Institute for Institut de
Research in recherche en
Construction construction

http://www.nrc-cnrc.gc.calirc

Guarded hot box measurements of the dynamic heat transmission

characteristics of seven wall specimens - Part Il

RNRCC-33997

Brown, W.C.; Stephenson, D.G.

January 1993

A version of this document is published in / Une version de ce document se trouve dans:
ASHRAE Transactions, 99, (1), ASHRAE Winter Meeting (Chicago, IL, USA,
January-23-93), pp. 643-660, 93

The material in this document is covered by the provisions of the Copyright Act, by Canadian laws, policies, regulations and international
agreements. Such provisions serve to identify the information source and, in specific instances, to prohibit reproduction of materials without
written permission. For more information visit _http://laws.justice.gc.ca/en/showtdm/cs/C-42

Les renseignements dans ce document sont protégés par la Loi sur le droit d'auteur, par les lois, les politiques et les réglements du Canada et
des accords internationaux. Ces dispositions permettent d'identifier la source de l'information et, dans certains cas, d'interdire la copie de
documents sans permission écrite. Pour obtenir de plus amples renseignements : http://lois.justice.gc.ca/fr/showtdm/cs/C-42

National Research  Conseil national
Council Canada de recherches Canada



http://www.nrc-cnrc.gc.ca/irc
http://laws.justice.gc.ca/en/C-42/index.html
http://lois.justice.gc.ca/fr/showtdm/cs/C-42




3684 (RP-515)

GUARDED HOT BOX MEASUREMENTS OF
THE DYNAMIC HEAT TRANSMISSION
CHARACTERISTICS OF SEVEN WALL

SPECIMENS —PART 1l

W.C. Brown

ABSTRACT

ASHRAE Research Project 515 had the goal of
prodicing measured dynamic heat transmission character-
istics of walls. The work was undertaken utilizing a
guarded hot box facility. The measured dynamic heat
transmission characteristics are used to confirm the data
and procedures provided in the ASHHIRAE Hand-
book—TIFundamentals for predicting dynamic heat transfer.
The steady-state (thermal resistance) and dynamic heat
transmission characteristics of seven wall specimens were
measured. The test specimens represented wall types
ranging in construction from an insulated steel stud wall
with stucco finish to an insulated concrete block wall with
brick veneer finish.

For all specimens, the measured frequency response
compared quite well with the predicted frequency response.
On the other hand, the measured thermal resistance varied
from 45% to 90% of the predicted thermal resistance. It is
concluded that, within the constraints imposed on the
equations and data and assuming actual assembly thermal
resistance, heat flux predicted using the Handbook z-
transfer function coefficients will be accurate enough for
practical purposes.

INTRODUCTION

ASIIRAE Research Project 515 was undertaken to
produce measured dynamic heat transmission character-
istics of walls.

The first objective of the project was designed to
determine whether the dynamic heat transmission
characteristics of nonhomogeneous walls differ signifi-
cantly from the response that would be predicted using
methods from the 1989 ASIHRAE Iland-
book—Fundamentals (ASIIRAE 1989). The second
objective, which was added after the project began, was
designed to demonstrate that the measurement proce-
dure used with the seven generic walls (the original
objective) provided accurate data. Both objcctives are

D.G. Stephenson, Ph.D.

documented in the final contract report (Brown 1991).

Most procedures for estimating dynamic heat transfer
through, and temperature variations of, building walls
and roofs are based on the z-transfer function data and
procedures that are published in the ASHRAE Hand-
book. These were developed by Stephenson and Mitalas
at the National Research Council of Canada (Mitalas
1968; Stephenson and Mitalas 1971; Mitalas 1978). They
pertain to walls and roofs made up of layers of homoge-
neous materials and have no allowance for thermal
bridges, such as framing members or brackets that
support cladding. The Handbook only gives z-transfer
function coefficients that relate the heat flux component

through the interior surface of the wall to the sol-alr

temperature on the exterior. This is sufficient to calcu-
late the rate of heat transfer at the interior due to a
change in exterior conditions, but another set of coeffi-
cients is needed when calculating the component of heat
transfer at the interior due to a change in interior
temperature. The latter is required for the calculation of
room thermal response.

NRCC developed an experimental procedure for
obtaining both sets of z-transfer function cocfficients for
a wall specimen. It uses test results obtained from a
dynamically calibrated ASTM C-236 guarded hot box
apparatus (ASTM 1991). The testing and data reduction
procedures and confirmation of their valldlty, the second
objective of RP-515, are documented in a companion
paper (Brown and Stephenson 1993). This paper docu-
ments the first objective and describes the construction
of the seven generic test specimens, presents the z-trans-
fer function coelficients determined for the specimens,
and comments on the implications of the results.

TEST SPECIMENS

Specifications for the seven generic test specimens
were developed by the ASHRAE monitoring committee
in consultation with NRCC. Test specimcns were
constructed using building materials that werc obtained

William C. Brown is a senior researcher at the Institute for Research in Construction, National Research Council of Canada, Ottawa,
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TABLE 1
Summary of Test Specimen Descriptions, and ‘’Measured’’ Thermal Transmittance (U-Factor) and Z-Transfer Function
Coefficients. Note that U-Factor and Z-Transfer Function Coefficients are Reported for 0°C {32°F) Mean Temperature.

