


Figure 5.8: Thermocouple Placement in Hot Side

Figure 5.9: Cold Box and Surround Panel/Test Specimen Thermocouple Placement

5.4 Data Acquisition Method

The data logger available for this testing had 8 ports available at any one time to record
the temperatures which meant that all 35 temperature readings could not be read at the

same time. To overcome this problem a specific procedure was employed.

Temperatures in the metering box and cold box were observed for approximately 16

hours before each test. This was done to  ensure that steady state conditions
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existed. Following this, readings from all the other thermocouples were recorded three
times in one day: morning, afternoon and evening. During and after the readings, the air
and baffle temperatures in the metering box and the cold box were recorded to ensure

that the temperatures in both chambers did not fluctuate to a large degree.

5.4.1 Data Collection Procedure

Once steady state conditions were reached, the testing period lasted approximately ten
hours. This comprised of approximately one hour of collecting data in all
thermocouples, on two occasions, in the morning. These temperatures were recorded
once every minute for five minutes in two consecutive cycles. This started by recording
the surround panel temperatures on the hot and cold sides. Then the test specimen
temperatures were recorded, followed by the inside and outside walls of the metering
box and then the air and baffle temperatures in the hot and cold chambers. The process
was immediately repeated for the second cycle. This resulted in the data from each
thermocouple being recorded for ten minutes in the morning, afternoon and evening.
Temperatures in the metering box and cold box were recorded in between these data
collection procedures to ensure that the temperatures did not change during a test. The
thermocouples were physically labelled and the time interval of each thermocouple
reading was known. The readings from the data logger could be opened in Microsoft

Excel where all the necessary calculations were conducted.

Figure 5.10 shows readings from the data logger that was opened in an Excel
spreadsheet. In column A, it can be seen that the time of each reading is given.

Temperatures recorded from channels 1 to 8 are in columns B-I, and the cold junction

104



temperature is given in column J. For each time interval (e.g. 0 — 7 in the example in
Figure 5.10), the identity of the thermocouple was known. Following the procedure that
was outlined above, the first set of temperatures recorded were the surround panel
temperatures on the hot and cold side (from channel 1 — 8). The data logger could then
be paused and eight more thermocouples inserted into the data logger, and then the next
8 channels recorded were the test specimen readings (time reading 11 — 17). The

procedure was exactly the same for every test that was completed.

Microsoft Excel - garage test 2 all the rest.xls

& Fle Edt Wew Insert Format Tools Data  Window Help

NEHLRSERITEI Y RA-F9-C- BRI B @]
i -0 - |BZUE=S=HE @ €WNEE-H-A-B
3206 - &

A | e | e | o | E | F | & | H | v 1 g ]
| 1 |Time Channel 1 Channel 2 Channel 3| Channel 4 Channel & Channel 6 Channel ¥ | Channel 8 Cald Junction
| 2 |Minutes | °C °C °C °C °C °C °C °C °C

3
En 0 40.1 40.23 40 64 40.06 15.48 14.62 14.55 14.5 17.29
| 5 | 1 4012 40.24 40.65 40.07 15.47 14.75 14.57 14.687 17.33
| B | 2 40.11 40.22 40.64 40.06 15.44 14.78 14.52 14.81 17.35
| 7 | 3 40.14 40.25 40 .66 40.08 15.47 14.86 14.6 14.85 17.4
| 5 | 4 4017 40.27 40.67 40.09 15.46 14.91 14.64 14.858 17.42
| 9 | 5 40.21 40.28 407 40.12 15.583 14.95 14.73 14.95 17.44
| 10 | B 40.21 40.27 40 67 40.09 15.51 14.94 14.68 14.92 17.4
[ 11 7 40.2 40.26 40 66 40.08 156.51 14.97 14.75 14.95 17.38
[ 12 10 349 34.43 32.29 3055 16.25 16.09 16.13 16.058 17 .36
| 13 11 40.52 40.89 40.51 40.12 156.51 16.03 15.03 15.26 17.35
[ 14 | 12 40 56 40 62 40.52 40.14 15.583 15.05 15.04 15.26 17.35
| 15 | 13 4057 40.61 40.52 40.13 15.6 156.05 15.06 15.26 17.32
| 16 | 14 40.56 40.6 405 40.12 15.65 16.09 15.08 15.24 17.32
| 17 | 15 4055 40.6 40.49 40.1 156.66 16.09 15.07 15.23 17.25

1 16 40.51 40.56 40.44 40.08 15.63 15.1 15.07 15.21 17.26

Figure 5.10: Example of Data Logger Readout

5.5 Test Development

The test development began by examining the GHB test procedure in case studies and
standards discussed in the Chapter 3. By applying knowledge gained in this analysis, the

most suitable testing procedure for the designed GHB was determined.
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5.5.1 Heat Balances in the Guarded Hot Box

