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For Burn rate at Borax 10%
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2. 13NN Graph/Probability Plot...
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For Burn rate at Zinc Borate 20%
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For Burn rate at Zinc Borate 30%
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For Burn rate at Zinc Borate 40%
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6. Session of Test Equal Variances
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MININUINN U1 ANOVA taadinnuiilsdsivuewasimsaiy luo urueasssuma
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MI19UINA V2 115 0UNEVIFIFOUATBUrN rateYDIUNUSINTTIUFIANHANZine Borate
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MANHIN A

Material Safety Data Sheet (MSDS) of Borax (Na2B407-10H20):
Sodium tetraborate decahydrate, disodium tetraborate decahydrate,

borax decahydrate, Borax 10 Mol
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This product contains greater than 99 percent (%) Sodium
tetraborate decahydrate, Na2B40O7-10H20, which is hazardous
under the OSHA Hazard Communication Standard and under
the Canadian Controlled Products Regulations of the Hazardous
Products Act (WHMIS), based on animal chronic toxicity
studies. Refer to Sections 3 and 11 for details on hazards.

®

iBorax Decahydrate

product and company identification

Emergency overview

Borax is a white, odorless, powder substance that is not flammable, combustible, or explosive and
has low acute oral and dermal toxicity.

Potential ecological effects

Large amounts of Borax can be harmful to plants and other species. Therefore, releases to the
environment should be minimized.

Potential health effects

Routes of exposure: Inhalation is the most significant route of exposure in occupational and
other settings. Dermal exposure is not usually a concern because Borax is poorly absorbed through
intact skin.

Inhalation: Occasional mild irritation effects to the nose and throat may occur from inhalation of
Borax dust at levels greater than 10 mg/m3.

Eye contact: Borax is non-irritating to the eyes in normal industrial use.

Skin contact: Borax does not cause irritation to intact skin.

Ingestion: Products containing Borax are not intended for ingestion. Borax has a low acute
toxicity. Small amounts (e.g., a teaspoon) swallowed accidentally are not likely to cause effects;
swallowing amounts larger than that may cause gastrointestinal symptoms.

Cancer: Borax is not a known carcinogen.

Reproductive/developmental: Animal ingestion studies in several species, at high doses,
indicate that borates cause reproductive and developmental effects. A human study of
occupational exposure to borate dust showed no adverse effect on reproduction.

Target organs: No target organ has been identified in humans. High dose, animal ingestion
studies indicate the testes are the target organs in male animals.

Signs and symptoms of exposure: Symptoms of accidental over-exposure to Borax might
include nausea, vomiting and diarrhea, with delayed effects of skin redness and peeling. These
symptoms have been associated with the accidental overexposure to the chemically related
substance boric acid. Refer to Section 11 for details on Toxicological data.

Inhalation: If symptoms such as nose or throat irritation are observed, remove person to fresh
air.

Eye contact: Use eye wash fountain or fresh water to cleanse the eye. If irritation persists for
more than 30 minutes, seek medical attention.

Skin contact: No treatment necessary because non-irritating.

Ingestion: Swallowing small quantities (one teaspoon) will cause no harm to healthy adults. If
larger amounts are

swallowed, give two glasses of water to drink and seek medical attention.

Note to physicians: Observation only is required for adult ingestion in the range of 4-8 grams
of Borax. For ingestion of larger amounts, maintain adequate kidney function and force fluids.
Gastric lavage is recommended for symptomatic patients only. Hemodialysis should be reserved
for massive acute ingestion or patients with renal failure. Boron analyses of urine or blood are
only useful for documenting exposure and should not be used to evaluate severity of poisoning or
to guide treatment1. Refer to Section 11 for details. US-US-BX
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Material Safety Data Sheet

DATE OF ISSUE May 2000

Supersedes November 1999 Version

Product name: Borax

Grade: Technical, NF, SQ

Product use: Industrial manufacturing

Chemical formula: Na2B40O7-10H20

Chemical name/synonyms: Sodium tetraborate decahydrate, disodium tetraborate
decahydrate, borax decahydrate, Borax 10 Mol

Chemical family: Inorganic borates

CAS registry number: 1303-96-4

(Refer to Section 15 for TSCA/DSL Chemical inventory listing)

MANUFACTURER:

U.S. Borax Inc.

26877 Tourney Road

Valencia, CA 91355-1847

EMERGENCY PHONE NUMBERS:

24 Hr. Medical Info. Service . . . (661) 284-5200

Chemtrec (Spills): . .......... (800) 424-9300

measures

Borax

General hazard: None, because Borax is not flammable, combustible or explosive. The product
is itself a flame retardant.

Extinguishing media: Any fire extinguishing media may be used on nearby fires.
Flammability classification (29 CFR 1910.1200): Nonflammable solid.

General: Borax is a water-soluble white powder that may, at high concentrations, cause damage
to trees or vegetation by root absorption. (Refer to Ecological information, Section 12, for specific
information.)

Land spill: Vacuum, shovel or sweep up Borax and place in containers for disposal in
accordance with applicable local regulations. Avoid contamination of water bodies during cleanup
and disposal. Personal protective equipment is not needed to cleanup land spills.

Spillage into water: Where possible, remove any intact containers from the water. Advise local
water authority that none of the affected water should be used for irrigation or for the abstraction
of potable water until natural dilution returns the boron value to its normal environmental
background level. (Refer to Sections 12, 13 and 15 for additional information.) Borax is a non-
hazardous waste when spilled or disposed of, as defined in the Resource Conservation and
Recovery Act (RCRA) regulations (40 CFR 261). (Refer to Regulatory information, Section 15,
for additional references.) General: No special handling precautions are required, but dry, indoor
storage is recommended. To maintain package integrity and to minimize caking of the product,
bags should be handled on a first-in, first-out basis. Good housekeeping procedures should be
followed to minimize dust generation and

accumulation.

Storage temperature: Ambient

Storage pressure: Atmospheric

Special sensitivity: Moisture (caking)

Engineering controls: Use local exhaust ventilation to keep airborne concentrations of Borax
dust below permissible exposure levels.
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Personal protection: Where airborne concentrations are expected to exceed exposure limits,
NIOSH/MSHA certified respirators should be used. Eye goggles and gloves are not required for
normal industrial exposures, but may be warranted if environment is excessively dusty.
Occupational exposure limits: Sodium tetraborate decahydrate

(Borax) is regulated by OSHA, Cal OSHA and ACGIH.

ACGIH/TLV: 5 mg/m3

Cal OSHA/PEL: 5 mg/m3

OSHA/PEL (total dust): 10 mg/m3

Appearance: White, odorless, crystalline solid

Specific gravity: 1.71

Vapor pressure: Negligible @ 20°C

Solubility in water: 4.71% @ 20°C; 65.64% @ 100°C

Melting point: 62°C (144°F) (heated in closed space)

pH @ 20°C: 9.3 (0.1% solution); 9.2 (1.0% solution); 9.3 (4.7% solution)

Molecular weight: 381.37

©1996 U.S. Borax Inc.

General: Borax is a stable product, but when heated it loses water, eventually forming anhydrous
borax (Na2B40O7).

Incompatible materials and conditions to avoid: Reaction with strong reducing agents,
such as metal hydrides or alkali metals, will generate hydrogen gas, which could create an
explosive hazard.

Hazardous decomposition: None.

US-US-BX
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and reactivity

Acute toxicity

Ingestion: Low acute oral toxicity; LD50 in rats is 4,500 to 5,000 mg/kg of body weight.
Skin/dermal: Low acute dermal toxicity; LD50 in rabbits is greater than 10,000 mg/kg of body
weight. Borax is poorly absorbed through intact skin.

Inhalation: Low acute inhalation toxicity; LC50 in rats is greater than 2.0 mg/L (or g/m3).

Skin irritation: Non-irritant.

Eye irritation: Draize test in rabbits produced eye irritation effects. Fifty years of occupational
exposure to Borax indicates no adverse effects on human eye. Therefore, Borax is not considered
to be a human eye irritant in normal industrial use. Sensitization: Borax is not a skin sensitizer.
Other

Reproductive/developmental toxicity: Animal feeding studies in rat, mouse and dog, at high
doses, have demonstrated effects on fertility and testes2. Studies with the chemically related boric
acid in the rat, mouse and rabbit, at high doses, demonstrate developmental effects on the fetus,
including fetal weight loss and minor skeletal variations3, 4. The doses administered were many
times in excess of those to which humans would normally be

exposeds.

Carcinogenicity/mutagenicity: No evidence of carcinogenicity in mice6. No mutagenic
activity was observed for boric acid in a battery of short-term mutagenicity assays.

Human data: Human epidemiological studies show no increase in pulmonary disease in
occupational populations with chronic exposures to boric acid dust and sodium borate dust. A
recent epidemiology study under the conditions of normal occupational exposure to borate dusts
indicated no effect on fertility7.

Ecotoxicity data

General: Boron (B) is the element in sodium tetraborate decahydrate (Borax) which is used by
convention to report

borate product ecological effects. It occurs naturally in seawater at an average concentration of 5
mg B/L and generally occurs in fresh water at concentrations up to 1 mg B/L. In dilute aqueous
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solutions the predominant boron species present is undissociated boric acid. To convert sodium
tetraborate decahydrate into the equivalent boron (B) content, multiply by 0.1134.

Phytotoxicity: Boron is an essential micronutrient for healthy growth of plants; however, it can
be harmful to boron sensitive plants in high quantities. Care should be taken to minimize the
amount of Borax released to the environment.

Algal toxicity:

Green algae, Scenedesmus subspicatus

96-hr EC10 =24 mg B/L¥

Invertebrate toxicityS:

Daphnids, Daphnia magna straus

24-hr EC50 =242 mg B/L}

Test substance: T sodium tetraborate

Fish toxicity:

Sea-water9:

Dab, Limanda limanda

96-hr LC50 = 74 mg B/L+t

Fresh water10:

Rainbow trout, S. gairdneri (embryo-larval stage)

24-day LC50 = 88 mg B/L¥

32-day LC50 = 54 mg B/LT

Goldfish, Carassius auratus (embryo-larval stage)

7-day LC50 = 65 mg B/L¥

3-day LC50 =71 mg B/L}

Environmental fate data

Persistence/degradation: Boron is naturally occurring and ubiquitous in the environment.
Borax decomposes in the environment to natural borate.

Octanol/water partition coefficient: No value. In aqueous solution Sodium tetraborate
decahydrate is converted

substantially into undissociated boric acid.

Soil mobility: Borax is soluble in water and is leachable through normal soil.

Disposal guidance: Small quantities of Borax can usually be disposed of at landfill sites. No
special disposal treatment is required, but local authorities should be consulted about any specific
local requirements. Tonnage quantities of product should, if possible, be used for an appropriate
application.

RCRA (40 CFR 261): Borax is not listed under any sections of the Federal Resource
Conservation and Recovery Act (RCRA).

NPRI (Canada): Borax is not listed on the Canadian National Pollutant Release Inventory.

Refer to Section 15 for additional regulatory information.

Borax

©1996 U.S. Borax Inc.

DOT hazardous classification: Sodium tetraborate decahydrate (Borax) is not regulated by
the U.S. Department of

Transportation (DOT) and is therefore not considered a hazardous material/substance.

TDG Canadian transportation: Sodium tetraborate decahydrate (Borax) is not regulated under
Transportation of

Dangerous Goods (TDG).

International transportation: Sodium tetraborate decahydrate (Borax) has no UN Number,
and is not regulated

under international rail, road, water or air transport regulations.

US-US-BX
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Transport information
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OSHA/Cal OSHA: This MSDS document meets the requirements of both OSHA (29 CFR
1910.1200) and Cal OSHA

(Title 8 CCR 5194 (g)) hazard communication standards. Refer to Section 8 for regulatory
exposure limits.

WHMIS classification: Sodium tetraborate decahydrate (Borax) is classified as Class D-
Division 2A under Canadian WHMIS guidelines.

Chemical inventory listing: Sodium tetraborate decahydrate (Borax), 1303-96-4, appears on
several chemical inventory lists (including the EPA TSCA inventory, Canadian DSL, European
EINECS, Japanese MITI, Australian and Korean lists) under the CAS No. representing this
inorganic salt.

U.S. EPA TSCA Inventory 1303-96-4

Canadian DSL 1303-96-4

EINECS 215-540-4

South Korea 9212-848

Japanese MITI (1)-69

RCRA: Sodium tetraborate decahydrate is not listed as a hazardous waste under any sections of
the Resource Conservation and Recovery Act (RCRA) or regulations (40 CFR 261 et seq).
Superfund: CERCLA/SARA. Sodium tetraborate decahydrate is not listed under CERCLA or
its 1986 amendments, SARA, including substances listed under Section 313 of SARA, Toxic
Chemicals, 42 USC 11023, 40 CFR 372.65, Section 302 of SARA, Extremely Hazardous
Substances, 42 USC 11002, 40 CFR 355, or the CERCLA Hazardous Substances list, 42 USC
9604, 40 CFR 302.

Safe Drinking Water Act (SDWA): Sodium tetraborate decahydrate is not regulated under the
SDWA, 42 USC 300g-1, 40 CFR 141 et seq. Consult state and local regulations for possible water
quality advisories regarding boron compounds.

Clean Water Act (CWA) (Federal Water Pollution Control

Act): 33 USC 1251 et seq.

a) Sodium tetraborate decahydrate (Borax) is not itself a discharge covered by any water quality
criteria of

Section 304 of the CWA, 33 USC 1314.

b) It is not on the Section 307 List of Priority Pollutants, 33 USC 1317, 40 CFR 129.

¢) It is not on the Section 311 List of Hazardous Substances, 33 USC 1321, 40 CFR 116.
Canadian drinking water guideline: An “Interim Maximum Acceptable Concentration”
(IMAC) for boron is currently set at 5 mg B/L.

IARC: The International Agency for Research on Cancer (IARC) (a unit of the World Health
Organization) does not list or categorize Sodium tetraborate decahydrate as a carcinogen.

NTP Biennial Report on Carcinogens: Sodium tetraborate decahydrate is not listed.

OSHA carcinogen: Sodium tetraborate decahydrate is not listed.

California Proposition 65: Sodium tetraborate decahydrate (Borax) is not listed on the
Proposition 65 list of carcinogens or reproductive toxicants.

Federal Food, Drug and Cosmetic Act: Pursuant to 21 CFR 175.105, 176.180 and 181.30,
Borax is approved by the FDA for use in adhesive components of packaging materials, as a
component of paper coatings on such materials, or for use in the manufacture thereof, which
materials are expected to come in contact with dry food products.

Clean Air Act (Montreal Protocol): Borax was not manufactured with and does not contain
any Class I or Class 11

ozone depleting substances. ©1996 U.S. Borax Inc.

Borax
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Product label text hazard information*:

* Do not ingest.

* Ingestion may cause reproductive harm or birth defects based on animal data.

* Avoid contamination of food or feed.

* Not for use in food, drugs or pesticides+.

* Refer to MSDS.

* KEEP OUT OF REACH OF CHILDREN.

*The WHMIS panel format is used for Canadian product.

+Except for NF (pharmaceutical grade) products.

National Fire Protection Assoc. (NFPA) Classification:

Health 0

Flammability 0

Reactivity 0

Hazardous Materials Information Systems (HMIS):

Red: (Flammability) 0

Yellow: (Reactivity) 0

Blue: (Acute Health) 1*

*Chronic Effects

For further information contact:

U.S. Borax Inc.

Occupational Health & Product Safety Department

(661) 287-6050

US-US-BX
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INTERNATIONAL
Standard Test Method for
Rate of Burning and/or Extent and Time of Burning of
Plastics in a Horizontal Position®
This standard 15 1ssued under the fixed designation D 633; the mumber immediately following the designation indicates the year of
original adoption or, in the case of revision, the vear of last revision. A mumber in parentheses indicates the vear of last reapproval A
superscript epsilon (€) indicates an editorial change since the last revision or reapproval.

1. Scope *

1.1 Thus fire-test-response test method covers a small-scale
laboratory screening procedure for comparing the relative
linear rate of burning or extent and time of burming. or both, of
plastics 1n the form of bars, molded or cut from sheets, plates,
or panels, and tested in the horizontal position.

Wote 1—This test method, Clause 8 of IEC Dwaft 693-11-10 and
Method A of ISO 1210-1992 are technically equivalent.

Note 2—For additional information on materials which do not bum to
the first reference mark by this test. see Test Method D 3801.

1.2 This test method was developed for polymeric materials
used for parts i devices and appliances. The results are
intended to serve as a preliminary indication of their accept-
ability with respect to flammability for a particular application.
The final acceptance of the material 1s dependent upon its use
m complete equipment that conforms with the standard appli-
cable to such equipment.

1.3 The classification system described m the appendix is
mtended for quality assurance and the preselection of compo-
nent materials for products.

1.4 The test method 1s not mtended to cover plastics when
used as materials for building construction or furnishing,

1.5 This test method should be used to measure and describe
the response af materials, products, or assemblies to heat and
flame under controlled laboratory conditions and should not be
used to describe or appraise the fire hazard for fire risk of
materials, products, or assemblies under actual fire conditions.
However, results of this test method may be used as elements of
a fire risk assessment that takes into account all of the factors
that are pertinent to an assessment of the fire hazard of a
particular end use.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bilitv of regulatory limitations prior to use. For specific
hazards statements, see 9.2.1.

! This test method is under the jurisdiction of ASTM Committee D-20 on Plastics
and 1s the direct responsibility of Subc i D20.30 on Thermal Properties
(Sectron D20.30.03).

Current edition approved July 10, 1998. Published January 1999. Originally
published as D 635 —41. Last previous edition D 635 —97.