Construction U-value Coefficieats c,,, b,, d,
[ Vo. Description n=0 n=1 n=2 =3 n=4 n=>5
1 89 mm [3.5"] insulated 0.76 ¢ 43823 | -5.0281 12659
steel stud wall [0.1341 | b 0.1032 04179 0.0976 0.0014
w/25 mm [1"]stucco d 1.0000 | -0.3849 0.0050

2 25 mm [1"] extruded 1.01 c 36649 | -73151 49626 | -1.3787 0.1397

polystyrene on [0.178] | b 0.0015 0.0257 0.0371 0.0087 0.0003

200 mm [8"] concrete slab d 10000 | -1.2364 0.3481 | -0.0405 0.0021

3 |200 mm [8"] concrete slab 1.02 ¢ 10.1458 | -16.6276 7.2687 | -0.6731 -0.0711
on 25 mm [17] [0.180] | b 0.0014 0.0183 0.2022 0.0029

extruded polystyrene d 10000 | -1.4836 0.5981 -0.0728 0.0011

4 89 mm [3.5"] insulated 0.64 c 62455 | -11.3309 6.5383 | -1.4812 0.2302
steel stud wall on [0.113] | b 0.0173 0.1218 0.0598 0.0029
100 mm [4"] concrete slab d 10000 | -0.8380 0.0404 | -0.0006

5 |140 mm [6"] hollow CMU 043 ¢ 10.6690 | -28.9969 | 29.0165 | -12.9742 2.2935
w/50 mm [2"] ext. poly. [0077] | b  0.0002 0.0032 0.0040 0.0006

& 89 mm [3.5"] clay brick d 1.0000 | -2.1653 1.5048 | -0.3349 0.0034

6 89 mm [3.5"] insulated 0.53 c 72460 | -14.4387 99135 | -2.8831 0.3485

steel stud wall 00941 | b 0.0048 0.0722 0.0907 0.0179 0.0006

w/89 mm [3.5"] clay brick d 10000 | -1.0340 02414 | -0.0221 0.0009

7 | 150 mm [6"] solid CMU 0.56 ¢ 170794 | -32.4576 | 19.6809 | -4.4393 0.1829

w/100 mm [4"] ext. poly. [0099] | b 0.0005 0.0118 0.0246 0.0088 0.0005

& 25 mm [1"] granite . d 1.0000 | -1.7326 1.0032 | -0.2490 0.0252 0.0006

string and a matching string on the insulation were
duplicated at various interfaces through the specimen.
Typically, a specimen was instrumented with more than
100 thermocouples. With these temperature measure-
ments, it was possible to determine temperature gradi-
ents through both the insulation and the thermal
bridges. Such information provided increased confidence
in the accuracy of the thermal measurements.

from local sources. All specimens were 8 ft x 8 ft (2440
mm X 2440 mm), the size required by the test appara-
tus. The concrete slabs of specimens #2/#3 and #4
were cast by a local precast company and delivered to
the laboratory within a few days of casting. Concrete
block and clay brick components of specimens were
constructed in specimen test frames by a local masonry
contractor. Steel stud frames were built in-house for
those specimens that required them. Other finishing
touches, such as the installation of gypsum board and
insulation, were also performed in-house.

General descriptions of all test specimens are given
in Table 1. Specific details of the test specimens are
given in individual specimen reports that follow. All

TEST RESULTS

Test data and results for the seven test specimens
are recorded in individual specimen reports that are

specimens were constructed at about the same time. The
first specimen (#1) was tested after it had been left to
age (cure) for a month in the laboratory. The elapsed
time between construction and testing of the remaining
specimens was six weeks or longer.

Twenty thermocouples were installed to monitor
temperatures within the test calorimeter. A 4-by-4 grid
of 16 thermocouples was mounted on the interior and
exterior surfaces of specimens to measure surface
temperatures at the insulated sections. Thermocouples
were also mounted on the interior and exterior surfaces
to measure surface temperatures at the thermal bridges.
Additional thermocouples were mounted on and within
the specimens to monitor temperatures at other points
of interest. For example, a string of four thermocouples
was mounted over onme of the steel studs in those
specimens that contained steel studs. This thermocouple
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appended below. Values of thermal resistance and
z-transfer function coefficients determined for all
specimens are given in Table 1.

The individual specimen reports follow a standard
format. Each report contains the following information:

1. a brief description of the test specimen and a
discussion of the test program and results;

2. the time constants, 7,, and z-transfer function coeffi-
cients, d,, b,, and c,, measured for the specimen;

3. the material properties that were used to predict the

response of the specimen;

4. numerical and graphical presentation of measured,
calculated, and predicted thermal resistance;

5. numerical and graphical presentation of measured,
calculated, and predicted 1/B and D/B responses.

ASHRAE Transactions: Research




The following definitions of “measured,” “calculat-
ed,” and “predicted” values are used in the summary
reports: .

“Measured” values were determined directly from
experimental data.

“Calculated” values were determined indirectly from
the experimental data, e.g., R, was not “measured” at
T,,=24°C (75°F) but was “calculated” from the R,, vs.
T,, relationship determined from the experimental data;
1/B and D/B were ‘“calculated” from the z-transfer
function coefficients that were themselves determined
from the experimental data.

“Predicted” values were determined from “book”
material property data and the governing equations;
models of the specimens did not include thermal
bridges. Z-transfer function coefficients were “predict-
ed” by the same program that was used to generate the
Handbook coefficients (Mitalas and Arsenault 1972) and
were normalized to the “predicted” thermal resistance.

The “book” material property data for the seven
generic specimens were obtained from manufacturers’
information if they were available. Failing that, the data
were usually available from Chapter 22 of the Hand-
book.

A comparison between “measured” and “predicted”
values of specimen thermal resistance, Rg, should take
the sensitivity of insulation thermal resistance to mean
temperature, T, into account. However, while specimen
Rgwas “measured” at Tm=0410°C (324 18°F), “book”
values of insulation thermal resistance are normally
quoted for T, =24°C (75°F). Specimen Rg can, there-
fore, only be “predicted” with confidence at 7,,=24°C
(75°F). The way around this conundrum is to determine
the dependence of specimen Rg on T, from the experi-
mental data (a linear relationship generally serves for
temperature extremes experienced by buildings) and to
“calculate” specimen Rg at T,,=24°C (75°F). The
individual specimen reports list values of R¢ “measured”
at T,,=0°C (32°F), “calculated” from experimental
data, and “predicted’” from “book” data for T,,=24°C
(75°F).

