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ABSTRACT: Hecat transfer and watcr vapor transport measurciments performed at
three laboratories using the “sweating™ guarded hot plate appafatus were standard-
ized based on the International Qrganization for Standardization (ISO} International
S_t:mdard 11092. Comparison testing was conducted on four standard military uni-
torm materials. The adherence to ISO 11092 resulted in good agreement among the
three Iaboratories between measured values of thermal resistance and water vapor re-

sistance for the four materials. Factors influencing the accuracy of the test method arc
also discussed.
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INTRODUCTION

THREE ORGANIZATIONS LOCATED at the US. Army Natick Research,
Development and Engincering Center (Natick) routinely determine the
thermal propertics of clothing and textile materials in the laboratory. These
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organizations are the Survivability Directorate of Natick, the US. Army
Research Institute of Environmental Medicine (USARIEM). and the U.S
Navy Clothing and Textile Rescarch Facility (NCTRF). All three organiza-
tions use a “sweating” guarded hot plate to determine the thermal and water
vapor transport properties of materials and evaluate them for their intended
usc.

An accepted standard for sweating guarded hot plate testing has recently
become available. It is the International Organization for Standardization
(ISO) Standard 11092 which covers both heat transfer and water vapor
permeability testing [1]. Until the publication of this standard, the only ap-
plicable guarded hot plate standards were American Society for Testing and
Materials (ASTM) standards [2,3], which only covered dry thermal testing.
and the Deutsches Institut fur Normung (DIN) 54-101 [4]. which was a
draft German standard upon which the ISO 11092 standard is based.

Sweating guarded hot plate test methods are generally most appropriate
for materials that are intended to have relatively low thermal and water
vapor resistance values. Insulative battings and cold weather clothing
materials with appreciable thickness are evaluated using either a hear flow
meter type test [5] (available at Natick and NCTRF) or a standard two-
specimen guarded hot plate apparatus. An excellent review of the application
of standard ASTM test methods for the evaluation of the thermal resistance
of cold weather clothing materials is given by Bomberg {6]. He reviews
some of the uncertainties inherent in determining material properties with a
one-sided guarded hot plate apparatus.

The intent of this present study is to take a set of four standard marterials
and have them tested by each laboratory according to ISO 11092, The values
for thermal resistance and water vapor permeability obtained by each labo-
ratory are compared, and the interlaboratory variance and offset are deter-
mined. The various factors influencing the accuracy of the ISO 11092 test
method are also discussed.

MATERIALS AND TEST METHODS
Materials

Each Iaboratory was asked to determine the thermal and water vapor
transport propertics of four different standard materials used in LS. chenn-
cal protective garments. The materials are described and listed below. The
sample identification is given in boldface; this identification is the one used
it figures.

Saratoga
Uaited States Marine Corps Chemical Protective Suit [7]
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Outer Layer [8]—6 oz/yd? 100% combed cotton, ripstop poplin weave,
Quarpel treated, desert camouflage, Type VI, MIL-C-43468.

Inner Layer [9]—34 g/m? coaxial polyamide/polyester fiber blend nonwoven
laminated to activated carbon spheres, bonded to a polyester tricot kint.

CPO

United States Navy Chemical Protective Overgarment [10]

Outer Layer [11]—Modacrylicmylon blend twill weave cloth.

Middle Layer {12]— Activated carbon sprayed woven multi-fiber cloth.
Inner Layer [13]—100% cotton chambray cloth, flame-retardant treated.

BDO

United States Army Battle Dress Overgarment [14]

Quter Layer {15]--7 oz/yd?, 50% nylon (type 420, 2.5 denier per filament),
30% carded cotton, twill weave, Quarpel treated, woodland camouflage,
Class 2, MIL-C-44031.

Inner Layer [16]—Polyurethane foam impregnated with activated carbon
and laminated on the inner side with a nylon tricot knit, MIL-C-43858.

CPU/HWBDU

United States Army Chemical Protéctive Undergarment [17]

Quter Layer [18] — Hot Weather Battledress Uniform (HWBDU)— 6 ozlyd?,
100% combed cotton, ripstop poplin weave, desert camouflage.

