

Because the plates and specimens are of finite dimensions

" and because the external environment is at a temperature

distribution different from the edge of the metered region,
some radial heat flow occurs in practice. The guard for the
metered region limits the magnitude of the radial heat flux in
the metered region. The effectiveness of the guard is deter-
mined. in part. by the ratio of its radial dimension to that of
the metered region and to the specimen thickness.

3.3 Compliance with this test method requires: (a) the
establishment of steady-state conditions, and (b) the mea-
surement of the unidirectional heat flux in the metered
region. the metered area. the temperatures of the hot and
cold surfaces. the thickness of the specimens. and other
parameters which may affect the unidirectional heat flux
through the metered region of the specimen.

6. Apparatus

6.1 Guarded-Hot-Plate Apparatus—The term ~guarded-
hot-plate apparatus.” applies to the entire plate-specimen
system and associated control and measuring components.
The general arrangement of the mechanical components of
such a system are illustrated in Fig. 3. This system consists of
a guarded heating unit. two auxiliary heating plates. two
cooling units, secondary guarding in the form of edge
insulation, and a temperature-controlled secondary guard.
The system illustrated in Fig. 3 contains components fre-
quently omitted in systems designed for ambient condition
measurements. The environmental! chamber may not be
necessary if atmospheric air is. used for-the fill gas. The

r
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- double-sided mode of operation. It is also

auxiliary heater plates and offset insulation are generally not
used for tests conducted with the cold surfaces near room
temperature. The secondary guard is not essential if both hot
and cold surfaces are néar room temperature.

6.1.1 Two essentially identical specimens are placed on
either side of the guarded heating unit. (In the single-sided
mode of operation the specimens need not be identical.) The
opposite faces of the specimens are in contact with the
auxiliary heating units. The purpose of these three iso-
thermal units 1s to create an accurately measurable steady-
state heat flux unidirectionally through the two specimens
(one specimen in the single-sided mode). The purpose of the
secondary guard and edge insulation is to further reduce
radial heat flow. The cooling units are isothermal heat sinks
to remove the energy generated by the heating units. In the
double-sided mode of operation the auxiliary heating units
are adjusted so they are at the same temperature. In the case
of single-sided operation. the temperature of one of these
units is adjusted to equal the temperature of the guarded
heating unit, thus resulting in heat flow in only one
direction. Although this has been done successfully see Refs.
(1), (2), and (3),° the preponderance of experience is with the
noted that the
apparatus can be operated with either vertical heat flow or
horizontal heat flow. The results of the two orientations can
be different due to differences in convective heat flow. For
further details on the construction of a guarded-hot-plate
apparatus see Refs. (1), (2), (3), and 4).

6.2 Guarded Heating Unit:

6.2.1 Surface Plates and
heating unit consists of two
heater-surface plate sections.

Core Heater—The guarded
concentric, thermally-isolated,
Both round and square units

e
6 The boldface numbers in parentheses refer to the list of references at the end
of this standard.




@b c 177

ave been used successfully. The inner heater-surface plate
sction is the metered region, while the outer heater-surface
late section is the primary guard region. The width of the
yuard region is typically equal to about one-half of the linear
jimension of the metered region to reduce edge heat loss to
wn acceptable level. This primary guard section, in some
-ases. is further divided into two concentric sections (double
guard) with a gap separator to improve the guard effective-
ness. The surface plates of this unit shall be sufficiently rigid
{0 maintain the reported flatness and parallelism, measured
as a percentage of the maximum linear dimension of the
metered region. The surface plates should have a high
thermal conductivity, compared to the specimen thermal
conductivity. to ensure that the plates are sufficiently iso-
thermal. For ambient and low temperature measurements,
high-thermal conductivity metal plates are generally recom-
mended. This is especially important when measuring
inhomogeneous specimens. The core heater of this heating
unit should be installed to produce a uniform distribution of
heat flux density over the entire assembly. It should be
symmetrically centered in the axial direction to maintain
equal temperatures on the opposing faces of the heating unit.
Deviations from this condition can lead 1o difficulties in
proper adjustment of the primary guard temperature. and
may cause unsuspected radial heat flow from the metered
region to the guard region. Thermal resistances in the axial
direction within the heating unit should be minimized. This
is especially significant when operating in the single-sided
mode because of the axial asymmetry of heat flux.

6.2.1.1 When the heat flux through the specimen for a
given AT is dependent on plate emittance, that is. the
specimen is not totally opaque, the plate emittances shall be
reported. For insulation measurements, the plates are gener-
ally coated 10 maintain an emittance of 0.8 10 0.9 to0
approximate common end-use conditions. The plate
emittance requirement should be specified in the appropriate
materal specification. The importance of this emittance
specification increases with decreasing specimen density,
decreasing thickness, and increasing temperature because
radiant heat transfer generally increases under these condi-
tions.

6.2.1.2 Construction materials shall be chosen to ensure
adequate capacity and compatibility under extreme oper-
ating conditions. At extremes of temperature, one should be
cautious of warpage. At high temperatures, normally good
electrical insulations may allow stray power exchanges
within the heating unit. Under high vacuum conditions
surface-to-surface thermal contact resistances may become
unacceptably high and non-uniform.

6.2.2 Gap—The gap between the concentric meter/guard
heaters shall be uniform, and its width should be optimized
to minimize gap heat flow while simultaneously minimizing
temperature distortion effects within the specimen near the
gap. In the past. it was recommended that the total gap area
be as small as possible. Recent studies (1), (5) (6), (7), and
(8) have shown that the optimum value is dependent on
apparatus design. operating range, and specimen characteris-
tics. Most past experience is based on gap areas that are
about 3 % of the metered area. To reduce the heat flow
across the gap, any connections between the metering section
and the primary guard should have a high thermal resistance,
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that is, they should be as small in thermal cross-section and

as long as possible. Traversing the gap at an oblique angle is
recommended. The gap region shall be instrumented with
temperature unbalance sensors to monitor and control the
average temperature unbalance across the gap. Fine-gage
thermocouples connected as thermopiles are often used for
this purpose, although other temperature control sensors,
such as thermistors have 'been used. Highly alloyed thermo-
couple wires, rather than pure metals, should be used to
maximize the thermal resistance across the gap. Because of
nonuniform heat flux within the plates. temperature imbal-
ance is not always constant along the whole gap. It has been
found that with proper design the thermal conductance of
the wires crossing the gap can be made relatively small and,
therefore, a large number of elements can be used to increase
the gap unbalance sensitivity. It is not uncommon to use ten
or more sensing elements. When using only a minimum
number of sensing elements along the gap. the most repre-
sentative positions to detect the average balance for a square
plate are those at 2 distance trom the corners equal to
one-fourth of the side of the metering section (5). The
corners and the axes should be avoided. For a round plate,
the sensors should be spaced equally around the gap. The gap
unbalance sensors should be placed on both surface plates of

the guarded heating unit to average the unbalance on both |
faces of the heating unit. It is also desirable to provide for gap’

unbalance readout

from each surface separately (3). Anv

leads crossing the gap should be thermally anchored to the:

primary guard to provide a heat sink for external thermal
variations. In some instances it mayv be desirable to provide a
heat sink for these leads outside the primary guard 0 further
minimize radial heat flow (8).