The values of 1/B and D/B were determined from
interior environmental conditions to exterior environ-
mental conditions. They therefore have built into them
the interior and exterior surface heat transfer coeffi-
cients that were in effect during the tests. Since the
values of 1/B and D/B are very sensitive to the surface
coefficients, it was decided that the test surface coeffi-
cients would be the “book” surface coefficients used in
“predicting” values of 1/B and D/B.

The values of 1/B and D/B determined in this
project were “measured” at discrete periods. Z-transfer
function coefficients c,, b,, and d,, were then determined
from these experimental data through a series of
mathematical steps. The question of whether these
coefficients reproduced the “measured” values is
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addressed by a tabulation of the “measured” and
“calculated” values in the individual reports. A second
question of how well these “calculated” values compared
to “predicted” values is addressed by a graphical presen-
tatior. of the “measured,” “calculated,” and “predicted”
values at the discrete test periods and of the “calculat-
ed” and “predicted” frequency response for the range
from steady state to the shortest test period.

CONCLUSIONS

Measurement of the dynamic heat transmission
characteristics of a homogeneous wall specimen and of
seven generic wall specimens has provided a number of
insights into the dynamic thermal performance of “real”
walls and how well that performance could be predicted
from the data and procedures in the ASHRAE Hand-
book—Fundamentals. The following conclusions are
drawn from this project.

1. Measured overall thermal resistance (steady-state
performance) was significantly different from pre-
dicted values if thermal bridges were not accounted
for in the prediction. For the seven generic wall
specimens in this project, the measured thermal

. resistance varied from 45% of “‘book” value to 90%
of “book” value.

2. Measured 1/B frequency response was in close
agreement with that predicted for the specimens,
even though thermal bridges were not included in
the prediction. It is hypothesized that the favorable
comparison between measured and predicted
response is a consequence of the fast response of
the thermal bridges; all were of steel.

3. Measured D/B response was of a shape similar to
that predicted for the specimens. However, while
the measured and predicted phase shifts were
generally in good agreement, the measured and
predicted amplitudes wereé not. The difference
appears to be primarily due to the difference be-
tween measured and predicted thermal resistance:

4. Since the predicted 1/B frequency response was in
such good agreement with the measured response,
it can be concluded that the Handbook equation and
coefficients will predict heat fluxes that are in good
agreement with the “real” solution. There are two
cautions that must accompany this conclusion. The
first is that the good agreement was based on
coefficients normalized to the corresponding ther-
mal resistance. Hence, load and energy calculations

_ will only be as good as the accuracy of the thermal
resistance. The second caution is related to the fact
that, since the Handbook equation assumes a con-
stant interior temperature, the accuracy of the D/B
frequency response is not important to its solution.
Only under this condition is the difference between
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the calculated and predicted D/B amplitudes not
important.

5. While not directly represented by the data present-
ed in this report, it was noted, probably not for the
first time, that the dynamic response of a wall
system is quite sensitive to the magnitudes of the
interior and exterior film coefficients. The z-transfer
function coefficients should, therefore, be used with
caution when the actual film coefficients differ from
the test film coefficients.
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TEST SPECIMEN #1

Description

Specimen #1 consisted of a 25 mm [1"] thick stucco exterior finish mounted to an insulated, heavy gauge steel stud
wall. The studs were 89 mm [3-1/2"] deep and located 406 mm [16"] on center. The insulation was RSI-2.1 [R-12] friction
fit glass fiber batts. The specimen was finished on the warm side with 12 mm [1/2"] gypsum board.

Test Results

The thermal resistance, Rg, determined at 7,,=24°C [75°F] was 51% of that predicted from the sum of the resistances
through the insulation. This indicates that the studs were acting as a significant thermal bridge for this wall design. The
frequency response was measured at periods of 24 h, 12 h and 6 h and the values of 1/B and D/B were determined from
these measurements. The ¢, coefficients were determined from a fit to the data measured at 12 h period. The D/B
response of this specimen was typical of that exhibited by all specimens with gypsum board interior finish.

i | I L) 1
Steel track top and bottom plates (16 ga)

TABLE 1-1 \—{
32x95x2 ; : '
Time constants and z-transfer function coefficients | 43|8 ft 25.73 TR

determined from measured data. T, are in hours, and

b, c, and d, are dimensionless and based on A= 1h.

Wood framing - both sides
< 19x92x2438 [0.75"x3.625"x96"]

— e —

n 0 1 2 3 4 5 . 7 NP
T, [ 4 1.01 0.22 0.16 0.14 0.07 A A
d 1.0000| -0.3849] 0.0050 .
7 Steel bri 16
b, | 0.1032] 0.4179] 0.0976] 0.0014 ! rrmselc il o SR
c, | 43823] -5.0281| 1.2659 | | I
‘ Punched steel studs (16 ga)
TABLE 1-2 41x92x2438 [1.625"%3.625"x96"]
Physical properties used to predict thermal response.
I - thickness - mm {in.] [';‘g?]
A - thermal conductivity - W/(m-K) [Btw/(h-ft-°F)]
p - deasity - kg/m3 [Ib/ft%]
Cp - specific heat - kJ/(kg-K) [Btu/(1b-°F)] SECTION A-A
Material { A. P Cp AT 2. T
Gypsum board 12 0.160 800 1.09
(interior) [1/2] |[0.092] | (501 | [0.26]
Stucco on wire mesh 25 [1"] (3 coats)
Glass fiber 89 0.042 14.5 0.71
batt insulation [3-12] |10.0241 | [0.9] | [0.17] Asphalt impregnitad falt papsr
Exterior gypsum sheathing 12 [0.5"]
Clypisue boiird 12 faten | R0 109 Punched steel studs 89 [3.59 (16 ga)
(exterion) (1/2] 110.092] | [50] | [0.26] w/ RSI-2.1 [R-12] glass fiber insulation
Stucco 25 0.720 1856 0.84 89x406x1219 [3.5"x16"x48"]
11 [[0.426] | [116] | [0.20] Polyethylene sheet 0.03 [6 mil]
Interior gypsum board 12 [0.5"]
Heat transfer coefficients:
i 2, ft2.
Intenf)r -0.078 m2 K/W [044 b ft2 :F/Btu] FIGURE 1-1 Elevation and cross sectional views of the
Exterior - 0.033 m*K/W [0.19 h-ft*-°F/Btu] specimen from the calorimeter (interior).
ASHRAE Transactions: Research 647