Inner Layer {19]—Chemical Protective Undergarment (CPU)—Nylon/
Lycra tricot fabric containing activated carbon

Three samples of each material were provided to each laboratory. All
samples were prepared by personnel at NCTRE The samples were obtained
from previously manufactured suits, cut to size, and then steam pressed to
remove wrinkles and to allow them to lay flat.

Test Methods

The methods used by cach laboratory follow those given in ISO 11092,
“Measurement of Thermal and Water Vapour Resistance Under Steady-State
Conditions (Sweating Guarded-Hotplate Test)” A brief summary of the test
method is presented below; for further details refer to ISO 11092.

The guarded hot plate measures the power required to maintain a flat
measurement area at a constant temperature. When the plate is covered with
a test material, the amount of power required to maintain the plate at a given
temperature can be related back to the dry thermal resistance of the test
material. If the porous sintered metal plate is saturated with water, then the
amount of power required to maintain the plate at a given temperature is
related to the rate at which water evaporates from the surface of the plate and
diffuses through the material. Auxiliary guard heaters are placed around and
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under the measurement area to insure that heat and water vapor only tlow

through the measurcment area. ) A
Since this mcthod must account for both heat and mass transfer effects, it

1s necessary to determine the dry thermal resistance of the matenial ﬁrs:t.
Then the porous plate is saturated with water and the material is tested again
to determine its water vapor transmission properties.

Airflow over the sample is particularly important since it greaty affects
the heat and mass transfer coefficients from the plate. The ISO 11092 Stan-
dard calls for a ducted flow over the plate with a turbulence generator at the
inlet of the duct. The air speed is specified to be T m/s at a point 13 mun
above the center of the plate surface. The air velocity cocfficient of \-'aria{iron
due to turbulence at this point is specified to be between 5% and 10%. The
test condittons for the dry plate test and the wet plate test are summarized in
Table 1. A list of the specific test equipment, including the guarded hot place
dimensions and manufacturers, is given for each of the three laboratories in
Table 2.

' Dy Thermal Resistance Test

Dry thermal resistance of the material is calculated by measuring the tem-
perature diffcrence between the surface of the hcatcd. measurement area of
the guarded hot plate and the temperature of the ambient air away from the
plate. It is this temperature difference which drives heat transfer t.hrough the
fabric. The equation used for calculating the thermal resistance is:

A(Tptae — Tair)

o= 1
Riorar 9) (1)

Riorar = thermal resistance of material plus the boundary air layer (m?-K/

. Watt)
A = guarded hot plate measurerient area (m?)

Table 1. 15O 11092 test conditions.

Air

Piate Air Relative

Temperature Temperature Humidity
(°0) {%) {%)
Dry Plate ]
Test Conditions 35 20 A5
Saturated Plate ] \
Test Conditions 35 35 i
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Table 2. Sweating guarded hot plate equipment specificafions.

U.5. Army Natick Research, Development and Engineering Center (Nafick)

Plate Manufocturer. Dynatech R/D Company {reorganized os Holometrix, Inc.}
Plate Dimensions: Measurement Area = 0.0645 m?
Guard Area = 0,1935 m?
Chamber Manvfocturer:  Tenney Engineering, Inc.
Chomber Volume: 0.84 m®

Anemomeler Type: Hot-Wire Anemometer, Tri-Sense Modsl 37000-00, Cole-
Parmer instrument Co. or Thermal-Ball Anemometer, Tesio 457
Testoterm GmbH & Co. {Germany}

r

U.S. Navy Clothing and Textile Research Facility (NCTRF}

Plate Manufgcfurer.- Dynctech R/D Company (recrganized as Holometrix fnc.)
Flate Dimensions: Measurement Area = 0.0645 m? I

Guard Area = 0.1935 m?
Chamber Manufaciurer: Envirofronics, Inc,
Chomber Volume: 0.84 m3

Anemomeler Type: Hot-Wire Anemometer, Model 415-3, Kurz Instruments, Inc.