6.3 Cooling/Auxiliary Heating Uniis—Itis recommended
that the surface dimensions of the cooling and auxiliary
heating units (when used) be the same as or larger than those
of the guarded heating unit. These units shall have the same
flatness, parallelism, conductivity. emittance, and heat distri-
bution requirements as the guarded heating unit. Generally,
the temperature of the cooling units is controlled with a
circulating constant-temperature fluid. The auxiliary heating
units are electrically controlled. and are constructed similar
to the guarded heating unit, but usually without a gap.

6.4 Secondary Guarding—When the test conditions are
significantly different from room conditions, secondary
guarding of the specimen-plate assembly may be neccssary.
For example, if either the hot or cold plate test temperatures
are more than 25 K different from room temperature, edge
insulation is likely to be necessary. Edge insulation or an
environmental chamber will also help eliminate spurious
effects of rooni drafts. If the test temperatures differ more
significantly from room temperatures, a secondary con-
trolled-guard will likely be necessary. This usually takes the
form of an electrically-controlled concentric heater sur-
rounding the region from cold plate to cold plate. The

concentric gap between it and the specimen-plate stack

should be uniform and optimized to achieve a high gap
thermal resistance and 2 small “window” to outside condi-

tions. A gap width of approximately 2 ¢m has been found to

be adequate for a 20-cm diameter plate. Further, if condi-
tions must be maintained within the specimen-plate stack,
that are different from the room conditions, an environ-

"
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;gcnml chamber must be added. This is necessary for: (a)
oW temperature measurements to prevent condensation; (b)
han air. and (¢) measurements with vacuum

~ﬁl] gases othert

(1) and ) .
% 6.5 Temperature Measuring and Control Sensors—Any

_qemperature sensor-readout system possessing an.accuracy
. consistent with the required error analysis may be used for
measurement and control of the temperatures within the
qstem. Plate surface temperatures are often measured by
c'mbedding sensors. such as thermocouples, in grooves in the
working surface. In some instances, such as with ngid
specimens and high heat flux, it will be necessary to mount
the sensors on the surface of the specimen. For heat flux
densities above about 20 W-m—2 alternate temperature
ensing should be considered. Many existing svstems utilize a
minimum of two temperature sensors to determine the
average temperature of each isothermal surface. However, to
determine the, actual surface temperature variations under
, npical operating conditions, the temperature must be sam-
pled at considerably more than two points. This is especially
true when the specimen surface temperature itself must be
measured or when the specimen is highly inhomogeneous.

Therefore. no strict specification is given as to the number of
" femperature sensors that must be used for each surface.

However. the user must report the uncertainty of the

emperature measurement, including the component. due to

temperature nonuniformity across the surface. This determi-
 nation is probably best done with a multijunction thermo-
" couple in ad-hoc experiments and not part of every measure-

ment Precautions should be taken to assure that heaters and
! temperature sensors are thermally anchored to the surface
" involved. Temperature gradients along the leads leading to
temperatura Sensors should be minimized. The subject of
thermal anchoring is discussed in Ref (9).

6.5.1 Normal precautions should be used to minimize.
spurious voliages in temperature control and measuring
circuits. Spurious voltages, due to wire inhomogeneities,
generally increase as the temperature gradients within the
measuring leads increase. Therefore, spurious voltages will
be larger for measurements at temperatures appreciably
different from room temperature. For the same reason,
junctions between dissimilar metal leads should not be made
in the regions of appreciable temperature gradients. High
quality. low thermal switches should be used in the temper-
ature measurement circuits. The sensitivity of metallic tem-
perature sensors generally decreases with decreasing temper-
ature, and therefore, the above procedures become more
important at low temperatures. Since the temperature differ-
. ence between the two specimen surfaces enters directly into

the determination of derived thermal properties. it is fre-
~Quently better 1o connect the temperature sensors in a

differential manner rather than subtracting the results of two
. lemperature measurements. Care must be taken to avoid
more than one electrical ground, especially when using the
differential arrangement. .

6.5.2 Temperature sensors must be calibrated to within
the uncertainty allowed by the apparatus design accuracy.
For information concerning sensitivity and accuracy of
thermocouples see Table 1 of Tables E 230. For a compre-
hensive discussion on the use of thermocouples, see Ref (10).

I
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For low temperature thermocouple reference tables, see Ref
(11).

6.6 Thickness Measurement—A means shall be provided
for the measurement of the specimen thickness under test
conditions. If the specimen is rigid. its room tempcrature
thickness (along with thermal expansion corrections if neces-
sary) can be used for the actual thickness. If the specimen is
compressible under operating plate pressure, @ means must
be provided to maintain a known plate spacing. This is often
done with three or more low-conductance rigid spacers
placed at the outer periphery between the guarded heating
unit and the cooling units (auxiliary heating unit, if used).
The thickness is taken as the average length of the spacers
corrected for thermal expansion. Other methods of plate
positioning and thickness determination are common, €spe-
cially when the plates are positioned for horizontal heat flow.
It is also helpful for uncertainty analysis to determine the
variation of thickness within the metered area under Oper-
ating conditions.

6.7 Power to Metered Region—The power 10 the metered
region is determined with a wattmeter or from voltage and
current measurements across the heater in the metered
region. The user should note that ac power determinations
are more prone to error than de measurements. Therefore,
dc power is recommended for the metered region heater. The
voltage taps for this measurement should be placed to
measure the voltage to the mid-point of the guarded heating
unit gap. The current is normally determined from the
voltage drop across 2 precision resistor placed in series with
the metered region heater.

6.7.1 Care should again be taken to minimize the thermal
gradients in the voltage and current wires leading to the
metered heater. and the current leads should be adequately
sized to prevent significant self-heating under maximum
power conditions. Within this limitation both sets of leads
should be as fine as possible to limit radial heat losses.