2. Referenced Documents

2.1 ASTM Standards:

D 648 Test Method for Deflection Temperature of Plastics
Under Flexural Load”

D 883 Terminology Relating to Plastics”

D 3801 Test Method for Measuring the Comparative Bumn-
ing Characteristics of Solid Plastics in a Vertical Position®

D 5025 Specification for a Laboratory Bumer Used for
Small-Scale Burning Tests on Plastic Materials™®

D 5207 Practice for Calibration of 20 and 125-mm Test
Flames for Small-Scale Burning Tests on Plastic Maten-
als*

E 176 Terminology of Fire Standards®

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

22 IEC Standards:

IEC 693-11-10 Determination of the Buming Behavior of
Horizontal and Vertical Specimens 1n Contact with a 50 W
Nominal Ignition Source’

23 ISO Standards:

ISO 1210-1992 Plastics—Determination of the Burning
Behavior of Horizontal and Vertical Specimens in Contact
with a Small-Flame Ignition Source’

3. Terminology

3.1 Definitions:

3.1.1 Definitions used 1n this test method are in accordance
with Terminology D 8§83, unless otherwise specified. For terms
relating to fire, the definitions used m this test method are in
accordance with Terminology E 176.

4. Summary of Test Method

4.1 Abar specimen of the matenial to be tested 1s supported
horizontally at one end. The free end 1s exposed to a specified
gas flame for 30 s. Time and extent of burning are measured

* Armual Book of ASTM Standards, Vol 02.01.

* Annual Book of ASTM Standards, Vel 08.02.

* Armual Book of ASTM Standards, Vol 02.03.

* Arnual Book of ASTM Standards, Vol 04.07.

© Armual Book of ASTM Standards, Vol 14.02.

7 Publications of the Intermational Electrotschmical Commission (IEC) and
Intemational Organization for Standardization (ISO) are available from American
National Standards Institute, 11 W, 42nd St., New York, N 10036,

*A Summary of Changes section appears at the end of this standard.

Copyright @ ASTM Intemational, 100 Barr Harbor Drive, PO Box CT00, West Conshohocken, PA 10428-2850, United States.
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and reported if the specimen does not bumm 100 mm. An
average burmng rate 1s reported for a matenal 1f 1t burns to the
100 mm mark from the ignited end.

5. Significance and Use

5.1 Tests made on a matenal under conditions herein
prescribed are of value in comparing the rate of burming or
extent and ume of burning charactenstics, or both, of different
matenials. i controlling manufacturing processes, or as a
measure of deterioration or change i these burning character-
1stics prior to or during use. Correlation with flammability
under actual use conditions 1s not implied.

5.2 The rate of burning and other burning phenomena will
be affected by such factors as density. pigments, any anisotropy
of the matenial and the thuckness of the specimen. Test data
shall be compared only for specumens of simular thickness,
whether comparisons are being made with the same or different
matenals. The rate of burming and other burning phenomena
will vary with thickness.

5.3 Itis feasible that sheet matenals that have been stretched
during processing will relax during burming and give erratic
results unless they are first heated above thewr deflection
temperature, in accordance with Test Method D 648, for a tume
sufficient to pernut complete relaxation.

5.4 Burmng tests require that certain vanables be arbitrarily
fixed. for example, specimen size. energy source and applica-
ton nme, and end pomnts. Matenals will be found that are
unusually sensitrve to one or more of the conditions chosen for
this method leading to highly variable results. Additional
burming charactenization by other methods 1s lughly desirable
i such cases (see Note 2).

3.5 Inthis procedure, the specimens are subjected to specific
laboratory test conditions. If different test conditions are
substituted or the end-use conditions are changed, 1t will not
always be possible by or from this test to predict changes in the
fire-test-response charactenistics measured. Therefore, the re-
sults are valhid only for the fire-test-exposure conditions de-
scribed in this procedure.

6. Apparatus

6.1 Test Chamber;, enclosed laboratory hood. or chamber
free of induced or forced draft during test. having an inside

7Smm

L ! 1 I

25mm

volume of at least 0.5 m*. An enclosed laboratory hood with a
heat-resistant glass window for observing the test and an
exhaust fan for removing the products of combustion after the
tests 1s recommended. The atmosphere 1n and around the test
chamber shall be mamntained between 15 to 35°C and 45 to
73 % relative humadity.

NoTE 3—The amouat of oxygen avalable to support combustion 15
naturally important for the conduct of these fire-test-response tests. For
tests conducted by thus test methed when buming times are protracted,
chamber sizes less than 1 m” may not provide accurate results,

NoTE 4—Some laboratory hoods have induced drafts even with the
exhaust fan off A positive-closing damper is recommended.

NoTE 5—A muror in the chamber, to provide a rear view of the
specimen, has been found useful in some enclosures

6.2 Test Fivture, A laboratory ring stand or test fixture
equipped with a means of holding a 125 mm® wire gauze
honzontal and a small clamp pernutting the specimen to be
held with 1ts longitudinal axis horizontal and its transverse axis
mclined at 45 * 2° angle as illustrated 1n Fig. 1.

NOTE 6—A pan of water may be placed on the floor of the heod i
position to catch any burning particles that may drop during the test

6.3 Laborarorv Burner, constructed in accordance with
Specification D 5025

6.4 Gas Suppl, a supply of technical-grade methane gas
with surtable regulator and meter for umform gas flow. Natural
gas nuxtures having an energy density of approximately 37
MJ/m® have been found to provide similar results. However.
technical-grade methane gas shall be used as the referee in
cases of dispute.

6.5 Wire Gauze, 20-mesh (approximately 20 opemngs per
25 mm), made with 0.43 *+ 0.03 mm diameter 1ron wire cut to
approximately 125 mm’. to sustain burning or glowing par-
ticles fallmg from the specimens.

6.6 Timing Device. accurate to 0.5 5.

6.7 Scale, graduated in milhimeters.

6.8 Micrometer. accurate to 0.05 mm.

6.9 Conditioning Room or Chamber, capable of being
mamntamed at 23 * 2°C and 50 = 5 % relative hunudity.

6.10 Flexible Specimen Support Fixture, used to facilitate
the testing of specimens that sag and touch the wire gauze. (See

94 and Fig. 2)

25mm

} SPECIMEN

¢5'
} =
10 £ 1 mm
APPROX. 45°
WIRE GAUZE

WIRE CAUZE

FIG. 1 Test Fixture

(=]
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(120mm)

(15mm)

FIG. 2 Flexible Specimen Support Fixture

7. Test Specimens

7.1 All test specimens shall be cut from a representative
sample of the matenal (sheet or end products), or shall be cast
or myection-, compression-, transfer- or pultrusion-molded to
the necessary form. After any cutting operation, care shall be
taken to remove all dust and any particles from the surface; cut
edges shall be fine sanded to have a smooth finish. Unless
otherwise agreed, fabrication of test specimens shall be mn
accordance with the specifications of the matenal being tested.

7.2 Specimens shallbe 125 * 5 mum long by 13.0 + 0.5 mm
wide, and provided m the mumimum thickness and m the 3.0
(=0.0 =0.2) mm thickness. The 3.0 mm thick specimens are not
necessary if the minimum thickness 1s greater than 3.0 mm, or
the maximum thickness 15 less than 3.0 mm. The maximum
thickness shall not exceed 13 mm. The maximum width shall
not exceed 13.5 mm. The edges shall be smooth, and the radius
on the corners shall not exceed 1.3 mm.

8. Conditioning

8.1 Condition ten bar specimens for each material and
thickness to be tested in accordance with Test Method D 618 at
23 + 2°C and 50 *+ 5 % relatrve hunudity for a minimum of 48
h. Once removed from the conditioning armosphere test the
specimens within 1 h.

8.2 Conduct testing in a laboratory atmosphere of 15 to
35°C and 45 o 73 % relatrve humudiry.

9. Procedure

9.1 Prepare at least ten bar specimens. After measuring and
recording the specimen thickness, mark each specimen with
two lines perpendicular to the longitudinal axis of the bar,
25 # 1 and 100 * 1 mm from the end that 1s to be 1gmted.

9.2 Conduct the buming test m a chamber, enclosure, or

laboratory hood free of induced or forced draft.

Note 7—Warning: Products of combustion may be toxic. An enclosed
laboratory hood and an exhaust fan for removing the products of
combustion after the tests are recommended. The exhaust fan is turned off
during the test and turned on immediately following the test in order o
remove products of combustion.

9.3 Clamp the specimen at the end farthest from the 25 mm
reference mark, i a support with 1ts longitudinal axis honzon-

, {- {10mm}
\L (11mm)

tal and 1ts transverse axis inclined at 435 * 2° as illustrated in
Fig. 1. Clamp the wire gauze honzontally beneath the speci-
men, with a distance of 10 = 1 mm between the lowest edge of
the specimen and the wire gauze, and with the free end of the
specimen even with the edge of the gauze. Any materal
remaining on the wire gauze from the previous test must be
burned off or a new section of wire gauze used for each test.

9.4 If the specimen sags at 1ts free end dunng the 1itial set
up and 15 not able to maintain the distance of 10 * 1 mm as
spectfied 1n 9.2, the flexible specimen support fixture illustrated
i Fig. 2 shall be used. Position the support fixture under the
specimen with the small extending portion of the support
fixture at least 20 mum from the free end of the specimen.
Provide enough clearance at the clamped end of the specimen
so that the support fixture can be moved freely sidewards. As
the flame front progresses along the specimen, withdraw the
support fixture at the same approximate rate, preventing the
flame front from contacting the flexible specimen support
fixture, so that there 1s no effect on the test flame or on the
burning of the specimen.

9.5 With the central axis of the burner tuber in the vertical
position, place the burner remote from the specimen. 1gnite.
and adjust 1t to produce a blue flame 20 mm high Adjust the
gas supply and the air ports of the bumer unul a 20-mm
vellow-tipped blue flame 15 produced. and then increase the air
supply until the vellow tp just disappears. Measure the height
of the flame. If the flame height 15 not 20 * 2 mm, adjust the
bumer gas supply to give the proper flame height. Once the
flame has been properly set to a height of 20 + 2 mm wat for
at least 5 mun to allow the bumer conditions to reach
equilibrium.

NOTE §—See Practice D 5207 for recommended back pressure and flow
rate for the gas supply and calibration procedure for the 20 mm flame.

9.6 Place the burner so that the test flame impinges on the
free end of the test specimen to a depth of approximately 6 mum
stariing the tnmung device simultaneously. The central axis of
the bumer mbe 15 to be m the same verncal plane as the
longitudinal botrom edge of the specimen and inclined toward
the end of the specimen at an angle of approxmmately 45 + 2
degrees to the honzontal See Fig. 1. Apply the flame for
30 = 1 s without changing 1ts position. If the test specimen
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shrinks from the applied flame without ignition, the material 1s
not smitable for evaluation by these test methods. Excessive
distortion of the specimen during the test will invalidate the
results. Withdraw the test flame sufficiently from the specimen
(see Note 9) so that there 1s no effect on the specimen after
30 = 1 s or as soon as the flame front of the specimen reaches
the 25 mum mark (if less than 30 s). Restart the timing device
when the flame front reaches the 25 mm reference mark.

Note 9—Withdrawing the burner a distance of 150 mm from the
specimen has been found satisfactory.

9.7 If the specimen contmues to burn, with a flame or
glowing combustion (visible glow without flame), after re-
moval of the test flame, record the elapsed time (7). in seconds,
for the flame front to travel from the 23 mm reference mark to
the 100 mm reference mark and record the burned length (L),
as 75 mm. If the flame front passes the 25 mm reference mark
but does not reach the 100 mm reference mark, record the
elapsed time (f), 1n seconds, and the bumed length (L), in
millimeters between the 25 mm reference mark and where the
flame front stopped.

9.8 Repeat the test procedure (9.1-9.7) until three specimens
have burned to or beyond the 100 mm reference mark. or ten
spectmens have been tested.

Note 10—TFor classification purposes, if only one specimen does not
comply with the criteria. test an additional set of specimens. See X1.3.

10. Calculation

10.1 Calculate the linear burning rate (), in millimeters per
mimute, for each specimen where the flame front reaches the
100 mm reference mark using the equation:

I'=60L/t

where:
L = the burned length, in millimetres, as defined in 9.7; and
t = the tume. in seconds, as defined m 9.7.

Note 11—If the flame front reached the 100-mm reference mark,
L=75.

Note 12—The SI units of the linear burning rate is metre per second.
In practice. the unit millimeter per minute is used.

Note 13—It is acceptable to report the results in cm/min by using the
method prescribed in 10.1 and then dividing the obtained rate by ten.

10.2 Calculate the average linear burning rate or classify the

material in accordance with the appendix.

11. Report

11.1 Include the following in the complete report:

11.1.1 Material ldentification—Include generic description,
manufacturer, commercial designation, lot number, and color.

11.1.2 The thickness. as measured with a micrometer to the
nearest 0.1 mm, of the test specimen.

11.1.3 The nominal apparent density (rigid cellular materi-
als only).

11.1.4 The direction of any amsotropy relative to the test
specimen dimensions.

11.1.5 Conditioning treatment.

11.1.6 Any prior treatment before testing, other than cutting,
trimming and conditioning.

11.1.7 Whether or not the specimen continued to burn (with
or without visible flame) after application of test flame.

11.1.8 Whether or not the flame front reached the 25 and
100 mm reference marks.

11.1.9 For specimens with which the flame front does not
reach or pass the 25 mm reference mark a statement that
indicates the flame front did not reach or pass the 23 mm
reference mark. Do not report an elapsed time () and bumed
length (L).

11.1.10 For specimens with which the flame front passed
the 25 mm reference mark but did not reach the 100 mm
reference mark. the elapsed tume (f) and bumed length (L).

11.1.11 If a specimen does not burn to the 100 mm mark
because of dripping, flowing, or falling burming particles. the
report must so indicate.

11.1.12 If a specimen 1s reignited by burning material on the
gauze, the report must so state.

11.1.13 For specimens with which the flame front reached
the 100 mm reference mark, the average linear burning rate,
).

11.1.14 Whether the flexible specimen support fixture was
used.

11.1.15 The caveat contained in 1.5 herein shall be incor-
porated 1n its entirety 1n the test report 1ssued.

11.1.16 Optional—Flame classification as determined from
the appendix.

TABLE 1 Average Linear Burning Rate for Specimens Tested Without Flexible Specimen Support Fixture

Rate of Linear Buming, mm/min

WMaterial Neminal Specimen . -
Thickness, mm Average S Sa ~ e
Polyethylene (PE) 30 152 07 13 19 37
ABS 3z 275 21 4.1 5.7 1.5
Acrylic 30 287 1.7 22 45 6.1

4 5, is the within-laboratory standard deviation for the indicated material. It iz obtained by posling the within-laboratory standard deviations of the test results from all

of the participating laboratories:

=[5 + (82F . ..+ (s.7Un]"?

£ 5. is the between-laboratories reproducibility, expressed as stated deviafion:

Se=[52+ 57"

where: 5 = the standard deviation of laboratory means.
 ris the within-laboratory critical interval between two test results = 2.8 % 5.

© R is the between-laboratories critical interval between fwo test results = 2.8 » Sg.
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TABLE 2 Average Linear Burning Rate for Specimens Tested With Flexible Specimen Support Fixture

132

Rate of Linear Buming, mmimin

Material R s
Nominal Specimen Thickness, mm Average 5/ Sg r Re
Polyurethane (PUR) 13 416 1.0 L 28 &
Polyurethane (PUR) 0s 609 10.9 14.4 3086 404
Polyurethane (PUR) 04 823 10.6 266 298 T4.4
Polyethylene terephthalate (PET) 01 1920 322 b 123.7 &
4 §, = within-lal Y d deviation for the indicated material. It is obtained by pooling the within-| y stal of the test results from all of the
participating laboratories, as follows:
S, =[lis,* + (85 . . . +{8,FYn]*?
& S = beh Y, &xp d as stated , as follows:
Sa=[57+ 57"
where S = the standard deviation of laboratory means.,
< r = within-laboratory critical interval between two test results = 2.8 < 5_
© R = between-laboratories critical interval between two test results = 2.8 < 55
£ The number of ies in the i L y study reporting a linear buming rate was toc small to blish a L laboratory d deviat

12. Precision amd Bias

12.1 Table 1 is based on a round robin completed in 1987°
m accordance with Practice E 691, mvolving three self-
supporting materials tested by eleven laboratonies. Each labo-
ratory conditioned, at 23°C and 50 % relative humudity, the
specumens that 1t tested. Each laboratory conducted the tests
a laboratory hood with the hood exhaust essentially mmed off.
All three matenals were classified by the test as possessing an
average burming rate. Each test result consisted of an average
linear burning rate deternuned from three specimens. Each
laboratory obtained three test results for each matenal.

12.2 Table 2 1s based on a round robmn completed n 1986°
in accordance with Practice 691, mvolving four matenals that
requured use of the flexible specimen support fixrure and tested
by six different laboratones. For each material, all samples
were provided by one source. The mdividual specimens were
cut and distributed by one laboratory. Each laboratory condi-
tioned, at 23°C and 50 % relative hunudity, the specimens that
1t tested. Each test result consisted of an average linear burming
rate deternuned from three specimens. Each laboratory ob-
tamed two average linear burming rates from a total six
mdrvidual specimen test results for each matenal.

12.3 This test method does not contain a numencal preci-
ston and bias starement for the tnme of burning and extent of
burning for specumens where the flame front passes the 25-mm
reference mark, but does not reach the 100-mm reference mark,
and therefore shall not be used as a referee test method for
these two charactenistics in case of dispute. Due to the ranty of
materials which consistently produce this result, a numerical
precision and bias statement for this type of test result 1s not
bemg actively pursued at this nme.