U.S. Army Research Institute of Environmental Medicine (USARIEM)

Picte Manulocturer: Hehenstein Institute {Federa! Republic of Germany)
Plate Dimensions: Measurement Areo = 0.040 m?
Guard Area = 0.104 m?
1l‘\!o#fe—Guc:rci area is not saturated during @ vapor permeability
es
Chomber Monufacturer:  Weiss Umwelttechnik, GMBH (Federal Republic of Germany)
Chamber Volume: 0.64 m3

Aremometer Type: Hot-Wire Anemometer, Alnor Compuflow, Modsl GGA-65P
Thigs Clima Co. {Germany) '
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Torere = temperature of the plate surface (°C)
T... = temperature of the ambient air {°C)
(J = power required to maintain a constant plate surface temperature

{Watt)

The total thermal resistance R,... includes the apparent thermal resistance
of the boundary air layer above the fabric material surface plus the apparent
resistance due to various factors within the apparatus itself. The thermal re-
sistance of apparatus and boundary air layer can be measured by pertorming
a test on the bare plate without a fabric sample. The value of R thus obrained
for the bare plate is designated K..,.

R.,, decreases as the air speed sweeping over the surface of the guarded hot
plate increases. Increased air movement reduces the thickness of the bound-
ary air layer over the plate and enhances heat transfer. Increased turbulence
of the air flow also enhances heat transfer from the plate. It is assumed that
the boundary air layer over the bare plate is identical to the boundary air
layer over the fabric. This assumption may introduce crrors if the surface
characteristics of the fabric are extremely different from those of the bare
plate. The intrinsic thermal resistance R, of the fabric may be obtained by
subtracting out the thermal resistance of the overlying boundary air layver
measured during the bare plate test:

Rcl = Rromr - Rcw (2)

The value for R,, is 2 measure of the intrinsic thermal resistance of the
material to dry heat transfer, and the same value of R, should be obtained by
each laboratory for a given material. It should be noted that the one-sided
guarded hot plate measurement includes the radiation heat loss in the mea-
surement. The relative proportion of the radiative heat loss in the toral mea-
surement is minimized if the air speed over the sample is kept fairly high. as
it is in the ISO 11092 test method. Specific methods to account for the radi-
ative component of heat transfer are given by Farnworth [20], but are not in-
corporated into the [SO 11092 standard.

Water Vapor Resistance Test

The water vapor reststance of a material is analogous to the dry thermal
resistance of the material. The porous guarded hot plate can be saturated
with water so that its surface is completely wet. A thin saturated cellophane
film placed over the plate prevents liquid water from wicking into the fabric,
yet allows water 1o {reely permeate through the film and evaporate trom the
surface {the process of pervaporation in membrane terminology). The power
required to maintain the plate surface at a given temperature is related to the
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rate at which water evaporates from the surface of the plate and diffuse

through the test material. The ISO 11092 test conditions call for no tein er;q

ature c.iiﬁ'crcnce between the ambient air and the plate surface. In this (E'm‘

the driving fjorcc for energy transfer through the test material .is not E-l tCI;l—‘

perature diffcrence, but a vapor pressure difference between the sat d

plate surface and ambient air. e
The cquation used for calculating the water vapor resistance is:

_A(p — 9p)
Reorar = a 3

Rogar = E!\T:ltf[rja;\;z?tr) resistance of materig plus the boundary air layer
A = guarded hot plate measurenment area {m?*
P« = saturated water vapor pressure at the plate surface (Pa)
P. = saturated water vapor pressure of the ambient ajr {Pa)
Q = power required to muaintain a constant platc surface temperature
(Watt)
¢ = relative humidity of the ambient air {fractionaly

I hL‘ TIEIISEC W dater v JPUI resistance Ie’! 01 thc f:lthIC 1112Y be dCtL‘l Illlllcd b)’
Subt! acti[lg Out dl( Ualue of t]]c wate Val)() esistanc in SUItEd f()] 'hc bal [
T rr stance £€a
Plat‘n ieero .

Rzr = Reloml - Rem (4)

Intrinsic Water Vapor Permeability Index and
Conversion to Traditional Clothing Units

hThC val‘ucs tor R, and R.. may be combined to give an efficiency factor of
the material compared to a still air layer of the same thickness:

o = ST o

et

fmr 7 INIINSIC Water vapor permeability index {dimensionless)
= Lewis constant (60 Pa/K)
mtrinsic thermal resistance (m*-K/W)

R.. = intrinsic water vapor resistance (m?>-Pa/W)

=1
ton
i

The itic ' i
] ‘c q;.a:_mms Rf" R:,. and 7., may be casily converted to some of the
more traditional units often used in clothing cvaluation. For convenience the

Interlabaratory Evaltation of a New Sweating Guarded Hor Pla 184

conversions to clo and i, are given below; further information nn the conver-
sion equations may be found in Reference [21].

e

o = |6.461 (6}
(I'ﬂ -

ey (G
Watt

= {60

. Paj)Ree + Reo ()
o K

R.. + R..