7. Test Procedure

7.1 The testing procedure includes the following steps:

7.1.1 Specimen selection.

7.1.2 Specimen preparation and installation,

7.1.3 Establishing thermal steady-state, and

7.1.4 Data acquisition.

7.2 Specimen Selection—Only those specimen selection
factors important to the performance of the apparatus are
considered here. Those factors dictated by the objectives
related to obtaining derived thermal properties are described
“in Practice C 1045 and material specifications. For the
two-sided mode of operation, the 1w0 specimens should be
selected to be as similar in thickness and thermal character-
istics as possible. '

72.1 Size—The maximum specimen thickness that can
be mecasured to a given accuracy is dependent on several
parameters, including the size of the apparatus, thermal
resistance of the specimen, and the accuracy desired. To
maintain edge heat losses to below about 0.5 %, for a guard
width that is about one-half the lincar dimension of the
metered region, the recommended maximum thickness of
the specimen is one-third the maximum linear dimension of
the metered region. For more specific quantitative informa-

- tion on this limitation sce Refs (1), (5). (7), and (8).
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7211 The specimen shall be sized to cover the entire
mctcrcd region. In most instances it is desirable to cover the
gp between the metgred region and the guard as well. The
ward portion of the volume between the heating and cooling
Jates should be filled with material having characteristics
;milar to the specimen.

7.2.2 Homogeneit) - There are two potential problems in
jetermining the heat flux through highly inhomogeneous
(pecimens. One is related to the interpretation and applica-
jon of the resulting data: it is discussed in Practice C 1045.
The other is connected with the degradation in performance
of the apparatus. If the specimen itself is highly
jnhomogeneous. that is, the heat flux density varies appre-
dably over the metered area, several errors can be signifi-
antly increased. The plate temperature distribution can
javiate appreciably from isothermal conditions which, in
wrn. can cause large uncertainties in the average tempera-
wre difference across the specimen. The increased plate
emperature variations can also lead to increased gap and
edge heat losses. The importance of measuring the plate or
specimen surface temperatures at numerous points is greatly
increased under such conditions.

7.3 Specimen Preparation-—Preparation and conditioning
of the specimens shall be in accordance with the appropriate
material specification. The following guidelines are given
when the material specification is incomplete or unavailable.
In general. the surfaces of the specimen should be prepared
1 assure uniform thermal contact with the heating and
cooling plates.

731 Compressible Specimens—For compressible speci-
mens the surfaces of the uncompressed specimens may be

comparatively rough so long as these undulations essentially
vanish under test compression. Under more extreme condi-
lions. it may be necessary t0 smooth the specimen surfaces to
achieve better plate-to-specimen contact. If the apparent
thermal conductivity of the contact void is greater than that
of the specimen. the measured R value will be smaller than
the R value that would be obtained if the voids were absent.
This may often be the case at higher temperatures where
radiant heat transfer predominates 1n the void. For the
measurement of compressible specimens, the temperature
sensors are often mounted directly in the plate surfaces. Also,

plate spacers need to be used for the measurement of -

compressible specimens (see 6.6).

7.3 Rigid and High Conductance Specimens—The mea-
surement of rigid specimens of high conductance specimens
requires more careful surface preparation. First. the surfaces
should be made flat and parallel to the same degree as the
heating plate. If the specimen has a thermal resistance that is
sufficiently high compared to the specimen-to-plate interface
resistance. temperature Sensors mounted in the plates may
be adequate. However. if the interface resistance is too high,
other techniques that assure good thermal contact and
accurate temperature measurement will be necessary.

7.3.2.1 In some cases it is necessary to mount the temper-
ature sensors directly on the specimen surfaces. Under
vacuum conditions, the slightest space between plate and
specimen 1S essentially an infinite thermal resistance (except
for radiative heat transfer). Under these conditions extreme
heat flux nonuniformities will occur. In any event the user
should always try to minimize the ratio of contact resistance

1 N30

to specimen resistance and to strive for a constant ratio over-
the entire surface. 2

7.3.2.2 Another potential solution (that must be used with
caution) is to mount a compressible thin sheet (for example,
a soft rubber) between the plates and specimen to improve
the uniformity of the thermal contact. If the thermal
conductance of the thin sheet is known, temperature correc-
tions can be applied to the measured plate temperatures to
obtain the specimen surface temperatures. Clearly the
thermal resistance of the thin sheets should be small com-
pared to the specimen thermal resistance, otherwise the
temperature correction uncertainty will cause excessive er-
rors in the specimen surface temperatures.

7.3.3 Anisotropic Specimens—The measurement  of
highly anisotropic specimens may result in significantly
larger errors than for isotropic specimens. For example,
layered specimens that have a high lateral to axial conduc-
tance ratio require special attention. For such specimens, it is
recommended that a low conductance gap be created in the
specimen directly in line with the gap in the main plate.
Specimens whose axes of symmetry do not coincide with
flat-slab geometry are not recommended for measurement
by this test method because the results will be ambiguous due
to increased. measurement errors as well as data interpreta-
tion.

7.3.4 Loose-Fill Specimens—The determination  of
thermal properties for loose-fill specimens requires special
handling, conditioning. and measurement techniques. The
user is directed to Practice C 687 for details on loose-fill
measurements.

7.4 Test Execution: :

7.4.1 Preliminary Preparation—After installation of the
specimen and installation of appropriate secondary guarding
and an environmental chamber (if necessary), the thermal
test procedure begins. If the test is to be conducted with other
than air within the specimen-plate assembly, the environ-
mental chamber should be purged and backfilled with the
desired gas. Care should be observed to limit the pressure of
the fill-gas to below its condensation point at the lowest
temperature within the chamber. Since the measured heat
flux is dependent on both the species of fill-gas and pressure,
the report should include this information along with other
pertinent specimen characteristics. The various heating and
cooling units are placed into operation to achieve the test
temperature conditions.

7.4.2 Thermal Steadyr-State—The time required to
achieve thermal steady-state of the system varies consider-
ably with the characteristics of the apparatus design, the
specimen to be measured. and the test conditions. Generally,
however, since this test method is applicable to low conduc-
tance specimens, the settling time is on the order of hours.
Settling times generally increase with thicker specimens,
specimens with low thermal diffusivity, and the mass of the
guarded heater. After achievement of the desired steady-
state, three successive repeat data acquisition runs shall be
completed. These runs shall be conducted at invervals of no
less than 30 min. Longer times may be necessary for
thermally massive systems. It is recommended that the
intervals be no less than the thermal time constant of the
system (see Note 1). This combination of three runs shall be
_considered a valid test if each datum obtained for each
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measumd variable differs from the mean by no more than
e uncenainty of that variable as estimated to establish the
| alues given in the report. If the data obtained change
i onotonically with time, the test shall be considered suspect
| 4nd further repeat runs shall be conducted until this steady
| grift is 0O longer observed. Such a dnft, even at low levels,
- av indicate that the specimen characteristics are changing
of ‘hat the system is not at steady-state within its test
l Capabilities. In either event, serious errors may result. For

' further details see Refs 3), (12), and (13).