When steady state conditions have been reached in a GHB, all the losses must be known
to find the specimen’s thermal characteristics. Evaluating these losses involved
measuring the heat input into the metering box and then subtracting all the losses
through the metering box walls, surround panel etc. Figure 5.11 shows a section view

through the GHB with the heat balance shown in Equation 5.1.

il
Qsp
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L ;AN
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Itk
>
T3 T1 T2
Es
01
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]

Figure 5.11: Heat Balance of GHB with Flanking Loss

The temperature in the metering box, 7/, was designed to be higher than the
temperature in the Guard box, 73. This ensured that no heat flow into the metering box

from the guard box would occur. Equation 5.1 shows the heat balance.
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Qts = Qin - Qsp - Qﬂ - Qw - Qp 5.1

The heat input into the metering box, Q, , was the only known parameter as it could be

determined from the power supply. All the other parameters could be found from

carrying out calibration tests. Some of the heat is lost through the surround panel, Q..

It can be seen in Figure 5.11 that the test specimen is not as wide as the surround panel.

This is when flanking losses, O ;, have an effect on the heat balance in Equation 5.1. As

discussed in Section 3.7, flanking losses are mainly a function of temperature difference
across the test specimen and specimen thickness. This loss could be reduced almost to
zero by using calibration panels the same thickness as the surround panel and by
keeping the temperature difference across the specimen the same. This made it possible

to find the other unknown parameters without having to consider the flanking losses.

As the metering box temperature was designed to be greater than the guard box

temperature, losses through the metering box walls, O, , and parallel loss through the

w?

surround panel, O,, would exist. These losses were combined and termed @, and this

is shown in Equation 5.2. A testing procedure was developed to evaluate this loss.

0,=0,+0, 5.2

Where;
0O, = Combined loss heat transfer (W)

5.5.2 Guarded Hot Box Testing Procedure

A comparative test method was employed in the GHB to be used to calibrate the Hot

Box and to test specimens with unknown thermal properties. The basis of this method
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was to use the calibration tests to evaluate the losses in the GHB, while keeping the
conditions in all compartments as similar as possible for all tests. A heat transfer
coefficient for the combined losses was found and used to calculate the thermal

properties of an unknown test specimen.

5.5.2.1 Calibration Procedure

Figure 5.12 is a sectional view of the GHB and shows that the test specimen is the same
thickness as the surround panel. The thickness of the surround panel was kept the same
for all tests conducted in order for flanking losses to be neglected. Heat balance for the

GHB is shown in Equation 5.3.

0,=0,-9,-9, 5.3

The surround panel was designed to be made with insulation with known thermal
properties. The calibration test specimen also had known thermal properties. The
surface temperatures on both sides of the surround panel and test specimen were

recorded. From these readings, O,, and O, could be calculated using Equation 5.4 to

calculate the heat transfer coefficients for the surround panel and test specimen, and
then substituting those values into Newton’s Law of Cooling shown in its general form

in Equation 5.5 [88].

5.4

k
Uts :Usp :Z

Where;
Uy, = Heat transfer coefficient of surround panel (W/rn2 °C)
U, = Heat transfer coefficient of test specimen (W/m” °C)

k = Thermal conductivity (W/m °C)
L = Thickness (m)
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O =UAAT 5.5
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Figure 5.12: Heat Balance without Flanking Loss

The combined loss heat transfer, O, was found by solving Equation 5.3 and from that, a
heat transfer coefficient for this combined loss,C,, was found from Equation 5.6. This

coefficient was presented as a function of the metering box wall area and the

temperature difference across the walls.

0, 5.6

5.5.2.2 Unknown Test Specimen

Once the combined loss heat transfer coefficient was found, a specimen with unknown
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thermal properties could be tested. When testing a specimen with unknown properties,

the combined loss heat transfer, O, ,was found by solving Equation 5.6. Substituting this

value into Equation 5.3, the heat transfer through the test specimen was found. Using
the temperature difference across the test specimen from the test data, and the known
area, the heat transfer coefficient for the unknown specimen was found by using

Equation 5.7.

0, 5.7

UtS =
AtS A 7—;3'

5.6 Calibration Tests

The calibration tests were designed to obtain the combined loss coefficient for the
metering box walls. In order to get the best possible results, the temperatures in all the
chambers were kept as similar as possible for all the tests. Five tests were carried out to
calibrate the GHB. This was done to ensure the results from the GHB were repeatable.
By keeping as many parameters as possible constant between tests, a direct comparison
could be made between test specimens with unknown thermal properties and the
calibration test specimen. For example, varying the temperature difference between the
metering chamber and the guard chamber would change the temperature difference of
the surround panel from the metering chamber to the guard chamber. This would, in

turn, affect the combined loss heat transfer.

5.6.1 Description of Calibration Specimens

The calibration specimen was made from the same material (polyiso) and was the same

thickness as the surround panel. The panels were cut to the size of the surround
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panel aperture, which was 950 mm x 950 mm. The specimen was then inserted into the
surround panel and was sealed with duct tape to seal the hot side from the cold side to
ensure air tightness. A picture of the surround panel with the calibration panel in place
is shown in Figure 5.13. The thermal conductivity of the surround panel and the
calibration specimen were known from hot plate tests carried out by the manufacturer of

the insulation.