FACTORS AFFECTING THE ACCURACY OF
THE ISO 11092 TEST METHOD

There are several factors which may affect the accuracy of the ISO 11692
test method. The most important of these is the way in which the boundary
air layers caused by the air flow over the plate interact with the thermal
guard system used for the guarded hot plate.

A schematic of a typical one-sided guarded hot plate is shown i Fiaure
1. The guard and bucking heaters are maintained at the same temperature as
the center measurement scetion. This ensures that heat only flows upward
through the measurement section. The amount of power needed to maintain
the center measurement section at a constant temperature is thus related onlv
to various constant resistance factors within the plate itself, plus the thermal
resistance of the test sample and the overlying boundary air layer.

The principles of the guarded hot plate assume that the temperature distri-
bution is symmetrical with respect to the center of the measurement arca.
The guard and bucking heater power levels are controlled to keep the aver-
age temperature difference of thermopiles, located at the boundary hetween
the different plates, as close to zero as possible.

Certain test conditions, especially those involving air flow over the plate,
may cause the temperature distribution to no longer be symunetrical with re-

Measurement Area

/ Guard Heater

s Bucking Heater

FIGURE 1. Schematic of guarded hot plate apparatus (detatls of thermal msulann and s
sors not shown).
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‘St - Thermal Boundary Layer Thickness

Distance Along Plate

Distance From Plaie Surface

Heat Transfer Coefficient Decreasing ——
Plate Surface Temperature Increasing

FiGURE 2. Boundary layer growth along the guarded hot plate,

spect to the plate center. In this case, the controllers may still be able to set
power levels so that the thermopile output is zero, but there may now be a
temperature difference between one part of the plate and another, which
means some heat may be flowing from the plate measurement area to the
thermal guard arca and not through the test specimen.

The ISO 11092 test method produces a nonsymimetrical temperature dis-
tribution across the guarded plate due to the turbulent ducted flow specified
in the test conditions. At the duct entrance, boundary layer growth begins.
The boundary layer grows along the plate length up to the duct exit. This
type of flow irnplies that although the plate surface should ideally be at
35°C. it actually varies in the direction of the air flow. This is shown sche-
matically in Figure 2.

This variation in temperature along the plate surface could cause errors in
the measured properties of materials. It is difficult to estimate what the pos-
sible error is since the free stream flow has a significant level of turbulence.
Several references [22,23] allow one to predict temperature distribotions and
heat transfer coefficients along a flat plate in laminar air flow, but little has
been done for a flow with significant amounts of turbulence. One research
group in Japan [24] has investigated the effect of free stream turbulence on
flat plate transfer, and we can usc their results to estimate how much the heat
transfer cocfficient will vary across the length of the plate.

For a level of turbulence between 5% and 10%, the Nusselt number {Nu)
can be related to the Reynolds number (Re) as:

Nu, = 0.029]1Re?* )

e Cparded 1, s}
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i Usel
where Nu, = 1;‘ and Re, = c:u

h, = average hcat transfer cocfficient (Wim*-°C)
= distance along the plate (m)
k = air thermal conductivity = 0.02723 (W/m-°C)
Us = air velocity = 1 m/s
g = air density = 1.175 kg/m’
p = air intrinsic viscosity = 1.9 x 107 (kg/m-s)

We may write an expression for the local average heat transfer coetficient
in terms of the distance L (in meters) along the plate as:

7.9 x 107

| (61840L)" )