* Supporting data for Table 1 are available from ASTM Headquarters. Request
RE. D-20-1148.

“ Supporting data for Table 2 are available from ASTM Headquarters. Request
RR.: D-20-1146.

wn

NotE 14—Caution: The explanations of “+" and “R” given in 12.4-
12.4.3 are only intended to present a meaningful way of considering the
approximate precision of this test method. The data in Tables 1 and 2 shall
not be rigorously applied to acceptance or rejection of material, as these
data apply only to the matenials tested in the round robin and are ualikely
to be ngorously representative of other lots, formulations, conditions,
materials or laboratories. Users of this test method shall apply the
principles outlined in Practice E 691 to generate data specific to their
materials and laboratory (or between specific laboratories). The principles
of 12.4-12.4.3 would then be valid for such data.

12.4 Concept of “v" and “R"—If S, and Sz have been
calculated from a large enough body of data. and for test results
that were averages from testing three specimens for each test
result, then:

1241 Repeatabilin, r—Two test results obtamned within
one laboratory shall be judged not equivalent if they differ by
more than the " value for the material. *»" 1s the mterval
representing the critical difference between two test results for
the same material, obtamned by the same operator using the
same equipment on the same day in the same laboratory.

12.4.2 Reproducibilin, R—Two test results obtamned from
different laboratories shall be judged not equivalent if they
differ by more than the “R” value for the matenal "R 1s the
interval representing the critical difference between two test
results for the same matenal. obtained by different operators
using different equipment in different laboratornes.

12.4.3 Judgments in accordance with 12.4.1 and 12.4 2 have
an approximate 95 % (0.95) probability of bemg correct.

12.5 Bias—There are no recogmzed standards on which to
base an estimate of bias for thus test method.

13. Keywords

13.1 burmng charactenstics; combustion; extent of burning;
flammability; HB: horizontal burming rate; plastics; rate of
buming: small-scale burming test burning: tume of burming
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APPENDIX

(Nonmandatory Information)

X1. CLASSIFICATION SYSTEM FOR DETERMINING THE RELATIVE LINEAR RATE OF BURNING AND/OR EXTENT
AND TIME OF BURNING OF PLASTICS

X1.1 General

X1.1.1 Thus appendix covers a classification system that
shall be used to characterize the burning behavior of plastic
materials, supported 1n a honizontal position, in response to a
small-flame 1gnition source. The use of a category designation
code 1s optional and 1s determined by examining the test results
of materials tested by this method. Each category code repre-
sents a preferred range of performance levels that simplifies
description in material designations or specifications and may
assist certification bodies to determine compliance with appli-
cable requirements.

X12 Category Designation—The behavior of specimens
shall be classified HB (HB = horizontal burning) if,

X121 There 1s no wisible signs of combustion after the
1gnition source 1s removed, or

X1.2.2 The flame front does not pass the 25 mm reference
mark. or

X123 The flame front passes the 25 mm reference mark
but does not reach the 100 mm reference mark. or

X1.2.4 The flame front reaches the 100 mm reference mark
and the linear burning rate does not exceed 40 mm/min for
specimens having a thickness between 3 and 13 mm or 73
mm/min for specimens having a thickness less than 3 mm.

X1.3 If only one specimen from the first set of specimens
does not comply with the criteria indicated, another set of
specimens 1s to be tested. All specimens from this second set
shall comply with the criteria indicated in order for the
material. of that thickness, to be classified as HB.

X1.4 Recording the category designation in the test report
1s optional.

SUMMARY OF CHANGES

Committee D-20 has identified the location of selected changes to this test method since the last 1ssue that may

impact the use of this test method.

D@g35-097:

(1) Revisions were made to clarify the Scope.

(2) An IEC/ISO equivalency statement was added.

(3) Handling of specimens that are flexible was incorporated.
(4) Pernussive language was removed.

(3) Specifications D 5207 for test-flame calibration was added.

(6) Calculations were updated.
(7) Precision and Bias information was clarified.
(8) The appendix was added.

D635-98:

(1) Revised 12 3 concerming precision and bias for specimens
that do not bum to the 100-mm reference mark.

ASTM International fakes no position respecting the validify of any patent rights asserfed in connecfion with any ifem mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such palent rights, and the risk

of infringement of such rghts, are entirely their own responsibilify.

This standard is subject fo revision af any fime by the responsible technical commiffes and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and shouid be addressed fto ASTM Intemational Headguarters. Your comments will receive careful consideration af a meeting of the
responsible technical committee, which you may affend. If you feel that your commenis have nof received a fair hearing you shaould
make your views known fo the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM Intemational, 100 Bamr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-23959,
United Sfates. individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-55585 (phons), 610-832-8555 (fax), or service@astm.org (e-mail); or through the ASTM website

(www astm.org).
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Steady-State Heat Flux Measurements and Thermal
Transmission Properties by Means of the Guarded-Hot-Plate

Apparatus’

This standard i tssued under the fiand designation € 177; the number i

FIAPSI
iy

g the desig indicates the year of

orignal adoption of, in the case of rension, the year of last revisian. A pumber io parenthesst indicates the year of last reapproval. A
superscript epsibon (¢) indicates an editonal change since the last revision or neapproval,

1. Scope

1.1 This test method establishes the cnteria for the labo-
ratory measurement of the steady-state heat flux through flat,
homogeneous specimen(s) when their surfaces are in contact
with solid, parallel boundaries held at constant temperatures
using the guarded-hot-plate apparatus.

1.2 The test apparatus designed for this purpose is known
as a guarded-hot-plate apparatus and is @ primary (or
absolute) method, This test method is comparable, but not
identical, to 1SO 8302,

1.3 This test method sets forth the general design require-
ments necessary 10 construct and operate a satisfactory
guarded-hot-plate apparatus. It covers a wide varety of
apparatus constructions, test conditions, and operating con-
ditions. Detailed designs conforming to this test method are
not given but must be developed within the constraints of the
general requirements. Examples of analysis tools, concepts
and procedurcs used in the design, construction, calibration
and operation of a guarded-hot-plate apparatus are given in
Refs (1-41).°

1.4 This test method encompasses both the single-sided
and the double-sided modes of measurement. Both distrib-
uted and line source guarded heating plate designs are
permitted. The user should consult the standard practices on
the singic-sided mode of operation, Practice C 1044, and on
the line source apparatus, Practice C 1043, for further details
on these heater designs.

1.5 The guarded-hot-plate apparatus can be operated with
either vertical or horizontal heat flow. The user is cautioned
however, since the (¢t results from the lwo orientations may
be different if convective heat flow occurs within the
specimens.

1.6 Although no definitive upper limit can be given for
the magnitude of specimen conductance that is measurable
on a guarded-hot-plate, for practical reasons the specimen
conductance should be less than 16 W/(m?K).

1.7 This test method is applicable to the measurement of
4 wide variety of specimens, ranging from opaque solids to
porous or transparent materials, and a wide range of
environmental conditions including measurements con-

U This test method s under the jurisdiction of ASTM Conviginiee C-15 on
Thermal Insulation and s the direct respensibility of Subcommitiee C16.30 on
Thermal Measurement

Currenl edition approved Feb. 10, 1997, Published Juge 1997, Ong &
published as C 177 - 42 Las previcus edition € 177 - 85 (1993),

? The boldface numbers pvea in parentheses refer to the list of refereaces 91 the
vad of this standard

20

ducted at extremes of temperature and with various gases
and pressures,

1.8 Inhomogencities normal to the heat flux direction,
such as layered structures, can be successfully evaluated
using this test method. However, testing specimens with
inhomogeneities in the heat flux direction, such as an
insulation system with thermal bridges, can vield results that
are location specific and shall not be attempted with this type
of apparatus. See Test Methods C 76 or C 236 for guidance
in testing these systems.

1.9 Calculations of thermal transmission propertics based
upon measurements using this method shall be performed in
conformance with Practice C 1045.

1.10 In order to ensure the level of precision and accuracy
expected, persons applying this standard must possess a
knowledge of the requirements of thermal measurements
and testing practice and of the practical application of heat
transfer theory relating to thermal insulation materials and
systems. Detailed operating procedures, including design
schematics and electrical drawings, should be available for
cuch apparatus to ensure that tests are in accordance with
this test method. [n addition, automated data coilecting and
handling systems connected 10 the apparatus must be
verified as 1o their accuracy. This can be done by calibration
and inputting data sets, which have known results associated
with them, into computer programs.

111 Tt is not practical for a test method of this type 10
establish details of design and construction and (he proce-
dures 1o cover all contingencies that might offer difliculties
1o a person without technical knowledge concerning theor
of heat flow, temperaturc measurements and general testing
practices. The user may also find it necessary, when repaining
or modifying the apparatus, to become a designer or builder,
or both, on whom the demands for fundamental under-
standing and careful experimental technique are cven
greater, Standardization of this test method is not intended
to restrict in any way the future development of new or
improved apparatus or procedures.

1.12 This test method does not specify all details neces-
sary for the operation of the apparatus. Decisions on
sampling, specimen selection, preconditioning, specimen
mounting and positioning, the choice of test conditions, and
the evaluation of 1est data shall follow applicable ASTM Test
Methods, Guides, Practices or Product Speaifications or
governmental regulations. If no applicable standard exists,
sound engineering judgment that reflects accepled heat
transfer principles must be used and documented.

1.13 This test method allows a wide range of apparatus
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design and design accuracy to be used in order 10 satisfy the
requirements of specific measurement problems, Compli-
ance with this test method requires a statement of the
uncertainty of each reported variable in the repori. A
discussion of the significant error factors involved is in-
cluded.

1.14 The values stated in S units are to be regarded as the
standard, The values given in parentheses are for informa-
tion only, Either SI or Imperial units may be used in the
report, unless otherwise specified.

1.15 This standard does not purport 10 address all of the
safety concerns, i any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use. Specific precau-
tionary statements are given in Note 22,

1.16 Major sections within this test method are arranged
as follows:

Scation Sechion
Scope I
Refereaced Documents 7
Terminology 1
Summary of Test Method 4
Significance and Use A
Appaniius 3
Specimen Preparation and Condrlioning 1
Proosdure 3
Calculation of Results 9
Report 10
Precision and Bias 1
Keywords 12

Figures
Generdl Arangement of the Mechancal Companents of the Guarded-  Fig |

Hot-Plate Appantus

Nlustration of Heat Flow in the Guanded-Hot-Plate Apparitus Fe 2
Example Report Form Fig 3

Annenes
Imponance of Toxknes ALl
Measuring Thickness ALl
1 Due 10 App ALY
Limitations Due 10 Temperature Ald
Limitations Due to Specimen ALS
Random and Sysiematic Emor Componeats Al
Error Companents for Vardable ALY
Thermal Conductance or Thermal Resistance Error Analyas Al K
Thermal Conductiviry or Thermal Resistvity Error Analyss ALY
Uncenainty Verification AL

2. Referenced Documents

2.1 ASTM Standards:

C 167 Test Methods for Thickness and Density of Blanket
or Batt Thermal Insulations’

C (68 Terminology Relating to
Materials?

C 236 Test Method for Steady-State Thermal Performance
of Bluilding Assemblies by Means of a Guarded Hot
Hox

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 Thermal Resistance
of Loose-Fill Building Insulation®

C 976 Test Method for Thermal Performance of Building
Assemblics by Means of @ Calibrated ot Bov?

Ihermal Insulaung,

Votanuad Book of ASTM Standards, Yol (.06
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C 1043 Practice for Guarded-lot-Plate Desipn Using
Circular Line-Heat Sources’

C 1044 Practice for Using the Guarded-Hot-Plate Appa-
ratus in the One-Sided Mode to Measure Steady-State
Heat Flux and Thermal Transmission Propertics®

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

C 1058 Practice for Selecting Temperatures for Evaluating
:{nd !Reponins Thermal Properties of Thermal Insula-
tion

E 230 Specification for Temperature-Electromotive Force
(EMF) Tables for Standardized Thermocouples?

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

2.2 IS0 Standard.

1SQ 8302 Thermal Insulation—Determination of Steady-
State Areal Thermal Resistance and Related Proper-
ties—Guarded-Hot-Plate Apparatus®

2.} ASTM Adjuncts:

Table of Theorctical Maximum Thickness of Specimens
and Associated Errors”

Descriptions of Three Guarded-Hot-Plate Designs’

Line-Heat-Source Guarded Hot-Plate Apparatus®

3. Terminology

3.1 Definitions:

311 For definitions of terms and symbols used in this
test method, refer 1o Terminology C 168 and the following
subsections.

3.2 Definitions of Terms Specific 1o This Standard:

320 awxiliary cold surface assembly, n—the plate that
provides an isothermal boundary at the outside surface of the
auxiliary insulation.

3.2.2 auxiliary insulation, n—insulation placed on the
back side of the hot-surface assembly, in place of a second
test specimen, when the single sided mode of operation is
used. (Synonym—backflow specimen.)

3.2.3 ¢old surface assembly, n—the plates that provide an
isothermal boundary at the cold surfaces of the test spec-
imen,

3.2.4 conirolled environmieni, n—the environment in
which an apparatus operates.

3.2.5 guard n—promotes one-dimensional heat flow. Pri-
mary guards are planar, additional coplanar guards can be
used and secondary or edge guards are axial.

3.2.6 guarded-hot-plate apparatus, n—an assembly, con-
sisting of a hot surface assembly and two isotherinal cold
surface assemblies.

3.2.7 guarded-hot-plate, n—the inner (rectangular or cir-
cular) plate of the hot surface assembly, that provides the
heat input 1o the metered section of the specimen(s).

328 hot surface/assembly, n—the complete center as-
sembly providing heat to the specimen(s) and guarding for
the meter section,

4 Apmual Book of ASTM Standerds, Vol 1403,

* Azl Book of ASTM Standards, Vol 14.02

& Available from American National Standands lastiate, 11 W, 420d 8L, | Jth
Floor, New York, NY (0036

7 Available from ASTM Headquarters, Request PCN No. 12-301 770400,

¥ Available from ASTM Headquarters, Request PON No. 12-310430:61,
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329 metered section, n-—the portion of the test specimen
{or auniliary insulation) through which the heat inpui to the
puarded-hot-plate flows under ideal guarding conditions.

3.2.10 mode, double-sided, n—operation of the guarded-
hot-plate apparatus for testing two specimens, each spectmen
placed on ¢ither side of the hot surface assembly,

3211 mode, single-sided, n—operation of .he guarded-
not-plate apparatus for testing one specimen, placed on one
side of the hot-surface assembly,

3.2.12 thermal transmission properties, n— those proper-
ties of a material or system that define the abihity of a mate-
rial or system to transfer heat such as thermal resistance,
thermal conductance, thermal conductvity and thermal
resistivity, as defined by Terminology C 168.

3.3 Symbols—The symbols used in this test method have
the following significance:

331 p,,--specimen metered section density, kp/m?,

3.3.2 pe-specimen density, kg/m”,

3.3.3 A—thermal conductivity, W/(m K).

3.3.4 o—Stefan-Boltzmann constant, W/m? K2,

335 A4—metered scction area normal to heat flow, m2,

336 Ag~area of the Bap between the metered section
and the pnmary guard, m*,

337 A,—area of the actual metered section, m”.

13,8 A —area of the total specimen, m*,

3.3.9 C--thermal conductance, W/(m* K).

3.3.10 C,—the specitic heat of the /th component of the
metered section, J/(kg K).

3311 dT/di—-potential or actual drift rate of the metered
section, K/s.

3312 A ~~thermal conductivity of the material in the
primary guard region, W/(m K).

3.3.13 L—=in-situ specimen thickness, m.

3.3.14 m—mass of the specimen i the metered scetion.
ke.

3.3.15 m —the mass of the ith component. kg

3.3.16 m,—mass of the speaimen, kg

3,307 Q—heat flow rate in the metered section, W,

3.3.18 g—heat flux (heat flow rate per unit arca), @,
through area, A, W/m?.

3319 0, —1ateral edge heal Mlow rate between primary
Guard and Controlled Environment, .

3.3.20 O -lateral heat flow rate across the gap, W.

3.3.21 Q,,,—sguard heat flow through Specimen, W,

33.22 Q,,—edge heat flow between Specimen and Con-
trolled Environment, W,

3.3.23 R—therma! resistance, m? K/\WV.

3324 AT—temperature difference across the specimen,

33.25 T —cold surface temperature, K.

33.26 T,—hot surface temperature, K.

3327 T, —mean temperature, K, (T, + T.)/2.

4, Summary of Test Method

4.1 Figure | dllustrates the main components of the
idealized system: two 1sothermal cold surface assemblics and
a guarded-hot-plate. The guarded-howplate is composed of a
metered section thermally isolated from a concentric pn-
mary guard by a definite separation or pap. Some apparatus
may have more than one guard. The test specimen is
sandwiched between these three units as shown in Fig, 1. In

Controlled Environmentat Chamber

INSULATION )
) . LA s
COLD SURFACE ASSEMELY
< SPECIMEN  ~
Ao T oA g t _j'-‘:. /. |
VAN LT i AT T
e~ N ) . A
/A SPECMEN -+ — | & /'
/ "“COLD SURFACE ASSEMBLY ./ f
/

S/ /

VA / /_"/' / /

FIG. 1 General Arrangement of the Mechanical Components of
the Guarded-Hot-Plate Apparatus

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 twe pieces be closely
identical. For guidance in the use of the one-sided mode of
measurement, (he user is directed 10 Practice C 1044, For
guidance in the use of a guarded-hot-plate incorporating the
use of a line source heater, refer to Practice C 1043.