! NoTE | —The thermal time constant of the system is the ume
',tquired 10 come to within 1/¢ (37 %) of the fixed value after a step
spermal disturbance of the system. This time is strongly dependent on

| he mode of operation. The 1o modes of operation generally used are:

‘l \g) constant power to the plates. and (b) constant temperature control of

| the platwes. The thermal time constant for the latter mode is usually
gonsid:rlb\}' shorter because it is not dependent on the mass of the
plates. The thermal time constant in the constant power mode is the

} ime required to come 10 within 37 % of the final temperature. The

(hermal time constant in the constant temperature mode is the time

requirad to comne to within 37 % of the final power. The thermal time

constant of a system can be approximated from a knowledge of the
thermal diffusivities of the components of the system. but it is more

readily determined experimentally.

7.4.3 Final Checks—Upon completion of the thermal
measurements. the specimen should be removed and the
system components. such as temperature sensor mounting.
should be examined for proper placement and operation.
The specimen thickness spacers should be checked to ensure
| accuraly. [f the specimen is @ conditioned thermal insula-
i tjon. 1S mMass should be redetermined to detect changes
| during the test procedure. Any changes in the physical
! characteristics of the specimen should be noted. If the
"specimen 1s ngid. its thickness should be checked for an

'irreversible change during the test.

‘8. Calculation
8.1 The primary data required for this test method
include electrical power. surface temperatures. ared. and
thickness. Of these. only thickness is generally a directly-
measured quantity. The others are either calculated from
other more fundamental measurements or are converted by
an electical device. The manner in which these variables can
be obtained is discussed below.
8.2 Heat Flux—The heat flux to be reported is that which
passes through each specimen. For the single-sided mode of
~operation this is equal to the power generated by the metered
egion heater. For the double-sided mode of operation. only
one-half’ the power generated by the heater flows through
“.gach specimen. The power. Q, 1s frequently determined from
emf. E. and current. [. measurement, and is calculated as
follows:
Q=E-1 (n

i

l" 8.3 Metered Area—The metered area. A, 18 obtained from
the area. A of the metered region plate and the gap area.
|-1g. If there is no discontinuity in specimen characteristics in
the gap region, it is calculated as follows:

A=Ay +4)2 )
If there is 2 discontinuity between the specimen in the
metered region and the guard region, this equation is

LN B 5RT

' n3l

modified slightly to include the effect of heat flux distortion
in the gap region: i
A=A, +ANCY ()

where: JRET

A = thermal conductivity of the material in the guard
region, and

A = thermal conductivity of the specimen in the metered
region.

8.4 Temperaturc——Again. the basic measurement here s
voltage (for a thermocouple) or voltage and current for a
resistive temperature Sensor. These data are normally con-
verted to temperature through a formula based on a calibra-
tion curve or interpolation of a table. In some instances, the
formula is packaged within an instrument that reads directly
in temperature. In any event, the user should note that the
total error contains components due to the measurement
process and the calibration (including the error caused by the
functional or tabular interpolation of the calibration).

8.5 Densily—The specimen density is to be reported. The
equation for density. p 1s the following:

p=M/V (4)
where:
M = mass of the specimen. ke. and
v = volume that the specimen occupies between the plates

under test conditions.

To minimize the error caused by specimen inhomogeneity 1t
is best to determine the density of the specimen within the
metered volume. This requires cutting out the metered
position of the specimen for the mass determination. The
volume is determined from the metered area and the in-situ
specimen thickness. In the case of compressible specimens.
the plate spacing is used for specimen thickness.

8.6 Thermal Transmission Properties—The properties in-
cluded are thermal conductance. thermal resistance, thermal
conductivity, and thermal resistivity as defined by Defini-
tions C 168. These quantities shall be reported only in
accordance with the requirements and restrictions of Practice
C 1045. In addition t0 reporting the systematic and random
uncertainty of these properties. the range of applicable
conditions must be reported. These include mean tempera-
ture or tempcrature range. specimen thickness. density, and
plate emittance. Other variables that affect thermal transmis-
sion, such as fill-gas and pressure. shall also be specified

when applicable.

9. Precision and Bias’

9.1 The accuracy or uncertainty of a measured result
indicates the probable or possible difference between the
measured value and the true value. It is obtained by
considering the combined effects of precision (random
errors) and bias (systematic errors). Past experience (recent
unpublished round-robin studies and Refs (3), (4), (14), (15),
(16), and (17)) has provided the following accuracy guide-
lines. It should be noted. however. that the accuracies given
here may be cither 100 large or too <mall depending on the
care taken in the construction and opcration of each
individual apparatus.

—

_ 7 Supporting data are available from ASTMN  Headquarters. Request RR:
C16 - 1009.




9.1.1 Case I, Low Density Compressible Thermal Insula-
ans for Ambient Temperature Applications—An accuracy
(%2 % can be achieved for this category of measurements.
\ost of the experience is for specimen thicknesses of
pproximately 2 1o § cm, metered region dimensions of from
0 to 30 cm. heat flux densities in the range of 2 to 20
W-m™" at mean temperatures of from —20 to 40°C. temper-
ywre differences of about 235°C, and plate emittances near
29

9.1.2 Case 2. High Density Rigid Specimens for Ambient
Temperature Applicarions—The accuracy of this category of
peasurements is somewhat poorer than Case 1, primarly
wcause of the difficulty of establishing the specimen surface
emperatures and the higher conductance of such specimens.
\n accuracy of about =3 % can be achieved. The conditions
i approximately the same as Case 1 except that the heat
lukes are generally 10 to 100 times greater, and the
spparatus dimensions are usually smaller.

9.1.3 Case 3. Extreme Conditions—This category in-
cluides measurements under conditions that significantly
depart from the above conditions. Some examples are given
low:

9.1.3.1 Extremes of Mean Temperature—As the mean
emperature depars progressively from ambient. the uncer-
qinty becomes greater. and experience is more limited.
Uncertainties of =3 S and greater may be expected at mean
emperatures above 100°C and below —100°C.