. =

If we pick two locations on the plate which correspond to the bgund?r:;z
between the measurement area and the guard area we may get an idea lo‘ ©
difference in heat transfer cocfficient between the two loc.ttlons.jij we us:
the Natick plate as an example, the two va!}m's for L arc O.lhz. 011(1: j;m{
0.381 m. The corresponding heat transfer cocfficients are 8.1 Wim®- ‘ék
6.5 Wm?-°C. These two numbers represent th? average l_lcat transferfm 1;
cient from the beginning of the plate to that point. The d:ffcre'ncc n t“‘JC‘ t\\ :,
numbers is proportional to the way the heat transfer cocflicient :; \ ‘::;rl‘_;:a:
across the plate measurement area as a consequence of the boundary laye
gr?["v;:é calculations indicate there apparently is some potential f(){r }e_rr(?rs
arising to the way the air flows across the plate. It is difficult to telt if this er
mgicm\:\i(;rtt?tl.ook at the possible error arising due to.nonuniforrfl hL\'..lf
transfer across the measurement area is to perform m_atcrml property mea
surements under different air flow conditions and sec if the measured prop-

i in some systematic way.
erﬁ:t;;t};;ijucted syuch a series of tests using one of the Samtog:l 'c‘o‘:itr]?i
samples. First a series of bare plate tests were conducted L?\ er ﬁ\_nm ,i,.\
velocities between 0.5 and 2.0 mfs. Then one of the Savatoga control samy e
was tested under the same conditions. If the air flow causes sxgmfilfm'{t L{;
rors, the measured intrinsic thermal resistance‘ of the Saratoga sample would
show some change as a function of air velocity. R

Figure 3 shows that no large crrors are apparcnt 0\’L‘l"-thc -tnr veloc ”}. r r?(
used. The measured intrinsic thermal resistance remains constapt over fhe
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A5

Saratoga Sample Measured Total Resistance

o
=

Bare Plate Measured Resistance

o
v

------------- R R
Saratoga Fabric Intrinsic Resistance
(Total Resistance - Bare Plate Resistance)

. : ——

0 5 1.0 1.5 2.0

Thermal Resistance R.m (m2~K/W)

Afr Velocity (m/s) at Cemter of Plate .015 m From Surface

HIGURE 3. Variation of measured thermal resistance with air velocity over plate surface.

entire range of velocities. The sin
is extrapolated from another sc
Figure 3 implies that the erro

gle value for stil air, or natural convectior,
ries of tests conducted previously,

rs introduced by the non-uniform boundary
layer in the 1SO 11092 standard do not significantly affect the measured

properties. Figure 3 also shows that the measured properties do not vary sig-
nificantly over quite a wide velocity range. For the five different air velocities
uscd, the measured properties of the Saratoga thermal resistance show a
coctlicient of variation of about 3 %, which is as good as the normal test-to-
test variability for an identical sample using standard conditions.

RESULTS AND DISCUSSION

The results for the four materials

bars refer to the cocflicient of varia
by each laboratory.

All three labs seem to agree fairly well, however the offset between labora-
tories does not seem to be very consistent. This may be due to inherent dif-
ferences in the test cquipment, and the many small variations in the individ-
ual test procedures of the three laboratorics. For example, cach laboratory
may have ditfered in how the fabric sample was placed on the plate. Labs
which smoothed the materials on the plate with heavy pressure

are shown in Figures 4 and 5. The error
nce measured on the three samples tested

would show

. ~ N . 11 . I t)'z
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different results than labs which just let the materials e naturally on the
plate. Additional factors may be the allowed variations in air and plate tem-
peratures. 15O 11092 specifics a temperature accuracy of £0.1 K for the
plate temperature. and +0.5 K for the air temperature.

The guestion arises whether the test results in Figures 4 and 5 show good
agreement of not. Each laboratory did not test identical samples, which is
the usual case in a round-robin testing arrangement, but tested different
samples of the same material. The test results thus include both between-
laboratory variation plus the variability of the material itself. Within cach
laboratory the sample-to-sample variability is very low for all the materials
except the BDO, which, due to variations in thickness and weight, had quite
a large variance in measured properties for all three laboratorics,

ISO 11092 contains guidelines for interlaboratory variation. An interlabo-
ratory trial involving 4 laboratories, using three samples each of a foam
material formed in three different thicknesses, found an average standard de-
viation of 65 x 10 m*-K/W for thermal resistance R, and an average
standard deviation of 0.67 m’-Pa/ W for water vapor resistance R,,. It is im-
portant to note that these laboratories all used the same samples, not dif-
ferent samples cut from the same lot of material. The interlaboratory tria
also involved guarded hot plates madc by the same manufacturer.