4.1.1 The guarded-hot-plate provides the power (heat flow
per unit ume) for the measurenent and defines the actual
test volume, that is, that portion of the specimen that is
actually being measured. The function of the primary guard,
and additional coplanar guard where applicable, of the
guarded-hot-plate apparatus is to provide the proper thermal
conditions within the test volume to reduce lateral heat flow
within the apparatus. The proper (idealized) conditions are
ilustrated in Fig. | by the configuration of the isothermal
surfaces und lings of constant heat flux within the specimen.

4.1.2 Deviations from the idealized configuration ar¢
caused by: specimen inhomogeneities, temperature differ-
ences between the metered section and the guard (gap
imbalance), and 1emperature differences between the outer
edge of the assembly and the surrounding controlied envi-
ronment {edge imbalance). These experimental realities lead
1o heat flow measurements that are too small or too large
because the power supplied 1o the metered section is not
exactly equal to that which flows through the specimen in the
metered section. The resulting qualitative heat flows are
depicted in Fig. 2.

4.2 The three heating/cooling assemblies are designed 1o
create isothermal surfaces on the faces of the specimens
within the metered section, The two surfaces designated as
the cold surface assembhies are adjusted Lo the same temper-
ature for the double-sided mode of operation. In practice,
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because the plates and specimens are of finite dimensions,
and because the external controlled environment is often at a
temperature different from the edge of the metered section,
some lateral heat flow cccurs. The primary guard for the
guarded hot plate limits the magnitude cf the lateral heat
flow in the metered section. The effectiveness of the primary
guard is determined, in part, by the ratio of its laterai
dimension to that of the metered section and to the specimen
thickness (6,7,8,20,31).

4.3 Compliance with this test method requires: the estab-
lishment of steady-state conditions, and the measurement of
the unidirectional heat flow Q in the meicred scction, the
melered section area A, the temperature gradient across the
specimen, in terms of the temperature 75, of the hot surface
and the temperature 7, of the cold surface, (or equivalently,
the temperature T between the two surfaces), the thickness'
L, and L, of cach specimen, and guard balance hetween the
metered section and primary guard

S. Significance and Use

5.1 This test method covers the measurement of heat flux
and associated test conditions for flat specimens, The
guarded-hot-plate apparatus is generally used to measure
steadv-state heat flux through materials having 2 “low"
thermal conductivity and commonly denoted as “thermal
insulators.” Acceplable measurement accuracv requires a
specimen geometry wath a large ratio of arca to thickness.

5.2 Two specimens are selected with their thickness, areas,
and densilies as identical as possible, and one specimen is
placed on each side of the guarded-hot-plate. The faces of the
specimens opposite the guarded-hot-plate and primary guard
are placed in contact with the surfaces of the cold surface
assemblies,

5.} Steady-state heat transmission through thermal insu-
lators is not casily measured, even ut room temperature. This
is because heat may be transmitted through a specimen by
any or all of three separate modes of heat transfer (radiation,
conduction, and convection); any inhomogeneity or
anisotropy in the specimen may require special experimental
precautions (o meusure that low of heat; hours or even days
may be required to achieve the thermal steady-state: no

guarding system can be constructed to force the metered heat
to pass only through the fest area of insulation specimen
being measured; moisture content within the material may
cause transient behaviour; and physical or chemical change
in the material with time or environmental condition may
permanently alter the specimen.

5.4 Application of this test method on differcnt test
insulations requires that the designer make choices in the
design selection of materials of construction and measure-
ment and control systems. Thus there may be different
designs for the guarded-hot-plate apparatus when used at
ambien! versus cryogenic or high temperatures. Test thick-
ness, temperature range, temperature difference range, am-
bient conditions and other system parameters must also be
selected during the design phase. Annex Al is referenced to
the user, which addresses such issues as limitations of the
apparatus, thickness measurement considerations and mea-
surement uncertainties, all of which must be considered in
the design and operation of the apparatus,

5.5 Apparatus constructed and operated in accordance
with this test method should be capable of accurate measure-
ments for its design range of application. Since this test
method is applicable 1o a wide range of specimen character-
ishics, test conditions, and apparatus design, it is impractical
to give an all-inclusive statement of precision and bias for the
test method. Analysis of the specific apparatus used is
required to specify a precision and bias for the reported
results. For this reason, conformance with the test method
requires that the user must estimate and report the uncer-
tainty of the results under the reported test conditions.

5.6 Qualification of a new apparatus. When a new or
modified design is developed, tests shall be conducted on at
least two materials of known thermal stabilitv and having
verificd or calibrated properties traceable to a national
standards laboratorv. Tests shall be conducted for at least
two sets of emperature conditions that cover the operating
range for the apparatus. If the differences between the test
results and the national standards laboratory characteriza-
tion are determined to be significant, then the source of the
error shall, if passible, be identified. Only after successful
comparison with the certified samples, can the apparatus
claim conformance with this test method. It is recommended
that checks be continued on 2 periodic basis to confirm
continued conformance of the apparatus.

5.7 The thermal transmission properties of a specimen of
material: may vary duc to the composition of the material;
may be affected by moisture or other environmental condi-
tions; may change with time of lemperature exposure; may
change with thickness, may change with temperature differ-
ence across the specimen; or may change with mean {emper-
ature. [t must be recognized, therefore, that the selection of a
representative value of thermal transmission properties for a
material must be based upon a consideration of these factors
and an adequate amount of test information.

§.8 Since both heat flux and its uncertainty may be
dependent upon environmental and apparatus test condi-
tions, as well as intninsic characteristics of the specimen, the
report for this test method shall include a thorough descrip-
tion of the specimen and of the test conditions.

5.9 The results of comparative test methods such as Test
Method €518 depend on the quality of the heat flux
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reference standards. The apparatus in this (est method 1s one
of the absolute methods used for generation of the reference
standards. The accuracy of any comparative method can be
no better than that of the referenced procedure. While the
precision of a comparative method such as Test Method
C 518 may be comparable with that of this test method, Test
Method C SIR cannot be more accurate. In cases of dispute,
this test method is the recommended procedure,

6. Apparatus

6.1 A general arrangement of the mechanicei components
of such a guarded-hot-plate apparatus is tllustrated in Fig. 1.
This consists of a hot surface assembly comprised of a
metered section and a pnmary guard, two cold surface
assemblies, and secondary guarding in the form of edge
insulation, a temperature-controiled secondary guard(s), and
often an environmental chamber. Some of th2 components
illustrated in Fig. | are omitted in systems designed for
ambient conditions, although a controlled laboratory envi-
ronment is still required; edge insulation and the secondary
guard are typically used only at temperatures that are morc
than £10°C (20°F) from ambienl. At ambient conditions. the
environmental chamber is recommended to help eliminate
the effects of air movement within the laboratory and to help
ensure that a dry environment is maintained.

6.1.1 The purpose of the hot surface assembly is to
produce a steady-state, one-dimensional heat flux through
the specimens. The purpose of the edge insulation, secondary
guard, and environmental chamber is to restrict heat losses
from the outer edge of the primary guard. Tre cold surface
assemblies are isothermal beat sioks for remaoving the energy
generated by the heating units; the cold surface assemblies
are adjusted so they are at the same temperature,

6.2 Design Criteria—Establish specifications for the fol-
lowing specifications prior to the design. Various parameters
influence the design of the apparatus and shall be considered
throughout the design process, maximum specimen thick-
ness; range of specimen thermal conductances; range of hot
surface and cold surface temperatures; characteristics of the
specimens (that is, agidity, density, hardness): orientation of
the apparatus (vertical or honizontal heat flow); and required
accuracy.

6.3 Mot Surface Assembly—The hot surface assembly
consists of a central metered section and a prmary guard.
The metered section consists of a metered section heater
sandwiched between metered section surface plates. The
primary guard is comprised of one or more guard heaters
sandwiched between primary guard surface plates. The
metered section and primary guard shall be thermally
isolated from each other by means of a physical space or gap
located between the sections. The hot surface assembly using
a line-heat-source is covered in Practice C 1043,

NoTe |—The primary guard, in some cases, is further divided into

1w concentric sections (double guand) with a gap separator to improve
the guard elfectiveness.

6.3.1 Reguirements— The hot surface assembly shall be
designed and constructed to satisfy the following minimum
requircments during operation.

6.3.1.1 The maximum departure from a plane for any
surface plate shall not exceed 0,025 % of the hincar dimen-
sion of the metered section during operation
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NOTE 2—Planeness of the surface can be checked with a metal
straightedge held against the surface and viewed at grazing incidence
with a light source behind (he straightedge. Departures as small as 2.9
wm are readily visible, and large departures can be measured using
shim-stock, thickress gages or thia paper.

6.3.1.2 The average temperature difference between the
metered section surface plate and the primary guard surface
plate shall not exceed 0.2 K. In addition, the temperature
difference across any surface plate in the lateral direction
shall be less than 2 % of the temperature difference imposed
across the specimen,

Note 3—When qualifying the apparatus, additional temperature
sengors shall be applied to the surface plates of the metered section and
primary guards that verify that the requirements of 6.3.1.2 are satisfied.

6.3.1.3 The surfaces of the metered and primary guard
surface plates that are in contact with the test specimen shall
be treated 10 maintain a total hemispherical emittance
greater than 0.8 over the entire range of operating condi-
nons.

Note 4—At high temperatures the importance of high emittance of
the surfaces adjacent o the specimens cannot be stressed 100 strongly
since radiative heat transfer predominates in many matenials as the
temperatune incréases.

6.3.1.4 The metered section and primary puard surface
plates shall remain planar during the operation of the
apparatus. See 6.3.1.1.

6.3.2 Marterials—The materials used in the construction
of the hot surface assembly shall be carefully chosen after
considering the following material propesty criteria.

6.3.2.1 Temperature Stability—Materials are selected for
the heaters and surface plates that are dimensionally and
chemically stable and suitably strong to withstand warpage
and distortion when a clamping force is applied. For modest
temperatures, electric resistance heaters embedded in sili-
cone have been successfully employed; at higher tempera-
tures, heating elements sandwiched between mica sheets or
inserted into a ceramic core have been used. Surface plates
for hot surface assemblies used at modest temperatures have
been fabricated from copper and aluminum. High purity
nickel alloys have been used for higher temperature applica-
tions.

6.3.2.2 Thermal Conductivity—To reduce the lateral tem-
perature differences across the metered and primary guard
surface plates, fabricate these plates from materals that
possess a high thermal conductivity for the temperature and
environmental conditions of operation. Copper and alu-
minum are excellent choices for modest temperature appli-
cations; at higher temperatures consider using nickel, high
purity alumina or alumigum nitride. These are examples o
materials used and the operator must fully understand the
thermal conductivity versus temperature dependency of the
materials selected.

6.3.2.3 Emiitance—To oblain a uniform and durable
high surface emittance in the desired range, select a surface
plate matenal or suitable surface treatment, or both. For
modest temperature applications, high emittance paints may
be employed. Aluminum can be anodized to provide the
necessary high emittance. For high temperature applicatons,
most ceramics will inherently satisfv this requirement while
nickel surface piates can be treated with an oxide coating.

6.3.24 Temperaiure Untfornnip—Seleet a heating ¢le-




140

ik c177

ment design that will supply the necessary heat flux density
tor the range of specimen thermal conductances to be
investigated. The design of the heating clement shall also
consider the heat flux distribution of the surface of the
heating clement. Most apperatus incorporate the use of a
distributed electric resistance heating element dispersed uni-
formly across the metered section and the primary guard,
The surface plates and heating elements shall be clamiped or
bolted together in a uniform manner such that the tempera-
ture difference requirements specified in 6.3.1.2 are satisfied,
Bolting the composite constructions together has been found
satisfactory,

6.3.2.5 The insertion of insuiating sheets between the
heating elements and surface plates (that is, to mount a gap
temperature imbalance detector) is allowed. To sausfy the
requirements of 0.3.1.2, simular sheets shall be mounted
between the heating element and the opposing surface plate.

6.3.2.6 Hort Sturface Assembly Size—Design criteria estab-
lished in 6.2 will determine the size of (the apparatus. The size
of the metered section shall be large enough so that the
amount of specimen material in contact with the metered
section (and therefore being measured) can be considercd
representative of the material being tested.

6.32.7 Afer determining the maximum specimen thick-
ness that will be tested by this design, refer to Adjunct, Table
of Theoretical Maximum Thickness of Specimens and Asso-
ciated Errors, regarding associated errors attributable to
combinations of metered section size, primary guard width,
and specimen thickncss.

Note S— Tlypically the width of the pnmary guard equal to
approximately one-half of the linear dimension of the metered section
has been found 1o reduce edge heat loss to aceeptable levels,

6.3.2.8 Heat Capacitance—The heat capacity of the hot
surface assembly will impact the time required 1o achieve
thermal equilibrium. Selecting matcrials with a low specific
beat will increase the responsivencss of the apparatus, The
thickness of the surface plates needs 10 be carefully consid-
ered; thick plates assist in reducing lateral temperature
distributions but reduce responsiveness. A balance between
these requirements is needed.

6.4 The Gap—The metered section and the primary
guard shall be physically scparated by a gop. The gap
provides a lateral thermal resistance between these sections
of the hot surface assembly. The area of the gap in the plane
of the surface plates shall not be more than 5% of the
metered section area.

6.4.1 The heater windings from the metered section and
primary guard heating clements shall be designed to create &
uniform temperature along the gap permeter.

6.4.2 The metered section area shall be determined by
measurements 10 the center of the gap that surrounds this
area, unless detailed calculations or tests are used to define
this arca more precisely.

6.4.3 Any connections between the metered section and
the primary guard shall be designed 1o minimize heat flow
across the pap. If a mechanical means is used 1o satisfy the
requirements of 6.3, 1.4, these connections shall be fabricated
with materials having a high thermal resistance. Instrumen-
tation or heater leads that cross the gap should be fabncated
with fine-gage wire and traverse the gap at an oblique angle.

6,44 The gap may be filled with a fibrous insulation

Packing the gap with this insulation has been found to
maintain the metered section and primary guard surface
plates planar. An additional benefit of this practice for high
temperature applications is that the denscly packed insula-
tion reduces the amount of heat conducted across the gap
spacing.

6.5 Cold Surface Assembly—The cold surface assembly
consists of a single temperature controlled section and is
comprised of a cold surface heater sandwiched between cold
surface plates and a heat sink. It is recommended that the
size of the cold surface assembly be identical (o the hot
surface assembly, including the primary guard. Cold surface
assemblies may be constructed with a gap where operation of
the apparatus is susceptible 1o edge loss effects. This design is
the ideal design, however, this assembly has traditionally
been constructed without a gap with great success.

Note T—The temperature of the cold surface assembly may be
maintained through the use of a temperature-controlled bath; in this
instance, there is no need 10 dostall a cold surface heater, Care must be
taken in this instanee; the flow rate of the bath must be sufficient to
salisfy the temperature uniformily requirements specified in 6.3.1.2 and
6.5.1,

6.5.1 Reguirements—The cold surface assemblies shall be
designed and constructed to satisfy all of the requirements of
6.3.1 except that, since onlv one surface plate of cach cold
surface assembly is in contact with the test specimens, the
requirement that specifies the temperature difference be-
tween the surface plates shall not apply.

6.5.2 Materials—The criteria to select materials that will
be used in the construction of the cold surface assemblies are
identical 10 the hot surface assembly and are listed in 6.3.2.

6.5.3 High Temperature Operation—When the cold sur-
face assemblies will be operated at high temperatures, several
thin sheets of insulation may be inserted between the heat
sink and cold surlace heater, The addition of these insulation
sheets will reduce the energy requirements 1o the cold surface
heater and extend service life,

6.6 Additional Edge Loss Protection—Deviation from
one-dimensional heat flow in the test specimen is due 10
non-adiabatic conditions at the edges of the hot surface
assembly and the specimens. This deviation is greatly in-
creased when the apparatus is used at temperatures other
than ambient. When the guarded-hot-plate apparatus is
operated at temperatures that deviate from ambient by more
than 10°C (20°F), the apparatus shall be outfitted with
additional components to reduce edge losses. These compo-
nents are deseribed in the following sections and shall be
used if edge losses cannot be minimized.

NOTE 8—-Another means of assessing whether edge insulation is
required is to attach a temperature sensor (0 the mid-height of the
exterier edge of the specimen, Sufficient edge insulation is present if the
edge temperature, T, satisfies the fellowing requirement.

(I,-T,)/aT <008 (mn

6.6.1 Secondary Guard--To reduce heat exchange be-
tween the edges of the guarded-hot-plate and the environ-
ment, the guarded-hot-plate shall be outfitted with a co-axial
temperature-controlled container referred to as the sec-
ondary guard. The secondary guard will be employed 10
adjust the ambient temperature to approximate the mean
temperature of the test specimen.
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6.6.1.1 Srze—The secondary guard should have an inner
dimension that s at least twice the dimension of the hat
surface heater and the height should be equal to the thickness
of the hot surface heater plus twice the thickaess of the
thickest specimen that will be tested.

6.6.1.2 Materials—The materials used in the construction
of the secondary guard are not as critical as those selected for
the hot and cold surface assembhies, However, the materials
used in the design of the secondary guard shall be selected so
that they are thermally stable over the intended temperature
range, the heating element shall be capable of producing the
necessary heat flux density to adjust the ambient tempera-
ture, and a means of cooling the secondary guard is required
if the apparatus is intended for use at temperatures below the
laboratory ambient. The use of high thermal conductivity
metals is recommended for the construction since the
secondary guard should be isothermal.

Note 9—Successiul secondary guard designs consist of a sheuthed
heater wire or cabie wrapped around an adequately-sized muial tube and
pressed against the metal tube with another sheet of metal, For
low-temperature operation, a ccoling coil has been wrapped arcund the
exterior surface of the secondary guard.