TEST SPECIMEN #1 (con't)

Steady State Response

Measured |Calculated | Predicted
T, °C i 0 24 24
[°F] [32] - [75] [75]
R, m?’K/W 0.078
[h-ft*-F/Btu] [0.44]
Ry m*K/W 1.21 1.17 227
[h-ft>-F/Btu] [6.85] [6.66] [13.081
R, m*K/W |- 0.033
[h-ft>-F/Btu] [0.19]
1/B Response
Period Measured Calculated
h Amp/Phase Amp./Phase
24 0.93.£-23° 0.96.£-24°
12 0.852-45° 0.85Z£-46°
6 0.65£-82° 0.60£-82°
D/B Response
Period Measured Calculated
h Amp./Phase Amp/Phase
24 :1.46£37° 1.43.238°
12 *2.25./49° 2.25/49°
6 3.99.250° 4.01.£47°
648

MEAN TEMPERATURE, °F

18 25 35 45 55 65 76 85 85
-o.Measured Rs : F]
.o-Predicted Rs i a
-+-Measured Re &
-+ Predicted Ry S
415 £
8 ]
Z
-;10%
>4 ;e ] E
s g
3 I
: |

- 0

-5 10 § 0 &6 10 16 20 26 30 35
MEAN TEMPERATURE, °C

x Predicted
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TEST SPECIMEN #2

Description

Specimen #2 consisted of 25 mm [1"] of extruded polystyrene insulation (RSI-0.7 [R-5]) mounted with light gauge
steel furring to the warm side of an 200 mm [8"] thick precast concete slab. The furring was located 610 mm [24"] on
center. The specimen was finished on the warm side with 16 mm [5/8"] gypsum board.

Test Results

The thermal resistance, Rg, determined at 7, =24°C [75°F] was 77% of that predicted from the sum of the resistances
through the insulation. The frequency response was measured at periods of 48 h, 24 h, 12 h and 6 h and the values of 1/B
and D/B were determined from these measurements. The c,, coefficients were determined from a fit to the data measured
at 24 h and 6 h periods. The D/B response of this specimen was typical of that exhibited by all specimens with gypsum

board interior finish.

TABLE 2-1
Time constants and z-transfer function coefficients
determined from measured data. 1, are in hours, and
b, ¢, and d, are dimensionless and based on A= 1h,

Steel furring (26 ga)
22x67x2438 [0.875°%2.625"x96"]

n 0 1 2 3 4 5

1 9.05 0.45 044 0.39 0.34 A &

d, | 1.0000| -1.2364| 0.3481| -0.0405| 0.0021 N

b, | 0.0015| 0.0257| 0.0371] 0.0087| 0.0003 610

c, | 3.6649| -7.3151| 4.9626| -1.3787| 0.1397 ’ [247]

TABLE 2-2 A
Physical properties used to predict thermal response.
] - thickness - mm [in.]
A - thermal conductivity - W/(m-K) [Btw/(b-ft-°F)] |
p - density - kg/m3 [Ib/ft3] :
Cp - specific heat - kJ/(kg-K) [Btu/(Ib-°F)] SECTION A-A

Material l A p Co

Gypsum board 16 0.160 800 1.09
(interior) [5/8] 0.092] | [50] | [0.26]
Ext.polystyrene .| 25 | 0029 | 288 | 1.22 Interior gypsum board 12 [0.57]
insulation m [0.018] | [1.8] [0.29] Polyethylene sheet 0.03 [6 mil]
Reinforced 203 | 1728 | 2240 | 092 tsotee' furring 2/5 [1°] (26 gar)):astened

) concrete w/ "tapcon” anchors
Snceslat (Bl L ILO 3 1501 1[0.22] 6x32 @ 610 oc [0.25%1.25" @ 24" oc]
w/ RSI-0.7 [R-5] ext. polystyrene 25 [1°]
Heat transfer coefficients:
i o Precast concrete slab 203 [87]
Interior - 0.078 m2-K/W [0.44 h-ft2.°F/Btu] w/ 15m [#5] re-bar @ 457 [18°] oc

Exterior - 0.051 m2K/W [0.29 h-ft2-°F/Btu]

FIGURE 2-1 Elevation and cross sectional views of the
specimen from the calorimeter (interior).

ASHRAE Transactions: Research 649
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TEST SPECIMEN #2 (con't)

Steady State Rosponse
MEAN TEMPERATURE, °F

5 15 25 35 45 55 65 75 85 865

L B s i o s oo mann e \Ban ianss
Measured | Calculated | Predicted z e 1= &
T, °C 0 4 pY £ 5 || +Measured R, };
[°F] B2 | 5] | [7s] (et {1 =
R, mK/W | 0078 g 3]
h-fi>F/Bru] | [0.44] g, 2
Ry m*K/W 0.86 0.84 1.08 ﬁ 110 %
hfF/Bw] | [4.89] | [4.74 | [6.12) @
R, m*K/W | 0051 2, Al . 2
[h-ft>F/Btu] | [0.29] % ¢ - is %
I
-

0 i PR PRl dod g
-5 10 § 0 & 10 15 20 25 0 Ip
MEAN TEMPERATURE, °C

1/B Response
0°
150° 0°
Period Measured Calculated
h Amp./Phase Amp/Phase
48 0.64Z -63° 0.64Z -62° 180° o°
24 0.38£-91° 0.38£ -91° ‘
12 |.0192£127° | 0.19£-126° ‘ /
6 0.084£-177° 0.07£-176° 210° 330°
‘ -« Measured
-+ Calculated
2m° -x Predicted
D/B Response
o0°
150° 2°
Period Measured Calculated
h Amp/Phase Amp/Phase
48 1.24/£17° 1.22/219° 180° o°
24 1.40£27° 1.40£27°
12 1.88.£39° 1.814£39°
6 3.03.246° 3.03.£46° 210° 330°
-« Measured
-+ Calculated
270° -x Predicted
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Description

TEST SPECIMEN #3

Specimen #3 was Specimen #2 reversed, i.e., the 200 mn [8"] concrete was located to the interior and the 19 mm
[5/8"] gypsum board was located on the exterior. (Note that while the wall specimen was reversed, the surface heat
transfer coefficients were not, and it cannot therefore be assumed that the same 1/B response will be measured for both.)