9.1:3.2 Extremes of Thickness—At small thicknesses
below 0.5 cm) systematic errors will increase because of the
ditficulty in determining the average thickness. and because
of the relative size of the plate-to-specimen thermal resist-
mce. The guarded-hot-plate is used frequently for such
measurements. At large thicknesses (above 30 cm) there is
little experience. but errors are expected to be above =2 %
sspecially if the user is not careful in observing the problems
ssociated with longer thermal time constants and larger
¢dge heat losses.

9.1.3.3 Extremes of Heat Flux Densityv—The guarded-
hot-plate is not well suited for such measurements. At very
high heat flux densities (above about 1000 W-m™) the
plate-10-specimen contact resistance uncertainty can result in
lairge temperature measurement errors. Variations in contact
resistance along the surface of the specimen also lead to
t\cessive heat flux density variations through the specimen.
At very low heat fluxes (below about 0.1 W-m™3) errors
become excessively large due to the effect of radial losses,
inaccurate power determination, and inaccuracies due to
temperature drift of the heater plate. Errors as large as 50 %
tan occur under combinations of extreme conditions.

9.2 The precision and bias statement required by this test
method is based upon consideration of the random and
svstemnatic components of the following measurement uncer-
Winties:

9.2.1 Uncertainty in heat flow, 6Q,

[9.2.2 Uncertainty in temperature difference. §AT = 6
(FH - To).

£ 9.2.3 Uncertainty in metered area, 64, and

'9.2.4 Uncertainty in specimen thickness, 8L.

9.2.5 Other specimen characterization and test condition
data may need to be reported. The precision and bias of these—
data are to be reported to the extent they have a direct

- —— - ['
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bearing on the accuracy of the results. Prescribed precision
and bias of the primary data are not mandated by this test
method. However, it is required that the uscr assess and
report the precision and bias of the data. The discussion
below provides guidelines to assist the user in performing this
uncertainty assessment. A variety of helpful performance
checks are included in this discussion. In the following
discussion both random and systematic errors are consid-
ered. The subscript  is used to denote systematic, and the
subscript , is used for the random components.

9.2.5.1 Systematic error, 8 is any component of error
that remains fixed during the runs that constitute a suc-

. cessful test. To simplify the discussion. this does not include

any components of error that are known both in magnitude
and sign. Under such circumstances. the user should make
appropriate corrections and supply the justification for them.
The task of estimating the remaining systematic errors is
based on judgment and experience, including an awareness
of the results of interlaboratory comparisons. The implica-
tions of such estimates is often that they are the maximum
possible systematic errors. In this event the total maximum
systematic error is the sum of the errors. It is, however, more
likely that these estimates are probabilistic in nature and do
not, in fact, represent the worst possible case. The total’
probable systematic errors are summed in the same manner
as random errors. that is, the square root of the sum of
squares. In the following discussion the latter approach is
taken. However, the user must decide if the bias estimates
are worst cases or probabilistic in nature, and sum them
accordingly. : d

9.2.5.2 Random Error. §.. is that component of error that
varies both in sign and magnitude during the runs that
constitute a successful test. For simplicity, it is assumed that
the varations are normally distributed and conventional
statistical techniques are applicable. An estimate of random
error components can be obtained by repeat measurements
of each vanable.

9.2.5.3 It is important to distinguish between random and -
systematic errors for the following reason. The results
reported in the test method are mean values derived from
more than a single run. The uncertainties reported generally
apply to these mean values. The uncertainty of a mean value
due to the random error component decreases approximately
as I/JE where 7 is the number of repeat runs. In contrast t
this, the uncertainty of the mean value due to the systematic
error component does not decrease with repeat runs. Thus. i
is recommended that the error components be treated
separately. The total uncertainty is expressed by reporting
both components separately.

9.3 In the following sections. the error componcnts of
each reported variable are discussed. The total random of
systematic uncertainty for each variable is taken to be the
square root of the sum of squares. '

9.4 Heat Flow, 0—The objective of the test method is to
establish and measure uniaxial heat flow through the me’
tered region of the specimen. Any deviation from thi§
objective represents error in the reported heat flow. Tht“
following sources of error should be considered: :

9.4.1 Edge Heat Loss, 8,Q..is2 systematic error insofaraf:
the conditions surrounding the plate-specimen stack remait
constant throughout the test procedure. Although tests havt
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on reported that shed some light on the magnitude of this

(0T the results generally are not proven to the point where
L_Orrcctions based on these results are universally accepted
e Refs (1), @). (6), (7), (18), (19), (20), (21), and (22)).
Howcver. the results are cons@dered sufficiently valid for the
pasts of dcﬁqing the maximum spccimep thickness. The
pimum cnnrgnmemal temperature to minimize this error
51 small fraction of AT above the mean test temperature.
10 determine the sensitivity of this error to test conditions.
jhe user should determine the heat flux as a function of
econdary guard temperature. This dependence may change
'Jppreciabl_\‘ with specimen and apparatus characteristics and.
nerefore. should be done under typical test conditions.

9.4.2 Gap Heat Loss. considered to be composed of both
syszematic. 6,0,. and random, §,Q,, components. The sys-
ematic component is, in part, due to the fact that there are a
fnite number of locations along the gap at which the
ynbalance is measured. Improper position of the sensors will
lead 1O Systernatic error. Spurious emfs within the circuitry
sill resultin a svstematic unbalance. The random compo-
nent is due 1o short-term control fluctuations. After esti-
mating the probable unbalance across the gap in terms of
emperature (Or sensor voltage) one needs to determine the
effect of this unbalance on the measured heat flow through
the metered area. This can be done by measuring the
dependence of metered area power on intentionally 1ntro-
duced gap unbalance. The unbalance introduced should be
large enough 10 vield an easily measured change in Q. but
«mall enough 10 remain in the region where the dependence
of Q upon unbalance is approximately linear.

9.4.2.1 It has been found that (see Refs (3), (15). and (16))
the gap heat loss. 60, 1s linearly dependent on temperature
unbalance. AT,. that is. 60, = BAT,. The proportionality
constant. B. is dependent on the wires crossing the gap
inumber. size. and type). the gap fill materal (gas. insula-
tion). the emnittance of the gap surfaces and the materal in
the vicinity of the gap between the hot and cold plates. A
rsasonable approximation of this heat flow can be calculated
from this information. It is recommended that this be done
for confirmation of the value measured by the procedure
dsscribed in the previous paragraph.