6.6.1.3 Lecation—The secondary guard shall be posi-
tioned around the hot surface assembly such that @ uniform
spacing is created between the components. The height of the
secondary guard shall be adjusted such that the mid-height of
the secondary guard is aligned with the center of the hot
surface assembly thickness.

6.6.2 Edge Insulation—~The interspace between the hot
and cold surface assemblics, specimens and the secondary
guard shall be filled with an insulating material. Due 1o the
complex shapes of this interspace, a powder or fibrous
insulation is recommended.

6.6.2.1 The selection of an edge insulation material will
depend on the test conditions. Vermiculite is casy 10 use but
should not be employed at temperatures ahove S40°C
(1000°F) because it's thermal conductivity increases dramat-
ically with temperature.

NOTE 10-=Avoid the use of vermiculite when the guarded-hoi-plate
is uted 10 evaluate specimens in different gaseous environments;
vermiculite s extremely hygroscopic and the system is ditficnlt 10
cvacuale when it is used,

NOTE 11—Car¢ shall be taken 10 cosure that there are no voids,
pockets, or other extraneous sources of radiative heat transfer ooccurmng
at or near the guarded-hot-plate.

6.6.3 Enclosure-=The guarded-hot-plate shall be placed
inside an enclosure when the apparatus is used 1 to
maintain a gascous environment that is different than the
laboratory ambient.

6.6.3.1 For low-temperature operation, a dry gas ¢nviron-
ment shall be used 10 prevent condensation from occurring
on the cold surface assemblies and specimens,

6.6.32 For high temperature operation. it may be desir-
able to protect the apparatus from severe degradation by
using a non-oxidizing gas.

6.6.3.3 The enclosure can also be used for substituting
diflerent gaseous environments and control of the ambicnt
pressure.

6.7 Clamping Force—A means shall be provided for
imposing a reproducible constant clamping force on the
puarded-hot-plate to promote good thermal contact between

the hot and cold surface assemblies and the specimens and to
maintain accurate spacing between the hot and cold surface
assemblies. It is unlikely that a force greater than 2.5 kPa (50
Ib/M?) will be required for the majority of insulating mate-
rials. In the case of compressible materials, a constant
pressure arrangement is not needed and spacers between the
plates may be necessary to maintain constant thickness.

6.7.1 A steady force, that will thrust the cold surface
assemblies toward each other can be imposed by using
constant-force springs or an equivalent method.

6.7.2 For compressible specimens, spacers are required il
the test thickness can not be measured by other means, The
spacers shall be small in cross-section and located near the
exterior perimeter of the primary guard. Avoid placing
spacers on surfaces where underlying sensors are being used
to measure plate conditions.

Note 12— Because of the changes of specimen thickness possible as a
result of wmiperature exposure, or compression by the plates, it is
recommended that, when possible, specimen thickness be measured in
the apparatus at the existing lest temperature and compression ¢ondi-
tions. Gaging points, or measuning studs along the outer perimeter of the
cold surface assemblies, will serve for these measurements, The effective
combined specimen thickness is determined by the average difference in
the distance between the gaging points when the specimen is in place in
the apparatus and when it is not in place.

6.8 Temperature Measurements:

6.8.1 Imbalance Deteclors—A suitable means shall be
provided to detect the average temperature imbalance be-
tween surface plates of the metering section and the primary
guard,

6.8.).1 Semvors—The gap region shall be instrumented
with temperature sensors to monitor and control the average
temperature imbalance across the gap. Fine-gage thermocou-
ples connected as thermapiles are often used for this purpose
although other temperature control sensors, such 25
thermistors, have been used. Hizhly alloyed thermocouples,
rather than pure metals, should be used to maximize the
thermal resistance across the gap. Because of nonuniform
heat flux within the surface plates, temperature imbalance is
not always constant along the gap perimeter. 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 thermocouples can be used to
increase the gap imbalance sensitivity. It is not uncommon
to use ten or more sensing elements.

6.8.1.2 Sensitiviry—The detection system shall be sufli-
ciently sensitive 1o ensure that variation in measured proper-
ties due 10 gap temperature imbalance shall be restricted to
not more than 0.5 % of the metered section power, as
determined experimentally or analvticaily.

NOTE 13-=The sensitivity of many tempérture sensors is reduced
drastically at emperatures below the laboratory ambient. Pariicular care
must be used in designing thermopile measurement systems 10 operale
under these condilions,

6.8.1.3 Location—~When using only @ minimum number
ol sensing elements along the gap, the most representative
positions 1o detect the average balance for a square plate are
those at a distance {rom the comers equal 1o one-fourth of
the side of the metering area. The corners and the axes
should be avoided. For a round plate, the seasoers should be
spaced equally around the gap.
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6.8.1.4 Electrically isolated gap imbalance sensors should
be placed on both surface plates of the guarded heating unit
1o average the imbalance on both faces of the heating unit.

0.8.1.5 Thermal junctions or other sensitive elements
should each be located in similar areas of the hot surface
assembly, It is suggested that all junctions should be located
at points directly adjacent to the centers of the areas between
heater windings. Any leads crossing the gap should be
thermally anchored 1o the primary guard to provide a heat
sink from external thermal variations, In some instances it
may be desirable to provide a heat sink for these Jeads
outside the primary guard to minimize any radial heat flow,

6.8.2 lemperature Sensors—Methods possessing  ade-
quate accuracy, such as thermistors, thermocouples, diodes
and precision resistance thermometers may be used for the
measurement of temperatures in the apparatus, Thermocou-
ples are the most widely used detector due to their wide range
of applicability and accuracy. The goal is 10 measure the
temperature gradient within the specimen, and the method
chosen (sensors mounted on the specimen surlace, in
prooves, or between interior layers) should be that which
yiclds the highest accuracy in the measurement of the
temperature gradient. A discussion of these alternatives is
provided in 6.8.2.3 and 6.8.2.4.

6.8.2.1 Use of Thennocouples—Precautions should be
used 10 minimize spurious voltages in temperature control
and measuring circuits. Spurious voliages, due 1o wire
inhomogeneities, generally increase as the temperature gradi-
ents within the measuring leads increase. For the same
reason, junctions between dissimilar metal leads should not
be madg in the regions of appreciable temperature gradients.
Low thermal emf switches should be used in the temperature
measurement circuits. An insulated, isothermal box of heavy
sheet metal can be used when joining leads of dissimilar
metals in the thermocouple circuit, Itis recommended (hat
all connections of thermocouple wire 1o copper wire be
accomplished within the isothermal box in order that the
junctions are at the same temperature; then the copper, not
the thermocouple, leads are connecied to the needed
switching devices and/or voltmeters,

6.8.2.2 Aceuracy—Thermocouples whose  oulputs  are
used to calculate thermal transmission properties shall be
fabricated from either calibrated thermocouple wire or wire
that has been certified by the supplier, and shall have a
standard limit of error equal to or less than the specifications
of Tables E 230. The resulting error in t¢mperature differ-
ences due to distortion of the heat flow around the sensor, 10
sensor drift, and other sensor charactenstics shall be less than
1%

6.8 2.3 Methods of Atiachment—The surface tempera-
tures of the specimens are most ofien measured by means of
permanently mounted thermocouples placed in grooves cut
into the surface plates. Precautions shall be taken to ensure
that the thermocouple is thermally anchored 10 the surface
being measured. This method of instrumentation is em-
ployed when the contact resistance between the specimen
and the surface plates is a small fraction of the specimen
thermal resistance. The hot- and cold-surface assembly plate
sensors on each side are sometimes connected differentially.
Thermocouples mounted in this manner shall be made of
wire not larger than 0.6 mm in diameter for large apparatus
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and preferably not larger than 0.2 mm for small apparatus,

Note 14—This method of deploying thermocouples is traditionally
used [or compressible specimens and for ngid specimens possessing flat
surfaces that have a thermal resistance of greater than 0.2 m* K/W (L h
ft2 F/Btu) at ambient conditions.

Note 15—For rigid specimens not satisfving the requirements of
6.8.2.2, two technigues for attaching temperature sensors are recom-
mended, Small grooves may be cut into the surfaces of the specimens
and thermocouples can be aflixed into these grooves. As an alternative,
thermocouples may be installed onto the surfaces of the specimen and
thin sheets of a compressible homogeneous matenal interposed between
the specimen and surface plates. In this latter case, an applied force
should be used as indicated in 6.7 10 ensure suflicient surface contact.
For cather of these applications, thermocouples shall be made of wire not
larger thap 0.2 mm in diameter.

6.8.2.4 Electrical Isofation-—T1Temperature sensors can be
either completely insulated clectrically from the surface
plates or grounded to the surface plate at one location.
Consequently, thermocouples connected differentially can
only have a single junction ground. Computations or exper-
imental verifications, or both, shall be performed to confirm
that other circuits do not aflect the accuracy of the temper-
ature measurements.

6.8.2.5 Number of Sensors—The number of tempera-
ture sensors on each side of the specimen in the metering
arca shall not be less than 10 X VA, or 2, whichever is
greater.

Nore 16—t is recommended that one temperature sensor be placed
in the center of the metered section and that additional sensor be
uniformly distributed cadially

6.9 Thickness Measurements~—A means shall be provided
for measuring the thickness of the specimen, preferably in
the apparatus, to within 0.5 %

6.10 Metered Section Power Measurerneni—Dce power is
highly recommended for the metered section. Ac power may
be used but the user should note that ac power determina-
tions are more prone to e¢rror than de measurements, The
power to the metered section is determined with a wattmeter
or from voltage and current measurements across the heater
in the metered section. The voltage taps for this measure-
ment should be placed to measure the voltage from the
mid-point of the gap. The current can be determined from
the voltage drop across a precision resistor placed in series
with the metered section heater.

6.11 Electrical  Measurement  System—A  measuring
svstem having a sensitivity and accuraey of at least £0.1 K
shall be used for measurement of the output of all temipera-
ture and temperature difference detectors, The system shal
have sufficient sensitivity to measure the gap imbalance to a
level equal to | % of the imbalance detector output that
satislies the requirement of 6.8.1.2. Measurement of the
power to the metered section shall be made to within 0.2 %
over the entire operating rangpe.

6.12 Performance Chects—When a new apparatus is
commissioned or an apparatus has undergone significant
refurbishment, a series of careful checks shall be performed
before initiating routine testing.

6.12.1 Planeness-="The planeness of cach surface plate
shall be measurcd. See 6.3.1.1.

6.12.2 Temperature Mcasuremenis—With specimens in-
stalled in the apparatus. the coolant supply to the cold
surface assembly shut off, and no clectnical power being
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supplied to any of the heaters, mount the apparatus inside
the enclosure. Allow the svstem suflicient time to come 10
thermal equilibrium. With no energy being supplied to the
apparatus, note the output of ail of the temperature sensors.
The temperature sensors shall have an output that agrees to
within the uncertainty preseribed in 6.8.2.2. The output of
the imbalance detection circuit shall be within the noise level
of the electneal measurement system.

6.12.3 Imbalance Detection—Determine the maximum
imbalance that can be allowed that satisfies the requirements
in 6.8.2.2. With the apparatus energized and operating
normally, note the thermal resistance of a specimen and the
imbalance detector output at equilibrium. Repeat the test at
various levels of imbalance. Linearly fit the thermal resis-
tance data as a function of bias, The slope of this relationship
will define the maximum imbalance detector output that can
be allowed during routine operation.

Note 17—The number of bias levels thal need 10 be analyzed will
depend on the quality of the curve fit; the scatier within the data set, as
defined by twice the standard deviation, shall be less than the noise level
of the electrical measurement system as defined in 6.11.

6.12.4 Ldge Heat Losses—Edge heat losses give rise to the
preatest measurcment errors when the specimens approach
the maximum specified thickness and thermal resistance.
This series of experiments will determine which edge loss
strategies must be employed 10 maintain edge losses 10 levels
prescribed by this method.

6.12.4.1 Install specimens in the apparatus that approach
the apparatus limits described above and instruiment these
specimens with the edge termperature sensors described in
6.6, Do not install any components described in 6.6 to
reduce edige heat loss. While performing a test, verify that the
difference between the specimen mean temperatute and edge
tem perature satisfy the requirements of 6.6. Add additional
edge loss apparatus components {edge insulation, secondary
guard, enclosure) until the requirements of 6.6 are satisfied.
These experiments will define the required levels of edge loss
that shall be incorporated into the routine testing. [n extreme
cases, the secondary guard may have to be biased 10 satisfy
these requirements; include these biases as part of the routine
test procedure.

6.12.5 Emittance of Surface Plares—The emitiance of the
surfaces can be experimentally verified by testing an air gap,
where the thickness of the air gap is limited to prevent the
onset of convection, The heat flow rate per unit lemperature
difference is the sum of the thermal conductance of air and
40 T, (2/c-1). A best fit of the plot of the heat flow rate per
unit temperature difference and the inverse of the air space
thickness supplies both the thermal conductivity of the air
and 4, 7,,' (2/¢1). From this plot, the plate emittance can be
verilied (42).

6.12.6 Overali Design Verification—When all of the other
checks have been successfully completed, tests shall be
performed on specimens that are traceable 10 a national
standards organization. These tests shall cover the range of
temperatures for which the apparatus has been designed.
Ventfication of the apparatus may be limited by the temper-
ature range of available standards. Sce §.7.

7. Specimen Preparation and Cenditioning
7.4 Specumen Selection—Only those specimen selection
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factors important 1o the performance of the apparatus are
considered here. Factors related to the speaimens’ thermal
properties are Lypically described in matenal specifications.
When two specimens are required, the specimens should be
selected to be as similar in thickness and thermal character-
istics as possible. The use of Test Method C 518 can be used
to check the similarity of the specimens” thermal character-
151Cs.

711 Thickness—The maximum specimen thickness that
can be measured 1o a given accuracy depends on several
parameters, including the size of the apparatus, thermal
resistance of the specimen, and the accuracy desired. To
maintain edge heal losses below approximately 0.5 %, for a
guard width that is about one-half the linear dimension of
the metered section, the recommended maximum thickness
of the specimen is one-third the maximum linear dimension
of the metered section. For more specific quantitative
information on this limitation see Refs (1,5,7,8) and adjunct
material given in this test method.

7.1.2 Size—The specimen shall be sized to cover the
entire metered section and guard arca when possible. It is
desirable to cover the gap between the guarded-hot-plate and
the primary guard when sample size is limited. The guard
portion of the volume between the heating and cooling plates
should be filled with material having similar thermal conduc-
lance characlenistics as the specimen. When the specimen
has a high lateral conductance such as a dense solid, a gap
between the metered section and the primary guard shall be
provided within the specimen. Refer 10 7.2.3 for special
precautions.

1.1.3 Homaogeneiry—Specimens  exhibiting  appreciable
inhomogeneitics in the heat flux direction shall not be tested
with this method, There are two potential problems in
attempting to determine the heat flux through highly
inhomogeneous specimens. One is related 1o the interpreia-
twon and application of the resulting data, sce Practice
C 1045. The other is the degradation in the performance of
the apparatus. If the specimen is highly inhomogencous, that
15, the heat flux varics appreciably over the metered section,
several errors can be significantly increased. The plate
temgperature distribution can deviate appreciably from iso-
thermal conditions which, in turn, can cause large uncertain-
ties in the average temperature difference across the spec-
imen. The increased plate temperature variations ¢an also
lead 1o 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,

7.2 Specimen Preparation—Prepare and condition the
specimens in accordance with the appropriate material
specification. Use the following guidelines when the matenal
specification is unavailable, In general, the surfaces of the
specimen should be prepared 1o ensure that they are parallel
with and have uniform thermal contact with the heating and
cooling plates,

7.2.1 Compressible  Specimens—The surfaces of  the
uncompressed specimens may be comparatively uneven so
long as surface undulations are removed under test compres-
sion. It may be necessary 1o smooth the specimen surfaces 1o
achieve better plate-to-specimen contact. IF the apparent
thermal conductivity of the contact void is greater than that
of the specimen, compressible or otherwise, the meusured
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heat flux will be greater than the heat flux that would be
obtained il the voids were absent, This may often be the case
at higher temperatures where radiant heat transfer predomi-
nates in the void. For the measurement of compressible
specimens, the temperature sensors are often mounted
directly in the plate surfaces. Also, plate spacers may be
required for the measurement of compressible specimens.

7.2.2 Rigid and High Conductance Specimens—The mea-
surement of rigid specimens or high conductance specimens
requires careful surface preparation. First, the surfaces
should be made flat and parallel to the same degree as the
guarded-hot-plate. If the specimen has = thermal resistance
that is sufficiently high compared to the specimen-to-plate
interface resistance, temperature sensors mounted in the
plates may be adequate. However, for materials such es
plastics or ceramics, when the thermal conductivity of the
matenal exceeds 0.1 W/m-K, the following techniques shall
be used to ensure accurate surface temperature measure-
ment.

7.2.2.1 In some cases it is necessary to mount the temper-
ature sensors dircetly on the specimen surfaces or in grooves
in the specimens. Under vacuum conditions, the slightest
space between plate and specimen is essentially 2n 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 10 minimize
the ratio of contact resistance to specimen resistance and to
strive for a constant ratio over the entire surface,

1.2.2.2 Another potential solution (that must be used with
caution) is to mount a compressible thin sheet (for example,
a soft rubber or thin fibrous pad) between the plates end
specimen to improve the uniformity of the thermal contact,
When this procedure is used, temperature sensors shall be
instrumented in or on the surfuce of the specimens 10 ensure
accurale tlemperature measurement of the specimen surface,
An applied force should be used as in 6.7 to ensure suflicient
surface contact,

1.2.3 Anisotropic Specimens—Specimens that have 2 high
lateral to axial conductance ratio require that a low condue-
tance gap be created in the specimen directly in line with the
gap between the metered section and the primary guard.