Test Results

The thermal resistance, Rg, determined at T,,=24°C [75°F] was 77% of that predicted from the sum of the resistances
through the insulation. The frequency response of Specimen #3 was measured at periods of 48 h, 24 h, 12 h and 6 h and
the values of 1/8 and D/B were determined from these measurements. The ¢, coefficients were determined from a fit to
the data measured at the 24 h and 6 h periods. The D/B response of this specimen was of a shape typical of that exhibited
by specimens with a concrete interior finish.

TABLE 3-1
Time constants and z-transfer function coefficients
determined from measured data. T, are in hours, and
b,, c, and d, are dimensionless and based on A = 1 h.

n 2 3 4 5
T, 0.98 0.60 0.25 0.07
d, | 1.0000| -1.4836| 0.5981[ -0.0728| 0.0011
b, | 0.0014| 0.0183| 0.0202| 0.0029
¢, | 10.1458|-16.6276| 7.2687| -0.6731| -0.0711
TABLE 3-2
Physical properties used to predict thermal response.
1 - thickness - mm [in.]
A - thermal conductivity - W/(m-K) [Btu/(h-ft-°F)]
p - density - kg/m3 [Ib/ft3]
Cp - specific heat - kJ/(kg-K) [Btu/(Ib-°F)]
Material l A p Cy
Reinforced 203 1.728 | 2240 0.92
concrete slab [81 | [1.0] | [140] ] [0.22]
Ext. polystyrene 25 0.029 | 2838 1.22
insulation 11 {[0.018] | [1.8] | [0.29]
Gypsum board 16 0.160 800 1.09
(interior) [5/8] [[0.092] | [50] [0.26]
Heat transfer coefficients:

Interior - 0.078 m2.K/W [0.44 h-ft2-°F/Btu]
Exterior - 0.043 m2-K/W [0.24 h-ft2.°F/Btu]
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Steel furring (26 ga)
22x67x2438 [0.875"x2.625"x96"]

A&
N
610
[24°]
\
AL

—_——————————————————
SECTION A-A

7
Precast concrete slab 203 [87]
w/ 15m [#5] re-bar @ 457 [18"] oc

Steel furring 25 [1"] (26 ga) fastened

to concrete w/ “tapcon® anchors

6x32 @ 610 oc [0.25"x1.25" @ 24" oc]
w/ RSI-0.7 [R-5] ext. polystyrene 25 [1"]

Polyethylene sheet 0.03 [6 mif]
Interior gypsum board 12 [0.5%]

FIGURE 3-1 Elevation and cross sectional views of the

specimen from the calorimeter (interior).
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TEST SPECIMEN #3 (con't)

Measured |Calculated | Predicted g
T, °C 0 24 24 o<
[°F] [32] [75] [75] of
R, m?K/W -| 0078 g
(h-ft*F/Btu] | [0.44] g
R m?K/W 0.86 0.83 1.08 g
_[h-fi>F/Br] | [4.88] [4.73] [6.12]

R, mK/W | 0043 E:
(h-fF/Btu] | [0.24] &
F
1/B Response

Period Measured Calculated

h Amp/Phase Amp/Phase

48 0.53Z -68° 0.554£-70°

24 0.31£-100° 0.304£-100°

12 " | 0.15£-135° 0.14£-135°

6 0.06£-187° 0.04£-182°
D/B Response

Period Measured Calculated

h Amp/Phase Amp./Phase

48 7.52431° 7.514£32°

24 8.69.£20° 8.69.£20°

12 9.45/14° 9.51/15°

6 10.56£10° 10.56£10°
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Steady State Response

MEAN TEMPERATURE, °F
5 15 25 35 45 55 65 75 8 85
4 )| kit 4 /3 3 " L e L } v A § Y
i |-»-Measured Re -
| -0 Predicted Re 1% B
|-+ Measured Rt &
8 [+ Predicted R L
: A4y =
g
2} E:
3 410 %
” 4
o p
g * . 35 é
w
E
o L. i A - il Al adaada o
15 -10 § 0 6 10 16 20 25 30 35
MEAN TEMPERATURE, °C
m.
150° a0°
180° o
210° a30°
- Measured
-+ Calculated
2 -x Predicted

-x Predicted
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TEST SPECIMEN #4

Description .
Specimen #4 consisted of an insulated steel stud wall mounted to a 100 mm [4"] thick reinforced concrete slab. The

studs were 89 mm [3-1/2"] deep and located 406 mm [16"] on center. The insulation was RSI-2.1 [R-12] friction fit glass
fiber batts. The specimen was finished on the interior with 16 mm[5/8"] gypsum board.

Test Results
The thermal resistance, Ry, determined at T,,=24°C [75°F] was 58% of that predicted from the sum of the resistances

through the insulation. This indicates that the steel studs were acting as a significant thermal bridge for this wall design.
The frequency response was measured at periods of 48 h, 24 h, 12 h and 6 h and the values of 1/B and D/B were
determined from these measurements. The c, coefficients were determined from a fit to the data measured at the 24 h and
6 h periods. The D/B response of this specimen was of a shape typical of that exhibited by specimens with gypsum board

interior finish.