9.4.3 Effect of Drift of the Guarded Heater—A quasi-heat
loss exists due to the changing heat content of the guarded
heater as its temperature changes. Typical plates have a
relativelv high heat capacity and even for small drift rates can
produce significant errors in measured heat flow. If the drift
s monotonic. the errot is systematic, 6,Qq; if not. the error is
exhibited as random error. 8,Qq- Normally, the experiment 1S
Cpnductcd so that there is no observable drift. Under this
tircumstance. the possible drift is determined by the
detectability or control limit, d77/dt, of the system. One can
compute the magnitude of this error, 8Q, in watts. from a
knowledge of the maximum possible d7/dt and the specific
heats and masses of the various components of the metered
section of the plate as follows:

50, = dT/dt = GM,

33

where:

G = the specific heat of the ith component of the plate,
J/kg K,

M, — the mass of the ith component, kg. and

dTjd: = potential or actual dritt rate of the plate, K/s.

The specimen heat capacity also contributes to the drift
error. but for low-density insulations the heat capacity of the
specimen is small compared to the plate. This error also can
be determined by measuring the dependence of drift rate on
measured heater power. Comparison of the calculated and
measured results 1S advised to increase confidence in the
reported result. ;

9.4.4 Power Determinaiion Error. composed of both sys-
tematic, 8,0, and random. 6,0,. components. With high
quality instrumentation these errors can be reduced to an
insignificant level. The manufacturars’ specifications on bias
and precision will normally suffice to define these errors.

9.5 Temperature and Temperature Difference:

9.5.1 Temperature error 1s composed of systematic, 6,7,
and random, 8,7, components. In addition. these errors are
furiher subdivided according to the source of the error:

9.5.1.1 Calibration Error. 8T, is entirely systematic as
long as the same calibration is used. It is. however, not
necessafily the same for each temperature Sensor. In the case
of thermocouples, calibration is frequently performed for
each spool of wire, not for each piece of wire from that spool.
Therefore, systematic differences can occur as one progresses
through the spool. The calibration is frequently represented
by an equation which approximates the experimental cali-
bration data taken at selected temperatures. If a digital
read-out device is used that vields temperature directly, the
calibration formulation is built into the device and the same
basis for error exists.

9.5.1.2 Instrumeniation Measurenenl Error, 6T, occurs
when the sensor output is measured. This error contains both
systematic and random compongnts. Each component
should be estimated from equipment manufacturer’s specifi-
cations and from estimated spurious circuit effects. In
addition. temperature errors are introduced by long- and
short-term control fluctuations. A helpful procedure to assess
the magnitude of these errors is as follows. Place the guarded
heating unit in thermal contact with the adjacent cold plates
(insert high conductance plates in place of the specimens if
the plates cannot be placed physically together). Adjust the
cold plates to the desired temperature: control this tempera-
ture until steady-state is reached. The metered area heater
should be off. Periodically read the isothermal surface
temperatures to detect svstermatic differences and random
variations over an extendad time.

9.5.1.3 Sensor Positioning. a potentially significant source
of error in temperature measurement is caused by improper
positioning of the sensor Of the disturbance caused by the
temperature Ssensor itself, 1t is intended that the average
temperature of each specimen surface be measured. If the
sensor is mounted in the plate surface, thermal contact
resistance between the plate and specimen is a source of
error. If the sensor is mounted in the specimen surface,
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wnsor separation (specimen thickness) is a source of error. If
the specimen is inhomogencous across the metered area,
wrface temperature varations exist and the indicated tem-
perature will depend on its location on the surface. If
heatflows along the sensor leads from the external environ-
ment. the measured temperature will be in error because of
the presence of the sensor. For a single test on a given
specimen, this source of error, 8, T, is systematic. A perform-
ance check that is helpful to determine the potential temper-
qture error due to temperature nonuniformity is as follows:
sssemble a multijunction thermocouple and place it be-
ween the specimen and plate in question. Establish steady-
sate at the desired test condition. Determine the variation in
iemperature across the plate from the multijunction thermo-
couple outputs.

9.5.1.4 A helpful technique to estimate interface temper-
ature erTors is to mount sensors both within the plate and
within the specimen surface. Then perform a test and
calculate the difference between the two sets of data.

9.3.2 Temperature ditference error is also composed of
systematic. 6,A7. and random components, 8. AT. Care must
be exercised in estimating these components compared to
the error components for temperature itself. The results can
depend strongly on whether a differential measurement or
two absolute measurements are performed. Because AT 1S
frequently small. large percentage errors can occur if care is
not obsenved. For example, a 1-K error at 300 K in the
surface temperature measurement results in a error of 1 Kin
the mean temperature. which corresponds to about 0.2 %
error in thermal conductance for typical insulations. How-
ever. this same error in AT = 25 K corresponds to0 a 4 %
error in AT and in thermal conductance. The ad hoc
experiment described in 9.5.1.3 is recommended to help
form estimates of these error components.

9.6 Specimen Thickness Error, 5,L, and meter area error,
b.1. are both systematic errors. The specimen thickness error
is determined by the ability to measure the plate spacing
(including variations of this thickness over the metered
region) or. in the case of rigid specimens, the specimen
thicknass and the changes due to thermal expansion. The
effect of bowing or warping at operating temperatures should
be given attention. At relatively large thicknesses (above 5
cm) this error can be maintained below 0.5 Sc. At small
thicknesses (below 0.3 cm) this error may become a domi-
nating factor in the overall accuracy. The meter area error is
usually small except for the assumption about what propor-
tion of the gap area to include. This error is difficult to
estimate for very thin specimens or when a discontinuity in
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the specimen occurs at the gap. The specimen thickness error:
will contain a random component. §.L, due to assembly and:

o |

disassembly. g

9.7 Thermal Conductance or Thermal Resistance—The:
relative uncertainty in thermal conductance, C, caused by!
1

either random or systematic errors may be calculated from!
the following error propagation formula: !

(6C/C) = (5Q/Q) + (BAT/AT)
where §Q/Q and §AT/AT are the total relative uncertainties
of heat flux and temperature difference, respectively. The
same equation applies to thermal resistance. Included in the
total relative uncertainties are those due to the measurement
as well as those discussed in Practice C 1045,

9.8 Thermal Conductivity or Thermal Resistivity—The
relative uncertainty in thermal conductivity, \, caused by
either random or systematic errors may be calculated from
the following error propagation formula:

(5N/N)?F = (5Q7Q)* + (BAT/ATY + (84/4) + (8L/LY?

where 8.4/.4 and 8L/L are the total relative uncertainties of
area and thickness, respectively. Again, the above total
relative uncertainties include not only the measurement
uncertainty, but also the effect of material variability and
deviations from the definitions as discussed in Practice
C 1045. In addition, it should be noted that the temperature
to which each measured property is assigned also contains 2

1
1
i
i

-measurement error that effects the uncertainty of the final

result. The effect of this error increases as the temperature
dependence of the measured property increases.