7.24 Loose-Fill Specimens—The measurement of loose-
fill specimens requires special handling, conditioning, and
measurement techniques. The user is directed to Practice
C 87 for details.

7.3 Specimen Conditioning—Condition the specimens ¢i-
ther as stated in the material specification or where no
guideline is given, at 22 £ 5°C (72 + 3°F) and 50 £ 10 %
relative humidity for a period of time until less than a | %
mass change in 24 h is observed.

Note 18—Specimens can be conditioned at different conditions in
order 10 deternine the effect on the thermal properties of the specimens,
Conditioning environments shall be reported with the test resulis.

8. Procedure

8.1 For a double sided test, select a pair of test specimens
as outlined in Section 7.

8.2 Measure and record the specimen mass and dimen-
sions. Also see 8.12,

8.3 Install the specimen into the apparatus at the desired
test thickness.
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8.4 Install the appropriate secondary guarding and an
environmental chamber (as required).

8.5 If the test is to be conducted with gases other than air
i the specimen-plate assembly, purge the environmental
chamber and backfill with the desired pas. Care should be
taken to limit the pressure of the fill-gas to below its
condensation point at the lowest temperature expected
within the chamber. Since the measured heat flux is depen-
dent on both the type of fill gas and pressure, record both of
these parameters.

8.6 Adjust the heating and cooling systems to establish the
desired test conditions. For guidance in establishing test
temperatures, refer to Practice C 1058, The ambient temper-
ature should be the same as or slightly above the mean
temperature of the test. This may require the use of a
temperature controlled surrounding. This can be accom-
plished wtilizing a controlled perimeter heater and insulation
materials 10 atd in the control of the surrounding tempera-
ture,

8.7 Record the start time and date of the test. Begin data
acquisition. The recorded data shall include: the date and
time of data acquisition; power to the guarded-hot-plate; hot
side guarded-hot-plate surface temperature; hot side puard
temperatures; cold surface assembly temperatures; controlled
environment ambient temperature and relative humidity;
temperature difference or thermopile output across the gap
between the guard and metered section; and calculated heat
flux and estimated thermal property of interest.

NoTE 19—=Thermal steadv-state is the time required for the test
apparatus 1o stabilize, This vanes considerably with the apparatus
design, specimen 0 be measured, and test conditions. Generally,
however, the stabilization time is on the order of hours. Stahilization
times gencrally increase with thick specimens, specimens with low
thermal diffusivity and is dependent on the mass of the metered section
arca. Measurements in a vacuum and on microporous malenals create
small monotonic changes over a long peniod of time and may lake
longer o stabilize,

2.8 Thermal steady state must be achicved for this test
method to be valid. To determine if steady state 15 achicved,
the operator must document steady state by time averaging
the data, computing the variation and performing the
following tests on the data taken in Section 3.

8.8.1 Thermal steady state for the purpose of this test
method is defined analytically as:

8.8.1.1 The temperatures of the hot and cold surfaces are
stable within the capability of the equipment at the test
conditions. Ideally an error analysis will determine the
magnitude of the allowable diflerences, however the difler-
ence is usually less than 0.1 % of the temperature difference

8.8.1.2 The power to the metering arca is stable within the
capability of the equipment. Ideally an error analysis wili
determine the magnitude of the allowable differences, how-
ever the difference is usually less than 0.2 % of the average
result expected,

8.8.1.3 The required conditions above exist during at least
four intervals 30 min in duration or four system time
constants, whichever is longer.

Nore 20—The thermal time constant of the system s the ime
required o come to within 1fe (37 %) of the fixed value after a step
thermal disturbance of the system. The thermal time constant i the
constant power mode is the time reguired to come 1o withun 31 % of the
iinal temperature. The thermal time constant in the constant tempera
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ture made is the time required 10 come 1o within 37 % of the linal
power. The thermal time constant of a system can be approximated
frem the thermal diffusivitics of the system companents, but is penerally
determined evperimentally,

8.9 Afer achievement of the desired steady-state as de-
fined in 8.8.1, three successive repeat data acquisition runs
shall be compieted. These runs shali be conducted at
intervals of at least 30 min and should not be less than the
thermal time constant of the system (see Note 20). This
combination of three runs shall be considered a valid test if
cach datum obtained for each measured variadle meets the
following criteria.

8.9.1 The data do not differ from the mean by no more
than the uncertainty of that variable, see A1.5.

8.9.2 The data obtained docs not change monotonically
with time. This is determined by comparing the averape
result of the final three test periods to the averages of the
previous four periods, Graphing of the test parameters versus
time or monitoring the slope of the data are techniques for
determining monotonic conditions.

89.3 If the data continues to drift, the test shall be
considered incomplete and further data acquisition sets shall
be conducted until thermal steady state is achicved. Drift,
cven at low levels, may indicate that cither the specimen
characteristies are changing or the syster is not at steady-
state. For further details sce Refs (3,12,13).

8.10 Prior to terminating the test, measure and record the
pressure of the chamber,

8.11 Upon completion of the thennal test outlined above.
remave the specimen and examine the system components,
such as lemperature sensor mounting, for proper placement
and operation,

8.12 Determine the specimen thickness and weight after
the test to ensure that they have not changed from the initial
condition. Record any changes in the physicel characteristics
ot the specimen.

9. Caleulation

9.1 The primary data required for this test method
include electrical power, surface temperatures, area, and
thickness, Of these, only thickness is generaily a dircetly
measured quantity. The others are either caleulated from
other more fundamental measurements or are converled by
an electrical device. The manner in which these variables can
be obtained is discussed in 8.9 and below.

9.2 Hear Flow—The heat flow to be reported is that
which passes through each specimen. This is equal to the
power generated by the metered section heater. For the
double-sided mode of operation, only one-half the power
generated by the heater flows through cach specimen,
Determine the power, @, from emf, £, ard current, /, and
calculate as follows:

Q=kxl Q)

9.3 Metered Section Areq—Determine the metered sec-
tion area, A, from the area, A,,,, of the guarded-hot-plate and
the gap arca, 4,. If there is no discontinuity in specimen
charactenistics in the gap region, the metered area is calcu
lated as follows;

=
4+
—

(4

|

For high precision measurements, this assumption that the
gap contributes hall of its area to the effective metered
section area, A, may need 10 be venfied for the particular
apparatus used. If there is a discontinuity between the
specimen in the metered section and the guard region, this
equation is modified shightly, as in ISO 8302, to include the
etTect of heat flux distortion in the gap region:
Ad

d=4,+ _2;

(4)
Where significant expansion, or contraction, ol the guarded-
hot-plate is known during a test, appropnate corrections o
the area shall be made.

94 Heat Flux—The heat fux is oblained from the ratio
of the heat flow, (, and the total metered section area, 4, and
is calculated as follows:

Q

=

1 (5)

9.5 Temperature—Electrical readings from the tempera-
ture sensors are normally converted to temperature using a
mathematical equation based on cither the sensor's calibra-
tion curve or an appropaate reference such as a thermo-
couple vohage table.

9.6 Density-- The metered section area specimen density,
Py OF the sample density, p, where metercd section area
density cannot be obtained, are to be reported as the average
of the two pieces. The equation for density, is the following:

m

M = T

(6)
AXL '

n,

A XL

|"rt

9.7 Thermal Transmission Properties—These properues
shall be reported only in accordance with the requirements
and restrictions of Practice C 1043,

10. Report

10.1 To be in conformance with this test method, report
the following:

10.1.1 The report shall be identified with a unique num-
hering svstem to allow traceability 10 the individual measure-
ments taken during each test performed,

10.1.2 The average values as obtained from the test.
Standard deviation about that average. The results may be
reported in a form similar to that shown in Fig. 3,

10.1.2.1 Identification of the test organization, respon-
sible person in charpe, test operator (optional) and the 1est
Sponsor,

10.1.2.2 The generic name, or other identification re-
quired 1o provide a complete and detailed description of the
tested material. For hygroscopic materials, such as conerete
and wood, the moisture content should also be given,

Note 21—-A generic description w addition 10 the brand name
should be reporied where possible,

10.1 2.3 Information regarding the specimen precondi-
tioning,
10.1.2.4 Vanables that effect thenmal transmission prop-
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Test Report

I
I

Date.

QOperator:

Test Report Number:

Duration of Test:

Specimen Identification:
Specimen Characteristics:

Product, name, manufacturers descoption.
Unique characieristics such as degree of homogenaity or awisetropy,

density (optional).

Specimen Conditioning:
Specimen Dimensions and Mass:

Temperature, time, humidiry.
Before and after conditioning and afler measurement.

Apparatus Description:

Size, shape and orientatien of plates, Single or double-sided operation,

deseription of secondary guarding, unique procedures.

Experimental Results

Unecertainty

Ve rable Measured Value

Systematic Random

Q. W

™, K

Te, K

Tm. K

AYNS

A, m?

L.m

Fill gas pressure, P2 |

(Other . [

Derived thermal transmission properties including the applicable range of conditions shall be in conformance
with Practice C 1045,

FiG. 3 Example Test Report Form

crties, such as fill-gas and pressure. shall be specified when
applicable,

10.1.2.5 The dimensions of the metered section and
guard(s) and their relationship 1o the overall specimen
dimensions {m). The plate emittance,

10.1.2.6 Specimen orentation and the direction of heat
transfer during the test,

10.1.2.7 The total area of the specimen (m?),

10.1.2.8 The specimen density of the metered section area
or sample density where metered section ar¢a density cannol
be obtained (kg/m?),

10.1.2.9 The thickness of the specimen(s) within the
metered section (m),

10.1.2.10 The area averaged temperatures of both hot and
cold specimen surfaces (K),

10.1.2.11 Net steady-state average heat flux through the
specimen {W/m?),

L1212 Any thermal transmission properties cakeulated

and reported and their estimated error, and

10.1.2.13 The test date and time, the time required for
steady temperature conditions, the time to reach steady-
state, the data acquisition time period, frequency of data
collection and the end date and time.

10.2 The following is optional information that may be
included in the report:

10.2.1 Values for guard loss, back side energy loss and
other losses included in the net enerpy calculation (W/m?),
and

102.2 A full description (or relerences) of test procedures
and data analysis techniques used.

10 3 When certification of the test results i1s required,
include the date of the latest apparatus venification and a
description of the procedures used. Relerences for the
verification report(s) shall also be included. Where appli-
cable, include a statement of laboratory accreditation of the
test facility used, including date of latest inspection.
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10.3.1 Where agreed upon between the customer and the
test laboratory, less maybe reported but the remainder of the
results shall be made available.

NoTE 22 Caution—Where this test method might be specifically
referenced in published test reports and published data claims, and
where deviations from the specifics of the test method existed in the (ests
used to oblain said data, the following statement shall be required to
accormpany such published information: “This test did not fully comply
with follawing (he provisions of Test Method C 177, This statement
shall be followed by a listing of specific deviations from this test method
and any special test conditions that were applied.

11. Precision and Bias

['1.1 This section on precision and bias for the guarded
hot plate apparatus includes a discussion of; general statis-
tical tesms; statistical control, factors affecting test results;
ruggedness tests; interlaboratory comparisons conducted by
ASTM Committee C-16; proficiency testing conducted
under the auspices of the National Voluntary Laboratory
Accreditation Program (NVLAP), and emor propagation
formulae.

11.2 General Statistical Terms—The accuracy of a test
result refers to the closeness of agreement beiween the
observed value and an accepted reference value. When
applied to a set of observed values, the accuracy includes a
random component (imprecision) and a systematic compo-
nent (bias). The vanability associated with the set of ob-
served values is an indication of the uncenainty of the test
result. Additional information on statstical terminology is
available in Terminology E 456,

11.3 Sratistical Control—The user of the guarded-hot-
plate apparatus shall demonstrate that the apparatus is
capable of performing in a consistent manner over time (35)
The use of control charts (see Manual 7 (34)) 10 monitor the
operation of the guarded hot plate is one recommended way
to monitos the control stability of the apparatus. When
possible, it is reccommended that a reference material trace-
able 1o a national stand ard s laboratory be used as the
control specimen. Ideally, the long-term variation should be
no greater than the short-term variability,

11.4 Factors Affecting Test Results—Experiments and
theoretical analyses have jdentified two principal (sys-
tematic) errors that affect the operation of an idealized
guarded hot plate apparatus, These emmors are edge heat (fows
at the peniphery of the specimens; and, beat flow across the
gap due to a thermal imbalance. Other errors studied include
the effect of gap width on the heat flow; and. the proper
determination of the metered section arca, These errors and
others are discussed in detail in A1.3,

11.4.1 Edye Loss Errors—These have been found to
depend on the size (and type) of the guard, the specimen
thermal conductivity and thickness, and ambiert tempera-
ture (7,18,20,21,31,33). By using a sufficiently wide guard
{see Section 6), appropriate levels of edge insulation, and
proper selection of the ambient temperature (see Section 8),
the edge loss error can be reduced to a neglizible value
relative to the specimen heat flow (see A4.2). There is only
limited experience (at room temperature) with measurement
of apparent conductivity at large thickness' (above 30 ¢m),
but errors may be expected to be above 2 %, especially if the
user does not reduce the problems associated wita long ume
constants and large lateral heat Nows (31).
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11.4.2 Gap Imbalance Error—These have been found to
depend on several parameters including the temperature
difference, the gap geometry, the structural support system,
the wires crossing the gap (number, size, and type), the gap
fill material (gas or insulation), the emittance of the gap
surfaces, and the specimen material in the vicinity of the gap
(5,6,8,18,22.36). The resulting heat flow due 1o a tempera-
ture imbalance can be oblained either by calkculation based
on the above paramcters or empirical data. An empirical
relationship for the gap heat flow can be determined by
purposely introducing a temperature imbalance across the
gap and measuring the resulting change in the specimen heat
flow (sce Al1.4.3),

115 Ruggedness Tests—The results of onc ruggedness
study for a 200 mm?® guarded hot plate and two matcrials
having different thermal conductivity's have been reported
(37). Matched pairs, 85 mm thick, of polyurethane foam and
silicone rubber were measurad at 2 mean temperature of 297
K and a temperature difference of 23 K. For each specimen,
the width of edge insulation was set at one of five levels (0,
12.7, 25.4, 50.8, and 76.2 mm) while the ambicnt tempera-
ture was varied at one of three levels. The results indicate
that the edge losses are reduced with edge insulation but only
become zero when the ambient temperature is at one specific
value. The optimum ambient temperature appears to be a
function of specimen thickness and thermal conductivity,
and edge insulation thickness.

NOTE 23—As noted 1n Section 8, the value of the ambient tempera-
ture is set 10 either the same value as the mean temperature of the test or
a value stightly above the mean temperature, The user should determine
the optimum value for their apparatus and test conditions by using the
sensitivity analysis described in A4.2 This dependence may change
appreciably for different specimens or apparatus conditions and, there-
fore, should be done under typical test conditions.

116 Imerlaboratory Tests—The results of three published
interlaboratory tests for guarded-hot-plate apparatus are
discussed below. The results, where appropriate, state an
index of precision (between laboratory) of two-standard
deviation limits (25), Cenain aspects of the interlaboratory
tests were not conducted completely in accordance with the
requirements of Practice E 691, for example, the number of
test laboratories was less than six in one study and none of
the studies required replicates. Furthermore, a study in-
volving a variety of materials is needed. Consequently, a
general statement for the index of precision and bias that
covers all conditions and matedals is unavailable. In ike
interim, the user is directed to the interlaboratory tests if
information on precision and bias is needed (see Practice
C 687 for loose-fill materials).

11.6.1 In 1951, results of an interlaboralory comparison
were reported (38) for 20 guarded-hot-plate apparatus from
17 laboratories. The plates ranged in size from 200 10 600
mm square. Different (numbered) pairs of corkboard (28
mm thick) were measured by each laboratory at a mean
temperature from 266 10 322 K. The data from 13 of the 20
apparatus (75 %) were within £3 % of the mean value as
determined by the National Bureau of Standards (now the
National Institute of Standards and Technology). The max-
imum deviations were +13 and —16 %.

11.6.2 In 1985, re<ults of a third round of interlaboratory
comparisons were reported (41) for five large guarded-
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TABLE 1 NVLAP Proficiency Tests for Guarded-Heot-Plate

Apparatus Rel (39)
Thermal
Material Thm;n-ss. ity Humbee GWLW Round
o Group  of Labs  Yaration,
Wean, %

Vi im K)
Expanded polystyrena board 25 0.007 13 1,80 10
Foam Board, rigid 25 0.040 9 252 4
Glass-fiber baft 5 0.040 1 215 5
Glass-fiber bant % Q.40 6! 226 7
Glass-fiber batt % 0.0394 T4 282~ 384
Glass-fiber batt 25 040 9 329 3A
Glass-fiber batt 25 0.M0 7 Q@ 7
Glass-foer bart 25 0.040 g 466 i
Glass-fiber batt, foil facod 25 0032 L) 099 6
Glass-foer bast, fod-faced 50 0033 7 145 9

(stacked)

Glass-fiber batt, fol laced 25 0.032 8 1.95 8

A Recalcudation with ono or more laborstories excluded kom the group
statistich because thar lest sults deviated from ihe pre-characterized value by
more than 6 %,

hot-plate apparatus ranging from 610 1o 1219 mm? and 1016
mm diameter (the last apparatus mentioned being a circular
line-heat-source guarded-hot-plate). The same specimens of
fibrous-glass blanket (16 kg/m?) were circulated to cach
laboratory. Matehed pairs were tested at 297 K and thick-
nesses of 25.4, 50.8, 76.2, and 101.6 mm. Imprecision of the
data versus a semi<mpirical model for a density range of 11
1o 20 kg/m* were 1.9, 2.3, 2.6, 2.9 % (25 fevel) at thicknesses
of 25.4, 50.8, 76.2, 101.6 mm, respectively.