I I I 1 1
Steel track top and bottom plates (20 ga)
3 TABLE 4-1 . ; 30x95x2438 [1.1875"%3.75"x96"]
Time constants and z-transfer function coefficients | l |
determined from measured data. T, are in hours, and g
ing - both sid

b, ¢,and d, are dimensionless and based on A =1 h. K ‘1”'9‘,’(‘;";,(2""4'28"9[0.75-x§6§-xgs-]
n 0 1 2 3 4 5 W N
T, i 4.19 0.26 0.25 0.22 0.08 A A
d 1.0000| -0.8380( 0.0404| -0.0006 , oy

- Steel brid
b, | 00173 0.1218] 0.0598] 0.0029 1 s (O B Eai
c, | 6.2455|-11.3309( 6.5383| -1.4812| -0.2302 | | |
‘ Punched steel studs (20 ga)
TABLE 4-2 32x92x2438 [1.25"%3.625"x96"]
Physical properties used to predict thermal response.
1 - thickness - mm [in.] [:g?]
A - thermal conductivity - W/(m-K) [Btu/(h-ft-°F)]
p - density - kg/m3 [Ib/ft3]
Cp - specific heat - kJ/(kg-K) [Btu/(Ib-°F)] SECTION A-A
Material l A P C,
Gypsum board 16 0.160 800 1.09
(interior) . [5/8] 1[0.092] | [50] [0.26]
Glass fiber 89 0.042 14.5 0.71 Precast concrete slab 101 (47
batt insulation [3-1/2] [[0.024] | [0.9]1 | [0.17] w/ 15m [#5] re-bar @ 305 [12"] oc
Reinforced 102 1.728 | 2240 0.92 Punched steel studs 89 [3.57] (20 ga)
concrete slab 4| (o] | pa0) | [o.22) i dba s ol
Heat iransfer coefficients: Polyethylene sheet 0.03 [6 mil]
Interior - 0.079 m2-K/W [0.45 h-ft2-°F/Btu] Interior gypsum board 16 [0.6257]

Exterior - 0.054 m2-K/W [0.31 h-ft2-°F/Btu]
FIGURE 4-1 Elevation and cross sectional views of the
specimen from the calorimeter (interior).
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TEST SPECIMEN #4 (con't)

Steady State Response

MEAN TEMPERATUIE, °F

6§ 1§ 25 35 45 S5 65 75 8 85

THERMAL RESISTANCE, h-1t®-°F/Btu

4 [ r i T T "
Measured |Calculated | Predicted g : ;W;’: 420
T °C 0 24 24 <s +-Measured R
[ol;ﬂ [32] [75] {751 _ t |-o Proedicted Ry |
R, mK/W | 0079 g ; s
_[h-ft2F/Btu] [0.45] 2
R; m?K/W 1.43 1.33 2.28 g ; 110
[h-ft>-F/Bta] | [8.13] [7.56] [12.93] 2
R, mK/W | 0054 é :
[h-ft*>-F/Btu] [0.31] 15
E ]
0 . it ey :0
45 10 § 0 6 10 16 20 25 30 35
MEAN TEMPERATURE, °C
1/B Response
Period Measured Calculated
h Amp./Phase Amp./Phase
48 0.854 -34° 0.87«£ -35°
24 0.66£ -59° 0.67£ -60°
12 0.41£-89° 0.40£ -90°
6 0.21£-128° 0.18£-125°
D/B Response
Period Measured Calculated
h Amp/Phase Amp/Phase
48 1.30£30° 1.24/31°
24 2 1.71£45° 1.71£45°
12 2.83£56° 2.79£55°
6 - 5.11£56° 5.11.£56°
270° -x Predicted
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TEST SPECIMEN #5

Description
Specimen #5 consisted of a hollow concrete block wall with 51 mm [2"] extruded polystyrene attached to the exterior
and a 22 mm [7/8"] furred air space to the interior. The specimen was finished on the exterior vwith 89 mm [3-1/2"] clay

brick and on the interior with 16 mm [5/8"] gypsum board.

Test Results
The thermal resistance, Ry, determined at 7,,=24°C [75°F] was 90% of that predicted from the sum of the resistances

through the insulation. This indicates that the steel furring and ‘truss-type' brick ties were not acting as significant thermal
bridges for this wall design. The frequency response was measured at periods of 48 h, 24 h, 12 h for both z-transfer
function coefficients and at the 6 h period for the D/B response (the 1/B response at the 6 h period was below the
sensitivity of the test apparatus). The c, coefficients were determined from a fit to the data measured at the 24hand 6 b
periods. The D/B response of this specimen was similar to that exhibited by specimens with a concrete interior finish.

@
TABLE 5-1
Time constants and z-transfer function coefficients
determined from measured data. T, are in hours, and
b,, ¢, and d, are dimensionless and basedon A =1 h. )
Steel furring (26 ga)
22x67x2438 [0.875°x2.625"x96"]
n 0 1 2 3 4 5
T, i ] 1439 | 4.18 120 | 022 | 0.01
d, | 1.0000| -2.1653| 1.5048| -0.3349( 0.0034 | N\
b 0.0002] 0.0032| 0.0040| 0.0006 N 72BN 610
¢, | 10.6690(-28.9969 | 29.0165]-12.9742| 2.2935 A A [2\‘|1/' |
TABLE 5-2
Physical properties used to predict thermal response.
| - thickness - mm {in.]
A - thermal conductivity - W/(m-K) [Btu/(h-ft-°F)]
p - density - kg/m3 [Ib/ft3]
SECTION A-A

Cp - specific heat - kI/(kg-K) [Btu/(1b-°F)]

Material ! A p G B T T i Ui
Gypsum board 16 0.160 | 800 1.09 T
(interior) [5/8] |[0.092] 501 [0.26]
Air space kRSI-O.16
[R-0.91] '