In our study, the comparable average standard deviation for the three
laboratories for the value of thermal resistance R.. was 6.1 x 107 m*-K/ W,
The average standard deviation for the value of water vapor resistance R,,
was 0.91 m*-Pa/W. This thermal resistance value is within the range found
in the interlaboratory trial contained in 1ISO 11092, while the water vapor
resistance value is slightly higher. This is very encouraging, especially con-
sidering that there are some differences in the plate design between Natick,
USARIEM, and NCTRF, and that the three laboratories did not test the
same samples.

There are specific analysis methods which have been developed ta charac-
terize the statistical quantities of test precision, repeatability, and bias in-
volved in interlaboratory test results. The ASTM publishes several ap-
plicable analysis methods, contained in References [25-28). These methods
make it possible to separate the causes of test result variability into such fac-
tors as material variance, operator bias, measurement error, etc.

Such a derailed analysis is not presented here, although a statistician could
perform this type of analysis with the complete data set. The interlaboratory
variance and offset will be caleulated in a much simpler way as described
below. -

The global average is taken to be the average of all [aboratory results for
an individual macerial. This sct of test measurements is also used to calenlate
the global cocfficient of variance, The individual laboratory offsct is defined
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as the difference between the laboratory average for the material and the
bal average.

gl(l)t is often gthe case in interlaboratory test comparisons that tl:iCl()ﬁ-Sf.‘t may
vary with the intrinsic propertics of the material. To see if this is true, the
observed absolute offset from the global average against the thcrm,al or
water vapor resistatice may be plotted, as shown in Figures 6 and 7. We see
that there is no clear relation between the sample level of resistance and the
measured interlaboratory offset from the global average.

This interlaboratory offset from a global average can be used to correct {!lL‘
data from different laboratories. Each laboratory applies the offset to its
calculated average to get a corrected average. This could be us'cful when all
three laboratories are trying to compare data generated on different mate-
nals.

We can apply the offset correction to the data from C-Elcl-‘l laloratory and
calculate the new global averages and global standard deviation. We may also
calculate 95% confidence limits for the corrected data. Figures 8 and % show
the data from each laboratory corrected for average offset from tllw _glo[3al
a\.rcrage. By applying the offset correction, the average standard de\.'lanon for
the dry thermal resistance decreased to 3.3 x 1072 m*-K/W, whlclt]“corrc-
sponds to an average cocfficient of variation of :]b(]%lt 006 or 6%, The
average standard deviation for the water vapor resistance decreased to
0.81 m*Pa/ W, which cortesponds to a cocflicient of variation of about (108
or 8%.

The 95% confidence limits for the measured properties of R, and R, for
cach material are shown in Figures 10 and 11. The confidence limi_ts are
calculated based on the expected average offset for each lab and applied o
the global averages which are corrected for each laboratory’s offset. .

Although we do see some improvement, the use of t}.w offset correction
factors derived here does not reduce the average coefficient of variation of
these materials by more than 5% for either thermal or water vapor rc‘sist;v;u_w.ce
values. The use of the correction factor derived here is probably not_mst:hc@
since the improvement in interlaboratory agreement is so m_inimal_. and is
comparable in magnitude to the variability of results due to material vari-

. ability and the test method itself.

CONCLUSIONS

The use of the ISO 11092 test standard resulted in good agreement be-
tween three different laboratories for measured values of thermal resistance
and watcr vapor resistance for several textile materials, .

The average standard deviation for the interlaboratory rcsuilts is compara-
ble to that obtained for other interlaboratory comparisons which used iden-
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tical test samples and test apparatus. This is excellent considering that for our
testing there were extra sources of variability present. One source of vari-
ability was due to the test equipment design itself, since not all three labora-
torics used test cquipment made by the same manufacturer. Another extra
source of variability was due to the large differences in some of the test
samples, especially the BDO material, which had a variation in material
properties of around 10%.

A correction factor was derived based on the average standard deviation
for each laboratory. This correction factor was applied to data gencrated at
cach laboratory. The correction factor slightly improved the agreement be-
tween laboratories, but the improved agreement is not significant cnough to
justify the use of the correction factor in analyzing data generated at the dif-
ferent laboratories. Even without a correction factor, for materials with little
inherent variability from sample to sample, interlaboratory agreement
should be on the order of 5% for both thermal and water vapor resistance

values.
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