11.6.3 In 1988, results of a interlaboratory comparison
were reported (30) for seven high-temperature guarded-
hot-plate apparatus. The plates ranged in size from 203 10
406 mm in diameter and 300 to 610 mm? DifTerent
matched pairs of fibrous alumina-silica and calcium silicate
were measured by each laboratory over a mean temperature
range from 130 to 701 K. Refercnce equations based on
NIST-Boulder corrections were fit to the data. Imprecision in
the deviations from the model were 15 and 16 % (2s level)
for fibrous alumina-silica and calcium silicate, respectively.
[t was established that a significant percentage of the
standard deviation in this comparison was due to material
variability and not apparatus error.

117 Proficiency Tests—In 1983, the results of a series of
proficiency tests conducted for NVLAP over a four-year
period were reported (39) for guarded-hot-plate apparatus
(plate size not reported). Different specimens of four thermal
insulation materials were distributed to each laboratory for
testing. The materials were expanded polystvrene; foam
board; low-density glass-fiber batt (8 to 16 kg/m?); and,
high-density glass-fiber bat, foil-faced (64 kg/m'). Each
laboratory reported a single test result, that is, no replicates
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were conducted. Results of the proficiency tests are summa-
nized in Table 1. The index of precision (between laboratory)
is expressed as a percentage for the one-standard deviation
limit(s) divided by the mean of the test result, or one-
coeflicient of variation (CV %).

L1.8 Error Propagation—Several formulae are available
(40) for determining the apparatus uncertainty by crror
propagation. For guidelines on using a standard procedure,
the user is referred 1o 1SO Guide to the Expression of
Unceriainty in Measurement (32). Strictly speaking, deter-
mining a statement of uncertainty for a test result requires
treating random and systematic errors separately. A descrip-
tion of random and systematic errors and possible sources of
error are discussed below.,

11.8.1 Random Error, §,—~In a measurement, random
errors (imprecision) are considered to be the sum total of all
the small (negligible) independent ertors that are uncon-
wolled, for example small fluctuations in environmental
conditions or plate temperatures. Random errors are as-
sumed normally distributed, uncorrelated, and preferably
small, In general, random errors are a function of the
capabilitics of the control system and, to a lesser exlent, the
measurement system,

11.8.2 Systematic Error, 8,~~A systematic error (bias) is a
fixed deviation that is inherent in each and every measure-
ment, If the magnitude and direction of the systematic error
are known, the user can make appropriate correction(s) to
the measured value, Under such circumstances a justifica-
tion for the correction should be provided. In general, the
magnitude of the ervor, |4,|, is estimated by experience or
Judgment.

11.8.3 Statement of Uncertainty—The statement of un-
cerlainty requires an expression having credible limits for its
inaccuracy, Different traditions and usage have resulted in
different expressions of uncertainty that may be summarized
as follows: both imprecision and bias negligible; imprecision
negligible, bias not negligible; neither imprecision nor bias
negligible; and, imprecision not negligible, bias negligible.

11.8.4 Sources of Errors—The uncertainty of the appa-
ratus as determined by propagation of errors should consider
the error in each of the scparale measurements used 10
determine the test result, For a guarded-hot-plate apparatus,
these errors in measurements are the uncertainty in: heat
flow §Q; temperature difference, 3AT: metered section aies, &
A; and specimen thickness, 31, These errors and an example
are discussed in ALJ.

12. Keywords

12.1 error analvsis, guarded-hot-plate; heat flow; heat
flux; steady-state; thermal conductivity; thermal resistance,
thermal transmission; thermal conductance; thermal testing
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ANNEX

(Mandatory [nformation)

Al, THICKNESS MEASUREMENT, LIMITATIONS AND MEASUREMENT UNCERTAINTY

ALL Imporiance of the Thickness of the Inswlation Speci-
mens - Guarded-Hor-Plate Measurements—The thickness
of the specimen as instalied in the apparatus determines both
the density of the material and the temperature gradient
applied 10 it during the measurement of the thermal prop-
erty. If the thickness of a specimen is changed from its
room-temperature value by thermal effects (thermally revers-
ible expansion or contraction, or thermally induced irrevers-
ible shrinkage or expansion of the specimen), or by compres-
sion, then use of the room-temperature thickness outside the
apparatus will lead 1o error in the determination of the
apparent conductivity (or resistivity) of the specimen. A
given refative (percentage) error in the thickness leads to an
equal relative error in the determination of the conductivty,
For measurements of thermal properties al mean specimen
temperatures near room temperature the error in neglecting
any changes in thickness may be negligible, but this can be
ascertained only by observation in the specific case at hand.

AL2 Suggested Ways to Measure Thickness of Incom-
pressible Specimens—In determining the thickness of a
specimen, one assumes that it is properly shaped, so that the
measured thickness is valid. However, two different situa-
tions may sometimes occur 10 affect the thickness measure-
ment, The shape of the specimen may be distorted by
warping or bowing at the time it is first installed in the
apparatus. In this case, either the (flexible) specimen should
be compressed enough to remove the distortion when
installed, (or, preferably, a specimen of better qual‘ty should
be selected), Independent of, the specimen may undergo a
change of shape as it is subjected either to high mean
temperatures or 10 large temperature gradients, due 10
chemical changes occurning in the specimen at high temper-
atures. In this case it is difficult to define whbat the thickness
of the specimen actually is during the measurement, The
thickness of the specimen should be mcasured both before
and after the thermal transmission property is measured, 1o
show whether such dimensional changes are occurring. Any
warping or bowing of the specimen, before or during
measurement of thermal propertics, adds to the uncertainty
in the value of thickness. Some materials such &s polymers
have large coeflicients of expansion and the material tends to
bow unless a small thickness and temperature difference
across the specimen is used.

A1.2.1 The recommended procedure for measuring spec-
imen thickness is to measure the thickness while installed in
the apparatus, This is necessary if the correct temperature
gradient actually applied 1o the specimen during the mea-
surement of the thermal property is 1o be obtained. Rigid
rods may be securely installed extending latesally from the
outer edges of the metered area/primary guard assembly, at
two or three cqually spaced locations along the circumfer-
ence of the plate. The portion of the rod extending from the
plate should be smooth and paralled to the plane of the plate

4

surface. Alternatively, the plates may be machined with {la1,
horzontal plates extending from the circumference. Similar
rods (or plates) are likewise located on each auxiliary heater
plate, et the same circumferential positions, vertically (within
5% of arc) above or below the rods on the metered area/
primary guard assembiy.

A12.1.1 With no specimens installed, with the heater
plates contacting each other in their usual order, and taking
care not to change the plate separation, measure the separa-
tion between each vertical pair of rods on two adjacent plates
with a vernier calliper, Compute the arithmetic mean of the
plate separation for each pair of adjacent plates. Then, with
specimens instzlled between the plates in the apparatus, and
with the usual mechanical Joading applied, measure the
separation between the pairs of rods on adjacent plates,
taking care not to change the plate separation. Compute the
arithmetic mean. Subtract the mean separation obtained
with no specimen from the mean separation with the
specimen present, for corresponding pairs of plates, to obtain
the as-installed thickness of cach specimen. ‘The standard
deviation about the average of values from repeated mea-
surements of the plate separation, starting from total disas-
semhly, gives a statistical measure of the reproducibility. If
contact cannot be made between the plates, standard spacers
can be inserted hetween the plates. Bringing the plates in
contact with the spacers can determine the adjusiment in
specimen measured thickness required.

Al1.2.1.2 The accuracy of this procedure is equal to the
imprecision with which the vernier can be read. The accu-
racy of this test method depends on the precision with which
the rods are mounted in a true horizontal orientation, and on
not changing the plate separation during the measurement.
The standard deviation about the average of values from
repeated measurements of the plate separation, starting from
total disassembly, gives a statistical measure of the reproduc-
ibility.

A1.2.2 An alternative is 1o place the specimen on a flat
surface and measure the thickness at various points across
the specimen with a thickness gage mounted above the
specimen, The zero is first established by resting the foot of
the gage on the flat surface. The specimen is then measured.
This procedure has the advantage that specimen flatness and
warp can be measured. Thickness is measured typically in at
least five different locations across the full specimen and
within the metered section to ¢stablish the metered thickness
within the apparatus. The thickness, when applicable, should
be measured afier the test to monitor any significant changes
that may have effected the results.

A1.2.2.1 The accuracy of this test method is equal 1o the
imprecision with which the page can be read. ‘The aceuracy
and reproducibility of this test method depends on the ability
of the operator to reproduce the amount ol force cxeried on
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the specimen especially in the case of compressible speci-
mens.

Al1.2.3 Another allernative is 10 use a micrometer or
vernier calliper. This assumes that the specimen is not bowed
or warped, that should of course be ascertained. During a
measurcment of thickness with a calliper, prevent the narrow
jaws of the measuring tool from penetrating into the surface
of the specimen. Cut two smail pieces of flat, rigid rectan-
gular metal sheet, about 20 by 40 mm and 0.5 10 1.0 mm
thick. Measure the combined thickness of the two metal
rectangles; then measure the thickness of the specimen while
holding one metal ptece under each jaw, between the surface
of the specimen and the jaws of the micrometer or calliper.
Be sure to subtract the combined thickness of the two metal
plates from the total thickness of specimen plus metal pieces,
to obtain the net specimen thickness. By this method
measure the thickness at eight different, equally spaced
locations around the outer margin of the specimen.

A1.2.3.1 The accuracy of this procedure is equal to the
precision with which the vernjer (or micrometer) can be
read. The accuracy and reproducibility of this test method is
lower than that described above in AL.2.1 and A1.2.2, dueto
the vaniable pressure used by different people in measuring
the specimen between the jaws of the micrometer or calliper.

AL3 Limitations Due to Apparatus:

ALY Limitations Due to Contact Resistances—When
testing a rigid specimen of high thermal conductance (that is,
specimens of & material too hard and unyielding to be
appreciabiy altered in shape by the pressure of the heating
and cooling units), even small, non-uniformities of the
surface of botlt the specimen and the apparatus (surfaces not
perfectly flat) will allow contact resistances not uniformly
distributed between the specimens and the plates of the
heating and coaling units.

A13.11 These will cause nonuniform heat flow-rate
distribution and thermal field distortions within the speci-
mens; moreover, accurate surface temperature measure-
ments will be difficult. For specimens having thermal resis-
tances less than 0.1 m? K/W, special techniques for
measuring surface temperatures will be required. Metal
surfaces should be machined or cut flat and parallel and
stress-relieved.

AV.3.2 Upper Limits for the Thennal Resistance:

A1.3.2.1 The upper limit of thermal resistance thal cin be
measured is limited by the stability of the power supplied to
the metered section, the ability of the instrumentation to
measure power level and the exteat of the heat losses or gains
due to temperature imbalance errors between the central and
guard sections of the specimens and of the metered section,

AL4 Limits to Temperature Difference:

AlL.4.1 Providing uniformity and stability of the tempera-
ture of the hot and cold surfaces of the plates, the noise,
resolution and temperatyre mcasurements can be main-
tained within the limits outlined in Section 6, temperature
differences as low as § K, when measured differentially, can
be used. Lower temperature differences shall be reported as
not complying with this standard. See Practice C 1058,

A142 If temperature measurements of cach plate are
Mmade by means of thermocouples with independent refer-
ence junctions, the accuracy of the calibration of each
thermaocouple may be the limiting factor in the accuracy of

measured temperature differences. In this case, it is recom-
mended that temperature differences of at least 10 K 10 20 K
are used in order to minimize temperature-difference mea-
surement errors.

Al.4.3 Higher temperature diflerences are limited only by
the capability of the apparatus 10 deliver enough power while
maintaining required temperature uniformity.

Al.44 Maximum Specimen Thickness:

Al4.4.1 The boundary conditions at the edges of the
specimens due to the effects of edge insulation, of auxiliary
guard heaters and of the surrounding ambient temperature
will limit the maximum thickness of specimen for any one
configuration, as deseribed in Section 6. For composite or
layered specimens, the mean measurable thermal conduc-
tivity of each layer should be less than twice that of any other
layer,

A1.4.4.2 This is an approximation and the results do not
necessarily imply the measurement of conductivity of each
layer. The accuracy will remain close to that predictable for
tests on homogeneous specimens. No guidelines can be
supplied to assess measurement accuracy when the require-
ment of Al.4.4.1 is not met.

ALAS Minimuwn Specimen Thickness:

Al4.5.] The minimum speciinen thickness is limited by
contact resistances given in A13.1. Where thermal conduc-
tivity or thermal resistivity is required, the minimum thick-
ness is also limited by the accuracy of the instrumentation
for measuring the specimen thickness.

A1.452 The metered area, that is, the area of the
specimen traversed by the heat flow-rate fed by the metered
section, is related to the specimen thickness and to the gap
width, As the thickness tends to zero, the metered area tends
to the area of the metered section, while for thick specimens
the metered areg is bounded by the line defining the centre of
the primary guard gap. To avoid complex corrections, this
definition can be retained, provided the thickness of the
specimen 18 at least ten times the width of the gap.

Al 4.6 Maximum Operating Temperature.

Al4.6.1 The maximum operating ftemperature of the
heating and cooling units may be limited by oxidation,
thermal stress or other factors that degrade the flainess and
uniformity of the surface plate and by changes of clectrical
resistivity of electrical insulations which may affect accuracy
of all electrical measurements.

A14.7 Vacuum Conditions:

Al.4.7.1 Carc must be taken if a guarded hot plate is used
for measurements under vacuum conditions. If a high
vacuum is desired, the matenials used in the design of the
apparatus must be carefully selected 10 avoid excessive oul-
gassing under such conditions. Under vacuum conditions,
especially at lower temperatures, serious ¢rrors can arise if
care is not taken when installing heater and temperature
sensor leads so as to minimize extrancous heat flow-rates and
temperature measurement ¢rrors.

A14.8 Apparatus Size:

Al.48.1 The overall size of a guarded hot plate will be
governed by the specimen dimensions that typically range
from 0.2 to | m diameter or square, Samples smaller than
0.3 m may not be representative of the bulk matenal, while
specimens larger than .5 m may create considerable prob-
lems in maintaining the flatness of the specimens and plates,
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temperature uniformity, equilibnum time and total cost
within acceptable limits.

ALS Limitations Due 1o Specimen

ALS.1 Thermal Resistance or Thermal Conductance:

ALS.LL Specimen Homogeneity—In  inhomogencous
speaimens, the thermal flux density both within the spec-
imen and over the faces of the metered section area may be
neither unidirectional not uniform. Thermal ficld distortions
will be present within the specimen and can give rise to
serious errors. The region in the specimen contiguous to the
metered section area and especially near the edges of this
area is most ¢ritical, It is hard to give reliable guidelines on
the applicability of the method in such cases. The major risk
is that the imbalance errors, edpe heat loss emrors, ete., now
unpredictable, can vary in an unpredictable way when
inhomogeneities take different relative positions within the
specimen,

Al5.1.2 One way to try to estimate the error is to com-
pare the results for two specimens from the same sample,
selected so that they have as widely different a structure near
the edges or the metered seetion area. If the two extremes
cannot be identified, a number of specimens may have to be
tested

AL5.1.3 In some samples, the variation in structure may
occur over small distances. This is true for many thermal
1nsulations. In such cases, it may be possible to use a single
specimen cut larger than the apparatus, This over-size
specimen is tested twice, in each case with the specimen
carcfully positioned so that the edges of the test area are
cxposed to the two extremes in structure, The two results are
then compared and the difference credited 1o distortion, The
portion of the specimen(s) protruding from the apparatus
should be well insulated in the two tests to reduce the
possibility of the exposed section increasing edge losses. The
size and thickness of the specimen affects the size of the
variations in structure that can be accommodated. The larger
the test area, the smaller the effect on the results, The effect
of distortion may either increase or decrease with specimen
thickness.

AL.5.1.4 Direct thermal short circuits may exist between
the surfaces of the specimens in contact with the plates of the
heating aad cooling units. The largest effect occurs when
sections of material which conduct heat readily, with ex-
tended surface area on each side of the specimen, are
connected by a path of low thermal resistance relative to
other paths, The effect can best be identified by breaking the
thermal paths, especially when the collecting surfaces can be
disconnected from the rest of the path. Sheets of thermally
insulating materials can be used at the critical surfaces to
provide the break. Sheets made of finely ground cork, or a
similar material 2 mm or more thick, work well The
surfaces must be ground to the same degree of flatness as the
heating unit. The thermal resistance of these shects can be
determined in separate measurements, The net change in
thermal resistance of the specimen, due 1o thermal shorting,
can thus be determined. If greater than 1 %, another mea-
surement should be made with thicker sheets imposed.

AL5.2 Temperature-Difjerence Carrelation:

Al1.5.2.1 Thermal resistance or thermal conductance are
9ﬂcn a function of temperature differcnces across the spec-
imen. In the report, the range of temperature dilferences that
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apply to the reported values of the two propertics must be
defined, or it must be clearly stated that the reported value
was determined at a single temperature difference.

ALS.Y Mean Measurable Thermal Conductivity of a
Specimen,

ALS3.1 In order to determine the mean measurable
thermal conductivity (or thermal resistivity) of a specimen,
the criteria of A1.3.1 shall be fulfilled. The specimen shall be
homogeneous. Homogeneous porous specimens shall be
such that any inhomogeneily has dimensions smaller than
one-tenth of the specimen thickness. In addition, at any one
mean temperature, the thermal resistance shall also be
independent of the temperature difference established across
the specimen,

A1.5.3.2 The thermal resistance of a material is known to
depend on the relative magnitude of the heat transler process
involved. Heat conduction, radiation and convection are the
primary mechanisms, However, the mechanisms can com-
bine or couple to produce non-linear effects that are difficult
to analyze or measure even though the basic mechanisms are
well researched and understood.