Bumed clay brick 57x89x190 [2.25"x3.5°x7.5"]
Hollow concrete 140 | 0737 | 1215 | 0.92 fastened w/blok-loc heavy duty tri-wire 248 [9.75"]
masonry units [5-1/2] | [0.43] | [76] | [0.22] RSI-1.4 [R-10] extruded polystyrene insulation 51 [2°]
Ext. polystyrene 51 0.029 | 28.8 122 Hollow concrete block 140x190x390 [5.5°7.5"15.25]
insulation 2] [0.018] | [1.8] | [0.29] (w/some voids filled with cement mortar and

15m re-bar @ 1219 oc both directions [#5 @ 48"])
Bumned clay brick 89 0.780 1920 0.79 Pol , facki0.08: B

13-12] | 10.451 | [120] [0.19] yethylene sheet 0.03 [6 mil)
Alr space 22 [0.875"] & steel furring (26 ga) fastened
et tranafer cocfiiciain: w/"tapcon® anchors 6x32 @ 610 oc [0.25"x1.25" @ 16"]
Interior - 0.078 m2.K/W [0.44 h-ft?-°F/Btu] Interior gypsum board 16 [0.625°]

Exterior - 0.055 m2.K/W [0.31 h-ft2-°F/Btu]
FIGURE 5-1 Elevation and cross sectional views of the

specimen from the calorimeter (interior).
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TEST SPECIMEN #5 (con't)
Steady State Response
MEAN TEMPERATURE, °F
65 15 256 35 45 55 65 75 8 ©5
& R Ty
Measured |Calculated | Predicted g | - mmd"""m"d&' {20 &
T, °C 0 24 24 € s ||*Measured R, ‘ i
[F] [32] [75] [75] f | Predictad Ry f -
R, mK/W | 0078 g . T s m
[h-f-F/Btu] | [0.44] E st 2
Ry m*K/W 2.14 2.07 2.29 . {102
bfeFBw) | [12.17] | [11.73] | [12.99] x i
R, mK/W | 0055 % " 3
(h-fi>F/B] | [0.31] E 1° &
L 5
i | .
15 <10 6§ 0 6 10 15 20 25 3 35
MEAN TEMPERATURE, °C
1/B Response
Period Measured Calculated
h Amp/Phase Amp/Phase
48 041£-101° | 0.41£-101°
24 0.19£-145° | 0.16£-144°
12 0.06£-198° | 0.04£-187°
D/B Response

Period Measured . Calculated
h Amp/Phase Amp/Phase
48 5.75£27° 5.44.230°
24 6.28.£23° 6.28.£23°
12 7.10£26° 6.82£24°
6 8.91/32° 8.91./32° -
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TEST SPECIMEN #6

Description i

Specimen #6 consisted of an insulated steel stud wall finished on the exterinr with 89 mm [3-1/2"] burned clay brick.
The studs were 89 mm [3-1/2"] deep and located 406 mm [16"] on center. The insulation was RSI-2.1 [R-12] friction fit
glass fiber batts. The specimen was finished on the interior with 16 mm [5/8"] gypsum board.

Test Results

The thermal resistance, Rg, determined at T, =24°C [75°F] was 63% of that predicted from the sum of the resistances
through the insulation. This indicates that the combination of steel studs and brick ties were acting as a significant thermal
bridge for this wall design. The frequency response was measured at periods of 24 h, 12 h and 6 h and the values of /B
and D/B were determined from these measuremeants. The ¢, coefficients were determined from a fit to the data measured
at the 24 h and 6 h periods. The D/B response of this specimen was of a shape typical of that exhibited by specimens with
gypsum board interior finish.

T

| L} 1) |
Steel track top and bottom plates (20 ga)

TABLE 6-1
95 .18 .75
Time constants and z-transfer function coefficients 3l0x )‘2«?8 f-1 7|5‘X3 75%66]
determined from measured data. T, are in hours, and A
Wood fi - both sid
b,, ¢, and d, are dimensionless and based on A = 1 h. K1 1exooxess 0755 62596
n 1 2 3 4 5 2 v
T, 4 346 0.49 0.37 0.33 0.31 A A
d 1.0000| -1.0340| 0.2414| 0.0221| 0.0009 : .
= Steel bridging (20
b, | _0.0048] 0.0722] 0.0907| 0.0179] 0.0006 \ S B ki
¢, | 7.2460|-14.4387| 9.9135| -2.8831| 0.3485 | | |
. Punched steel studs (20 ga)
TABLE 6-2 32x92x2438 [1.25"%3.625"x96"]
Physical properties used to predict thermal response.
1 - thickness - mm {in.] [‘1‘2?]
A - thermal conductivity - W/(m-K) [Btu/(h-ft-°F)]

p - density - kg/m3 [Ib/ft3]
Cp - specific heat - kJ/(kg-K) [Btuw/(Ib-°F)}] SECTION A-A

Material l A C, Y 1Y, s JE v W
i £ 2 Wi o olls 9o o

Gypsum board 16 0.160 800 1.09 2

(interior) ‘[5/8] 1[0.092] | [50] [0.26]

Glass fiber 89 0042 | 145 | 071 Bumed clay brick 57x89x80 [2.25"x3.5°X7.5"]

batt insulation [3-1/2] [[0.024] | [0.9] [0.17] w/brick ties 256x200 @ 406 oc [1°x7.875" @16"]

Gypsum board 12 0.160 | 800 1.09 Air space 25 [17]

(exterior) [1/21 |[[0.092] | [50] [0.26] Asphalt impregnated paper

Air space 1-0.21. Exterior gypsum sheathing 12 [0.5%]

[R-1.19 Punched steel studs 89 [3.5%] (20 ga) w/RSI-2.1 [R-12]

glass fiber batt insulation 89x406x1219 [3.5"x16"x48"]

Burned clay brick 89 0.780 1920 0.79 )

3-12 | [0.45] [120] [0.19] Polyethylene sheet 0.03 [6 mil)

Interior gypsum board 16 [0.625"]

Heat transfer coefficients:
Interior - 0.078 m2-K/W [0.44 h-ft2-°F/Btu] FIGURE 6-1 Elevation and cross sectional views of the
Exterior - 0.051 m2-K/W [0.29 h-ft2.°F/Btu] specimen from the calorimeter (interior).
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TEST SPECIMEN #6 (con't)