9.9 It is recommended that a confirmation of these
calculated uncertainties be conducted periodically by mea-
suring specimens from established standard reference mate-
rials or calibrated transfer specimens. For further informa-
tion on this see Refs (23), (24). (25), (26). (27), (28), and
(29).

10. Report

10.1 The report of the results of each test shall include
identification of the specimen. the environmental test condi
tion, salient features of the apparatus. and measured results
along with their estimated systematic and random uncertain-
ties. The measured results shall be the average values a
obtained from the test. If unusual circumstances exist tha
prevent compliance with the method. they shall be described
The results shall be reported in a form similar to that shows
in Fig. 4. Narrative details requiring further space may b
attached on a separate sheet of the report. When possible, ¢
description of the physical characteristics of the specimen art
helpful to the data analyst. Test results shall be reported it
both conventional British thermal units and SI units.
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!."’ﬂﬂ‘ Conditoning: Temperature, time, humidity
psren Before and after conditioning and after measurement
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ransmission properties including applicable range of conditions shall be determined in conformance t0 Pracuce C 1045,

FIG. 4 Example Report Form
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Tahle 21 fnsulation types and apphf:_atsof)s

o Thermél )

i - Temperature conductivity, Density, -
I Type - range, °C. mW/m-°C kg/m®  Application
1 Linde evacuated ~240-1100 . 0.0015-0.72 Variable Many
superinsulation - > i
2 Urethane foam - 180-150 16-20 25-48 Hot and cold pipes
3 Urethane foam, -170-110 16--20 32 Tanks
4 Cellular. glass blocks -200-200 29-108  110-150 Tanks and pipes
5 Fiber-glass blanket -80--290 22-78 10-50 Pipe and pipe fittings
for wrapping ‘
6 Fiber-glass blankets -170-230 25-86 10-50  Tanks and equip-
. s ment
7 Fiber-glass preformed -50-230 32-55 10-50 Piping
shapes
8 Elastomeric sheets -40-100 36-39 70-100 Tanks
9 Fiber-glass mats 60-370 30-55 10-50 Pipe and pipe fittings
10 Elastomeric pre- —40-100 36-39 70-100 Pipe and fittings
formed shapes
11 Fiber glass with vapor -5-70 29-45 10-32 Refrigeration lines
barrier blanket
12 Fiber glass without ta 250 29-45 24-48  Hot piping
vapor barrier jacket
13 Fiber-glass boards 20-450 33-52 925-100 Boilers, tanks, heat
exchangers
14 Cellular glass blocks 20-500 29-108  110-150 Hot piping
and boards
15 Urethane foam blocks 100-150 16-20 24-65  Piping
and boards
16 Mineral fiber pre- to 650 35-91 125-160  Hot piping
formed shapes
17 Mineral fiber blankets to 750 37-81 125 Hot piping
18 Mineral wool blocks 450-1000 52-130  175-290 Hot piping
19 Calcium silicate 230-1000 32-85 100-160  Hot piping, bailers,
blocks, boards chimney linings
20 Mineral fiber blocks to 1100 52-130 210

Boilers and tanks




wnansifuenansiianulidmsunsldnuiienis@neuitiu lileygelmhlulduselomishisd

Linsdllag Mvdu Snvieiudlidaulaaiomuazdesssddadvesenarsmnasafidnisiluly



T
% -
o

¢ SORMEUS EEE AR

31/fl A1 Hot Box

s1/ii n2 Yeuiloui



31/il A3 Cold Box

Ui A4 A243349) Gasket



31ii n5 neaw

Fl il n6 Lamp T emp Controller



gl’ﬁ 17 ﬂﬁ'éN Control Box i1 Hot Box

3 l’ﬁ A8 Control Box ﬁ Cold Box

10



wnansiiduenansianulidgwiunisldnuiensfnwmintu ldeygnlihluldusslosisbnnsd

- linsdileg vsdu Snviwvnuillvidaudadiieniuasfesddidwinvesenarsynassninisuntuly



& & v °
AUAAUNITE RS ULNISIY

1. @sudanWiindhgrzuuuanfeudanfaszudne Hot Box kA= Cold Box wavilnlsi Breaker
= B ! & i o 1 = dl o i ° i ° &
30A 1az 10A (Watlunaas Control Box ) agflusnuwmiy on Tailiady Breaker agflusnns on azvinliige

Temperature Switch (TS) waz Temperature Indicator (T1) N9

'
ady

2. dfuisAngamniinsesnisii Heater T Hot Box finanulagnnglu Hot Box ka2 daw It

i

[
add vy

5 1 Heater ludauaas Guarded Box azinmssiasngruuniiinsiesnisiag Thermostat 7

fndlATnaawasinausian 2 uaz 3

2 9 Heater ludanaa3 Metering Box azinnisiasnguuugiinaanisiae Temperature

Control 1 Control Box

3. iln Switch MBH . GBH1 , GBH2 , FAN1, FAN2 , FAN3 Wagjlusuu on wailuniniunis

#M1UTN Heater INARIATHAANYNAY

MBH - Metering Box Heater
@ @ @ @ MBH1 - Metering Box Heater Adjust
@ @ @ @ Between 2 value 700 -300 W
FANA FAN2 FAN3 MBH GBH1 - Guarded Box Heater

No.1(High position)
GBH2 - Guarded Box Heater

SJO),
0©
S10),

@
@
T
[N
@
us}
L
N
<
55}
ar

No.2(Low Position)

FAN1 - Metering Box Fan

FAN2 — Guarded Box Fan

(High Position)

D:D FAN3 - Guarded Box Fan

(Low Position)

al
51/l 1 ga Control Box Wiay $12:aAEA

12



4. Udeslrruuvinnuauieaniazianas WUrzunu 3 falug) TRefidnZIa D8 FAINN TNAIUNARN

mafigruuninansely Metering Box Adfl uazgruuninans e Guarded Box (@lnRgnumnilu
Metering Box uaz Guarded Box Aasiiniumd alndiAeiiy) mm'um?mumfatuunummmaﬂu Guarded
Box , Metering Box uaz Cold Box aziadld TS1 - TS5 uaz TI FetttumeuneLfiRenlunsldew 181 -