Al.5.4 The magnitude of ail heat transfer processes de-
pends upon the temperature difference established across the
specimen, For many materials, products and systems, a
complex dependence may occur at temperature differences
which are typical of use, [n these cases, it is preferable to use
a temperature difference typical of use and then to determine
an approximate relationship for a range of temperature
differences. The dependence can be linear for a wide range of
temperature differences.

A1.5.5 Some specimens, while being homogencous, are
anisotropic in that the thermal conductivity measured in a
direction parallel to the surfaces is different to that measured
in a direction normal to the surfaces. For such specimens,
this can result in larger imbalance and edge loss erors. {f the
ratio between these two measurable values is lower than two,
reporting according to this method is still possible if imbal-
ance and edge heat loss ecrors are determined separutely with
anisotropic specimens mounted in the apparatus.

ALS.6 Thermal Conductivily or Thermal Resistivity of ¢
Material:

ALSA.L In order to determine the thermal conductivity
or thermal resistivity of a material, the criteria of A1.3.2 shall
be fulfilled. In addition, adequate sampling must be per-
formed 1o cnsure that the material is homogeneous or
homogeneous porous, and that the measurements are repre-
sentative of the whole material product or system. The
thickness of the specimens must be greater than that for
which the thermal conductivity of the material product or
system does not change by more than 2 % with further
increase in thickness.

Note Ab.1—Results obtained on specimens where thermal conduc-
tivity is still changing with specimen thickness are oaly applicable at that
speaific test thickoess,

A1.5.7 Dependence on Specimen Thickness:

A1.5.7.1 Of the processes involved, onlv conduction pro-
duces a heat flow-rate that is directly proportiona! to the
thickness of a specimen, The others result in a more complex
relationship. The thinner and less dense the material, the
more likely that the resistance depends on processes other
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than conduction, The result is a condition that does not
satisfy the requirements of the delinitions for thermal con-
Juctivity and thermal resistivity, both of which are intrinsic
properties, since the transfer factor shows a dependence on
the specimen thickness. For such materials, it may be
desirable to determine the thermal resistance at conditions
applicable to their use. There is believed to be a lower
limiting thickness for all materials below which such a
dependence occurs. Below this thickness, the specimen may
have unique therma! transmission properties, but do not
relate to the matenal. It remains, thercfore, to establish this
minimum thickness by measurements.

A1.5.7.2 Determination of minimum thickness above
which thermal properties of the material may be defined.

Al.5.7.3 If the minimum thickness for which the thermal
conductivity and resistivity can be defined is not known, it is
necessary 1o estimate this thickness,

Al.5.74 In the absence of an established method, the
procedure outlined below may be used to approximate the
thickness and whether it occurs in the range of thickness in
which a material is likely Lo be used.

ALS5.7.5 Tt is important 10 differentiate between added
thermal resistance in measurements caused by the placement
of the temperature sensors below the surfaces of the plates,
added resistance caused by poor specimen surfaces, and
added resistance caused by the coupiing of the conduction
and radiation modes of heat transfer in the specimens. All
three can affect the measurements in the same way, and
often the three may be additive.

AL.5.7.6 Sclect a sample uniform in density distribution,
with the thickness Ls, equal to the greatest thickness of the
material to be characterized or equal to the maximum
allowable thickness for the test apparatus.

A1.5.7.7 Cut five sets of specimens in approximately
cqual increments from the sample ranging in thickness from
the smallest hkely to be used in practice, The set of speei-
mens shall be designated s, 1o 55 according to their respective
thickness [, to Ls.

AL.5.7.8 For low density materials where heat is trans-
ferred by radiation and conduction mechanisms and where
the absence of convection has been verified, the slope of a
plot of thermal resistance versus thickness will very fre-
quently diminish up to | to 2 ¢cm and then will remain
constant as the thickness increases. The reciprocal of this
constant slope is the thermal conductivity to be assigned to
high thickness specimens,

A1.5.7.9 Measure the thickness and thermal resistance of
Sy, 53, and s at the same mean terperature and with the
same temperature differcnce acrass the specimen. Plot the
thermal resistance versus thickness. If these three values
differ from a straight line relationship by less than +1 %, the
slope of the straight line shall be computed. If the three
values differ by more than | %, then similar measurements
shall be made on s; and s, 10 check if there is a thickness
above which the thermal resistance does not differ from a
straight line by more than 1 %.

ALS.7.10 If this thickness exists, the slope of the straight
line shall be determined to compute a thermal conductivity
A\,, = AL/AR defined as the ratio between the increments of
thickness, AL, and increments of the thermal resisiance, AR,

ALS5.7.11 The thickness at which this occurs will vary
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according to the densitics, types and forms of different
materials, products and systems for different mean tempera-
lures.

A1.5.7.12 Thermal conductivity and thermal resistivity
then characterizes the material, product or system for
thicknesses above which the transfer factor differs by less
than 2 % from X,

AL5.7.13 Allowance for experimental errors must be
made in the interpretation of results. Least-square curve
fitting of R versus L may also help, A larger number of
specimens may be used where greater definition is required.

AL57.14 Thickness dependence may be a fonction of
temperature difference across the specimens. For the pur-
poses of this test method, the above checks, if performed at
typical operating temperature differences, shall be adequate
to indicate the degree of thickness dependence.

ALS8 Method of Determining Dependence on Tempera-
ture Difference—If the temperature-difference dependence of
the thermal propertics is not known for a materal, a
minimum of three measurements shall be made. These are
made with widely differing temperature differences. A sec-
ond-order dependence can be revealed by these measure-
ments, When a simple linear relationship is known to occur,
only 1wo measurements, that is, one extra, need be made.
This establishes the linear dependence for that particular
sample.

AL5.9 Warping—Special care should be exercised with
specimens with large coelflicients of thermal expansion that
warp ¢xcessively when subjected 10 a temperature gradient.
The warping may damage the apparatus or may cause
additional contact resistance that may lead to serious errors
in the measurement. Specially designed apparatus may be
necessary 10 measure such materials.

AL6 Measurement Uncertainty—The uncertainty of the
apparatus is based upon consideration of the random and
systematic components of the following measurement uncer-
tainties (32): uncertainty in heat flow, (; uncertainty in
temperature difference, T = (T = Tc) uncertainly in
metered area, 4; and, uncertainty in specimen thickness, L.

A1.6.1 Other specimen characterization and test condi-
tion data may need to be reported. The precision and bias of
these data are to be reported to the extent they have a direct
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 user assess and
report the precision and bias of the data. The discussion
below provides guidelines 1o 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.

Al6.1.) Systematic Error, ,—Systematic error, 5, 15 any
component of error that remains fixed during the runs that
constitute a successful 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 10 the condnctivity
measurements and supply the justification for them. The
user may check for the presence of unexpected errors by
using a reference specimen or transfer standard available
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from appropuiate sources. Il errors are discovered, their
source should be identified and removed. A guarded hot
plate cannot be calibrated. The task of cstimating the re-
maining systematic errors is based on judgment and experi-
ence, including an awarencss of the results of interlaboratory
comparisons, The implications of such estimates is often that
they are the maximum possible systematic errors, In this
cvent the total maximum systematic crror is the sum of the
crrors, It is, however, more likely that these estimates arc
probabilistic tn nature and do not, in fact, represent the
worst possible casc. The total probable systematic errors are
summed in the same manner as random errors, that is, the
square root of the sum of squares. 1n 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,

AL6.).2 Random Error, ,—~Random error, r, is that
component of error that may vary both in sign or magnitude
during the runs that constitute a successful test. For sim-
plicity, it is assumed that the variations are normally
distributed and conventional statistical techniques are appli-
cable. An estimate of random error components can b
obtained by repeat measurements of each variable.

AL16.1.3 Tt 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 uncertaintics reported generally
apply to these mean valucs. The uncertainty of a mean value
due to the random error component decreases approximately
as 1/n where n is the number of repeat runs. In contrast to
this, the uncertainty of the mean value due to the systematic
error component does not decrease with repeat runs. Thus, it
is recommended that the emor compoments be treated
separately, The total uncenainty is expressed by reporting
both components separately.

ALT Error Components—In the following sections, the
error components of each reported variable are discussed.
The total random or systematic uncerainty for cach variable
is taken to be the square root of the sum of squares.

ALT.1 Heat Flow, Q—The objective of the test method is
to establish and measure uniaxial heat flow through the
metered area of the specimen. Any deviation from this
objective represents error in the reported heat flow. The
following sources of error should be considered:

AL72 Edge Heu Loss, Q,—FEdge heat loss, .0, is a
systematic error as the conditions surrounding the plate-
specimen stack remain constant throughout the test proce-
dure. Although tests have been reported that shed some light
on the magnitude of this error, the results generally are not
proven to the point where corrections based on these results
are universally accepted (1,4,6,7,18-22). However, the re-
sults are considered sufficiently valid for the basis of defining
the maximum specimen thickness, The optimum environ-
mental lemperature 10 minimize this error is a small fraction
of T above the mean test temperature. To determine the
sensitivity of this error to test conditions, the user should
determine the beat Nux as a function of secondary guard
temperature. This dependence may change appreciably with
specimen and apparatus characteristics and, therefore,
should be done under typical test conditions.

ALT3 Gap Hear Loss—Gap heat loss is considered to be

composed of both systematie, (/g and random, (.,
compaonents. The systematic component can be, in pan, due
to the fuct that there may be a finite pumber of locations
along the gap at which the imbalance is measured; reducing
the temperature differcnce between a finite number of points
on opposite sides of the gap to zero may not necessarily
ensure that there is zero net flow of heat across the gap.
Improper position of the sensors will lead to systematic error.
Spurious cmfs within the circuitry will result in a systematic
imbalance. The random component is due to short-term
control fluctuations. After estimating the probable imbal-
ance across the gap in termms of température (o sensof
voltage) one needs to determine the effect of this imbalance
on the measured heat flow through the metered area. This
can be done by measuring the dependence of metered area
power on intentionally introduced gap imbalance. A typical
way ol addressing this is 1o run three tests, one with the guard
balanced and one cach biased positive and negative. The
results are plotted, lambda versus gap balance, and the zero
intercept is determined. The imbalance introduced should be
large enough to vield an casily measured change in (), but
small enough to remain in the region where the dependence
of Q upon imbalance is approximatcly linear.

AL1.7.3.1 1t has been found that (3,15,16) the gap heat loss,
(g 18 linearly dependent on temperature unbalance across
the gap, 7, that is, O, = BT, The proportionality constant,
B, is dependent on the wires crossing the gap (number, size,
and type), gap geometry (width and cross-sectional shape),
the gap fill material (gas, insulation), the emittance of the gap
surfaces and the material in the vicinity of the gap between
the hot and cold plates. A reasonable approximation of this
heat flow can be calculated from this information. It is
recommended that this be done to confirm the value
measured by the procedure deseribed in the previous para-
graph.

AL Effect of Drifi of the Metered Area Heater—A
quasi-heat loss exists due to the changing heat content of the
metered area heater as its lemperature changes. Typical
plates have a relatively high heat capacity and even for small
dnift rates can produce significant errors in measured heat
flow. If the drift is monotonic, the error is systematic, 0, if
not, the error is exhibiled as random error, 0, Normally,
the experiment is conducted so that there is no observable
drifi. Under this circumstance, the possible drft is deter
mined by the detectability or control limit, d7/dt, of the
system, One can compute the magnitude of this error, (J, in
watts, from a knowledge of the maximum possible d 7/dr and
the specific heats and masses of the varous components of
the metered section of the plate as follows:

Q.= dT1d CM, (AL1)

The specimen heat capacity also contributes 10 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 is advised 1o increase confidence in the
reported result.

AL.75 Power determination error, composed of both
systematic, 0, and random, ,Q,, components. With high
quality instrumentation these errors ¢an be reduced (o 3n
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insignificant level, The manufacturers’ specifications on bias
and precision will normaily suffice to define these errors.

AL1L6 Temperaiure and Temperature Difference—Tem-
perature error is composed of systiematie, T, and random,
1, components. [n addition, these errors are further subdi-
vided according 1o the source of the error:

AL7.6.1 Calibration error, T, is entirely systematic as
long as the same calibration is used, It is, however, not
necessarily the same for each temperature sensor, In the case
of thermocouples, calibration is frequently performed for
each spool of wire, not for cach piece of wire from that spool.
T'herefore, systematic differences can occur as one progresses
through the spool. The calibration is frequeatly represented
by an equation which approximates the experimental cali-
bration data taken al selected temperatures. If u digital
read-out device is used that yields temperature directly, the
calibration formulation is built into the device and the same
basis for error ¢xists.

A1.7.6.2 Instrumentation measurement ervor, 7, oceurs
when the sensor output is measured. This error contains both
systematic and random components. Each component
should be estimated from equipment manufacturer's specifi-
cations and from estimated spurious circuit offects. In addi-
tion, 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
metered area and primary guard(s) 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 10 the desired
temperature; control this temperature until steady-state is
reached. The metered area heater should be off. Periodically
read the isothermal surface temperatures to detect systematic
differences and random variations over an extended time.

Al1.7.6.3 Sensor positioning, a potentially significant
source of error in temperature measurement ¢an be caused
by improper positioning of the sensor or the disturbance
caused by the presence of or finile size of the sensor itself. It
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 nounted in the
specimen surface, sensor separation (specimen thickness) is a
source of error. If the specimen is inhomogeneous across the
metered arca, surface temperature variations exist and the
indicaled temperature will depend on its location on the
surface, If heat Nows along the sensor leads from the external
environment, 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, T, is systematic. A
performance check that is helpful to determine the potential
temperature error due to temperature nonuniformity is as
follows: Assemble a multyjunction thermocouple and place it
between the specimen and plate in question. FEstablish
steady-state at the desired test condition, Determine the
vaniation in temperature acrass the plate from the multi-
junction thermocouple outputs.

ALT.64 A helpful technique to estimate interface tem-
perature errors is 10 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.

0

ALT6.5 Temperature difference error is also composed
of systematic, .7, and random components, . Care must be
exercised 1n estimating these componcats compared to the
error components for temperature itseif. The results can
depend strongly on whether a differential measurement or
two absolute measurements are performed. Becauvse T is
frequently small, large percentage errors can occur if care is
not observed. For example, at a mean specimen temperature
of 300 K, an error of 1 K in the mean temperature, that
corresponds to an error of about 0.2 % in thermal resistance
for typical insulations, However, this same error of 1 K in
measurement of a specimen temperature difference of 25 K
corresponds 0 a 4 % error in both T and in the value of the
thermal resistance, independent of the mean temperature,
The ad hoc experiment described in 9.5.1.3 is recommended
to provide estimates of these error components.

AL.7.7 Specimen thickness error, (L, and meter area
error, A, 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 area) or, in the case of rigid specimens, the specimen
thickness and the changes due to thermal expansion. The
cffect of bowing or warping at operating temperatures should
be given attention. At relatively large thicknesses (above 3
cm) this error can be maintained below 0.5 %. At small
thicknesses (below 0.5 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
the specimen occurs at the gap, The specimen thickness error
will contain a random component, , L, due to assembly and
disassembly.

Al8 Thermal Conductance or Thermal Resistance—The
relative uncertainty in thermal conductance, C, caused by
cither random ¢rrors or systematie errors of indeterminate
sign, may be calculated from the following error propagation
formula:

(AC/CP = (AQ/Q) + (AT T) (AL
where (/Q and 1/T 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 10 the measurement as
well as those discussed in Practice C 1045, For example for
fibrous glass insulation at 24°C mean temperature and a 40°F
temperature difference across the specimen the following
errors can be realized:

(ACICP = (057 +(0.251 = 0.31 (AL3)

Therefore, the uncertainty in thermal conductance would be
VO3 = 0.56 %.

ALS Thermal Condwctivity or Thermal Resistivity—The
relative uncertainty in thermal conductivity caused by either
random or systematic ¢rrors may be calculated from the
following error propagation formula:

&)

) = (AQ/QR + (ATITY + (AA/AY + (ALILY (ALY

where /4 and L/L are the total relative uncertainties of area
and thickness, respectively. Again, the above total relative
uncenaintics include not only the measurement uncertainty,
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but also the effect of matenal vanability and deviations from
the definitions as discussed in Practice C 10435, In addition, it
should b noted that the temperature to which each mea-
sured property is assigned also contains 2 measurement error
that affects the uncertainty of the final result. The effect of
this error increases as the temperature dependence of the
measured property imereases.

A19.1 For example for fibrous glass insulation at 24°C
mean temperature and a 22°C temperature difference across
the specimen the following errors can be realized.

"}'ﬂ‘ 2

\T} = (0.5)2 4 (0,250 = (0014 + (0.1 = 032 (ALS)

Therefore, the uncertainty in thermal conductivity would be
V032 =057 %.

AL10 Itisrecommended that the user periodically confirm
these calculated uncertainties by measuring specimens of
established standard reference materials or calibrated transfer
specimens. Comparison of the measurement results with the
accepted values will reveal whether the performance of the
guarded hot plate is of acceplable quality. The results of such
comparative measurements are not to be used to obtain an
apparatus “calibration” or “correction” factor. For further
information on this see Refs (23-29).
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1. Registered Lead Auditor of Quality Manageemnt System and
Ocupational Health and Safety System

2. Certifier

TUV Rheinland (Thailand) Limited. Bangkok, Thailand
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