. Steady State Response
!“ MEAN TEMPERATURE, °F
§ 18 25 35 45 55 65 75 85 65
4 R o o S T e AL
Measured | Calculated | Predicted z fle oy {2 3
T, °C 0 24 24 £ a | -+-Measured R }E
[°F] [32] [75] [75] of s 8 15 £
R, m*K/W | 0078 : 1 o
[b-f>-F/Btu] | [0.44] g2 E
Ry m*K/W 1.74 1.64 2.62 g | : : ERTR
bf-F/Bw) | [9.89] | [9.31) | [14.87] i
R, mK/W | 0051 32, I g
[h-f>-F/Btu] | [0.29] & 18 #
. : |
0 19
-5 -0 56 0 6 10 15 20 25 30 35
MEAN TEMPERATURE, °C
1/B Response
w.
150° 30°
Period Measured Calculated
180° o°
0.71£ -64° 0.72£ -65°
12 0.45£-105° | 0.44£-105°
6 0.19£-165° | 0.18£-160° 210° i
’ -« Measured
-+ Calculated
9 270° -x Predicted
D/B Response
12 3.48./58° 3.27.£56°
6 6.06£57° 6.06£57°
A
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TEST SPECIMEN #7

Description .
Specimen #7 consisted of a solid concrete block wall with 100 mm {4"] extruded polystyrene, a 46 mm [1-3/4"] air
space and 27 mm [1"] granite attached to the exterior.

Test Results

The thermal resistance, R, determined at T,,=24°C [75°F] was 45% of that predicted from the sum of the resistances
through the insulation. This indicates that the steel anchors that held the granite to the block are acting as significant
thermal bridges for this wall design. The frequency response was measured at periods of 48 h, 24 h, 12 h and 6 h and the
values of 1/B and D/B were determined from these measurements. The ¢, coefficients were determined from a fit to the
data measured at the 24 h and 6 h periods. The D/B response of this specimen was of a shape typical of that exhibited by
specimens with a concrete interior finish. The large discrepancy between the calculated and predicted response is due in
large part to the difference between measured and predicted R-value.

TABLE 7-1
Time constants and z-transfer function coefficients I l l
determined from measured data. T, are in hours, and

I | | I
l Solid concrete block

b". Cn and dn are dimensionless and based on A =1 h. 140x190x390 [5.5'X75.X1 525-] I
n|l 0o | 1 2 3 4 5 |
T | 742 | 090 | 073 | 070 | 030 "
d, | 1.0000] -1.7326| 1.0032| -0.2490| 0.0252] -0.0006 | |
b, | . 0.0005| 0.0118| 0.0246] 0.0088| 0.0005 l I
c, | 17.0794-32.4576 | 19.6809| 4.4393| 0.1829 |
TABLE 7-2 | A |
Physical properties used to predict thermal response. 1 |
| - thickness - mm [in.]
A - thermal conductivity - W/(m-K) [Btu/(h-ft-°F)]

p - density - kg/m3 [Ib/ft3]

Cp - specific heat - kJ/(kg-K) [Btw/(1b-°F)] SECTION A-A
Material ! A p Cp
Solid concrete block
Solid concrete 140 1.728 | 2100 0.92 140x190x390 [5.5"x7.5"x15.25"]
masonry units | [5-1/2] | [1.00] | [131] | [0.22] Bituthene air barrer material
Ext. polystyréne 100 0.029 28.8 1.22 g Steel angle supports fastened
insulation 4] [0.018] | [1.8] [0.29] - w/anchors M12-1.75x70 [0.5"-13x2.75"]
Air space &RSI 0.22 - RSI-2.8 [R-20] ext. polystyrene 200 [4"]
[R-1.25] Vari-strut channel (12 ga) &
galvanized custom steel butterfly
Extcﬂor granite 27 2.600 2600 0.88 Alr space 46 [1 .8I]
veneer [1] [1.50] [162] [0.21] .
Granite veneer 27x395x500/900
[1.06"x15.6"x19.6/35.5"]

. Heat transfer coefficients:

1 - 2_KN( £12.0
llan tenf)r ggzg m2 K/W [g;i : ff:z °§I£$] FIGURE 7-1 Elevation and cross sectional views of the
Xicrior = Q.08 1 [0.24 b-ft™ ] specimen from the calorimeter (interior).
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TEST SPECIMEN #7 (con't)

Steady State Response
MEAN TEMPERATURE, %
6 15 25 35 45 55 65 76 B85 95
4 T T
Measured |Calculated | Predicted z j;fm'“mwﬁ' a0 &
T, °C 0 24 24 is  |-+-Measured R i
[°F] B21 | [75 | (s -+ SYaisiad By 1 2
R, mK/W | 0079 "g 1y
(b-f-F/Bm] | [0.45] g 3 1 2
R m*K/W 1.66 169 | 3.79 g P e t—— {10 8
fh-ft*>-F/Btu] [9.93] [9.60] [21.54] w
R, mK/W | 0043 3, 3
h-f2F/B] | [0.24] & E
= £
o :._.‘_ Ad s A e A ssd s 0
45 10 6§ 0 5 10 15 20 25 30 35
MEAN TEMPERATURE, °C
1/B Response
w.
150° 30°
Period Measured Calculated
h Amp./Phase Amp/Phase
48 0.71Z -64° 0.70£ -64° 180° o
24 0.42£-101° 0.43£-102°
12 0.21.£-149° 0.19£-151°
6 0.05£-221° 0.05£-217° 210° 330°
-« Maasured
-+ Galculated
2r° x Predicted
D/B Response
Period Measured Calculated
h Amp./Phase Amp/Phase
48 11.66.£45° 11.49.£43°
24 14.70£27° 14.70£27°
12 16.79£ll7° 16.41£18°
6 18.23211° 18.23/11°
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