TS5 uay TI faid

4.1 e TS Suazuemiiu 2 ifs A Faus TS1 - TS4 azagil Hot Box dau TS5 azagilCold Box T
q=il Switch (HB) 1 Flusinulasuilinimineu

a

4.1 18 wnfedn mauguminHizesidgily Hot Box A#aainnraL Switch (HB) lu

a
'

naEle Hot Box uaanaLlN TS V\ﬂa’l,u TS1 - TS4) mfa\mmwmfaqmimum'ammumwmaLmﬁtﬂuﬁw:u
[31’1LLM‘LN'EE\AMI‘\NV]WMH’]TV\T']ULL@“’ TS mfaujﬂﬂnmfﬂgmﬂu TF Lwﬂumyrmmmmmmwmmmsmum
UUNTIWEY TS mqrﬂuq’lﬂ”mmﬂuuma‘mmuuavmm Tl WENqALAEY QLN EUAN TR ETU
(mmwaw 1) a1 fammquu (Lw:“ﬂ”auuumu T) e 1 69) mﬂ_hn 5 fnateiy 811NN IUAN
famvmuﬂ an 4 ‘N?J?_I‘Uu TS1 fazsiaeldl TS2 - TS4 ﬂﬂﬂﬂ’ﬂﬂ“nﬂu TF Lw'aiuamm'\mmm 4 waemu TST WU
N TS2 —TS3 —> TS4— TS1 @uylmmfamunumm 4 URFNDDNNIUT 'ﬂmmmmimumfamwnumm 10
U1 TS3 fiazastil TS1, TS2 , TS4 uax 7S5 gnnmﬂu‘m_jm TF e ldtyunnannga 10t TS3 gasdnshl

7S5 Tl iauANIANAMAINAA 10 2ANY

Ted
1\ = TF TS1 - Temp. Switch 1
5D o | * TS2 - Temp. Switch 2
o\ Wy 783 - Temp. Switch 3
6 2 | OLY] [€2
Q:D o ox} ¢ 1 — Switch 1
2 — Switch 2
7 3
@ & 3 e J B3 o :
@ g CNE ] Q=] _
8@ d e ) o o 1 Vo | 20—SWItCh.20 | ‘
o o Ol @ A Switch NLRBUAN UMY
) ® o™ oy
i lanmnuvissey

gi_/ﬂ 2 gm Temperature Control Box B?a Hot Box

'
ada

4.1.2 ﬂ’l‘lx‘i")ﬂ’l']LT’W]'Nﬂﬁ?ﬂ?ﬂu’ﬂmuﬂ“ﬂ“ﬂ?}’ﬂ\lﬂﬂﬂﬁ\l Cold Box fislaannnsdu Switch

(HB) Tnails Cold Box udanailu TS (Wmﬂu TS5) mfmqmvxmmn%fé'\uﬂ'\fqmuqumwmam-imLﬂumszq

1 v 1
AULNTBIQ M RNFIBINI NI FolansgRMARA LI T 1z 3



TS5 - Temp. Switch 5
28 24 TS5
@ 21 - Switch 21

o 5 OL_1" 22 — Switch 22
d:D Q [:] 24 23 — Switch 23
26(( D22 O 1 24 - Switch 24
O l:l 22
25 D21 O[] C]:D Fia Switch 7fulanusaumbins il
Andunieiszyy

gl/ﬁ 3 gm Temperature Control Box 83 Cold Box

4.2 isangunsaiisemuiucas fesdedtyarauduuniudndl Ae Aaymiudeain
751 -9 TS2—P TS3—TS4 —P TI faniudaynynnuigeann TS1 azsavdalulda T2 —» TS3—9>

T84 Tl TS2 , TS3 , TS4 azfiasgnnaluiilu TF e Widnyiouann 781 dadhda 1118

4.3 anwmalude 4.2 Hidnsnaduiniduminaiasganfeaniseudgauninieniu 2
an dvagjuu TS Auaziafasialigafiinoia TS gendasgndiudasnun mnzasiugaiieguu TS 1y
Yipaninas liaunsadedtyayansindluél T 1K vezaniu TS Pilissgenda lldagidy TF 1uge 1 /i 99

7 ganavia 2 1Ju fasin Wiegampiisldiludrguuniingn 7 lildye 1

44 fuilumsna 2 Yuou TS ResfuasliamnmnduAguuugiild wieenadudaidu

8w liaunsauanlddndudgrungiingala

14



METERING BOX

Battom

’f‘Right

IWSIDE

Switch:
Swicvch:
Switch:
Switche

Suwitch:

OUTSYDE
Switch:
Switch:
Switch:
Switch:

Switch:

= Jefs Raidn
iy 3, ettt Si1aé

4 1 -
i4 - Top Side

= s N I I
3= Right Side

1k — Botton Side

ol Ty R
tE - Back Side

16 - Left Side
17 — Top Side
1% - Right Side
& — Bottom Side

€0 - Back Side



TEST PAKEL

—— Guarded firea

- Metering fArea

Cold Side 5 Hot Side
1)
Test Panel
L]
HOT S1DE COLD SIDE
Switch: 1 - Rripta il Soitel? Ut —Jopasite 1

Suitch: 26 LoFC R Suitch: 72 - Opposite 2

G
Switch: - Point .3 1 Suiteh: 43 - Opposite .3
¥

3

o . - . " .

Switch: 4 - Point 4 Switch: Lk - Opposite 4
9

Switch: - Point .4

Switch: {¢ - Point |0



UFTRUIUNTH

[1] Frank P. Incropera , and David P. Dewitt : “Fundamental of heat and mass transfer” ,third Edition.

21 The American Society for Testing and Materials : “ASTM Desingnation : C236-66,C518-
85,C177-85 ",

[3] Thomas G.Beckwith and N. Lewis Buck : “Mechanical Measurements”.

[4]  daneT Augdn: mavieonudu’ , sontumaluladlszaalindndanmnsaianszi.

v
o

(5] [Reshzas afezassen , 1 daunegs uar ALY ANTIAR - mAUIAT DY
fiogmiutanuiudnimamden” Usyaivus Imnssusmaasiiuga a1vInans sy
isesna aazdmnssumens gandumalulafwszreumndudgunnisaianselis, 2537

6]  uFund Adnsnanoioe , wealwed fonsd uaT gausn Bemnaasma: “msanseLiios
vounsesiladmiuiannuiiudaiinamden”, USaaninus Smnssusaasiudia a1
Senssuaiesna anzdranssumans aoniumalulagnszeemnduiwammsaanseds,

2538

15