Figure 5.13: Surround Panel with Calibration Test Specimen in place

5.6.2 Calibration Results

Figure 5.14 is a graph of the air temperature in the metering box of calibration Test 2 in
Table 5.1 over the testing period. The three gaps in the graph are the periods where the
other data was collected from the other thermocouples i.e. the morning, afternoon and
the evening. The readings were taken over a 36 hour period. Over that time the
temperature fluctuation in the metering chamber was approximately 0.2 °C. Figure 5.15
is a graph from the same calibration test over the same period of time from the cold box.

The cold box temperature was more  difficult to control due to the room
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temperature changing. The temperature fluctuation in the cold side was approximately

0.7 °C over the 36 hour period. The thermocouple placements locations for Figures 5.14

and 5.15 are illustrated in Figures 5.8 and 5.9.

M. Box Air Temperature Vs Time

41.0
G Evening
o Readings
o WFMWU% \\;W\p\\ 7
g ' _ —— Thermocouple 14
o Morn!ng Noon —— Thermocouple 12
g Readings )
2 Readings

40-0 T T T T

1900 2400 2900 3400 3900
Time (mins)

Figure 5.14: Metering Box Air Temperature during Testing (T1900-T4117)
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Figure 5.15: Cold Box Air Temperature during Testing (T1900-T4117)

Table 5.1 is a summary of the results of the five calibration tests that were conducted.
The combined loss heat transfer coefficient was calculated from the data for each test

and is highlighted in yellow in Table 5.1. The values ranged from 1.19 W/m* °C to 1.20
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W/m*°C. The results of the tests showed that the GHB was capable of giving repeatable

results.

Parameter | Test1 Test 2 Test 3 Test 4 Test 5
Oimn (W) 16.24 16.30 16.34 16.23 16.2
ATy, (°C) 25.9 26.5 26.1 26.1 26.2
AT, (°C) 25.8 26.2 25.9 25.7 25.9
AT, (°C) 2.2 2.2 2.2 2.2 2.18
Ksp (W/m°C) | 0.021 0.021 0.021 0.021 0.021
K, (W/m°C) | 0.021 0.021 0.021 0.021 0.021
L, « (m) 0.16 0.16 0.16 0.16 0.16
Uy, (W/m’°C) | 0.13 0.13 0.13 0.13 0.13
Uy (W/mZOC) 0.13 0.13 0.13 0.13 0.13
A, (1) 3.82 3.82 3.82 3.82 3.82
Ay (mZ) 0.90 0.90 0.90 0.90 0.90
Ay (M) 0.92 0.92 0.92 0.92 0.92
Oy (W) 3.12 3.20 3.15 3.15 3.17
Qs (W) 3.05 3.10 3.07 3.04 3.07
ormw) 10.06 10.01 10.11 10.05 10.00
C,(Wm’°C) | 1.20 1.19 1.20 1.19 1.19

Table 5.1: Calibration Tests Results

5.6.3 Sample Calculations

Using the theory in Section 5.5 and the test results for Test 1 in Table 5.1, the combined

loss heat transfer coefficient was calculated as follows:
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K, K¢ Ly Uy, Uy, 4, A4, and A4, were all known before testing took place. The

sp’ ts?
data gathered from carrying out the tests wasQ,_, ATSP, AT, and AT, The remaining

terms were calculated. The heat transfer coefficient for the surround panel and the

calibration test specimen was calculated using Equation 5.4.

_0.02107/m°C) py 20
0.16(m)

u,=U,

sp
U,=U,=0.13 Wm’°C

Heat transfer through surround panel was calculated using Equation 5.5.

0, =(0131)(092)(259) W
0, =312W

Heat transfer through calibration test specimen was calculated using Equation 5.5.

0,=(0131)(090)(258) W
Q,=305 W
The combined loss heat transfer was calculated using Equation 5.3.

Om=1624W

0,=1624-312-305 W

0,=1006 W

Finally, the combined loss heat transfer coefficient was calculated using Equation 5.6.

- 1006 L 200
(3.82)(2.22)

C, =119 wWm’°C

The GHB was now calibrated and the tests were found to be successful. The combined
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loss heat transfer coefficient deviated very little over the five tests. Figures 5.15 and
5.16 shows that the GHB had the ability to keep the temperatures and power supply

constant over a long period of time to give repeatable results.

5.6.4 Discussion of Calibration Results

The data collection for each test occurred three times a day: in the morning, afternoon
and evening. As these tests were comparative, the conditions for all tests had to be kept
similar to achieve the best possible results. Table 5.2 is a breakdown of the calibration

results that were recorded over the testing period for Test 2 in Table 5.1.

It can be seen from Table 5.2 that the average hot and cold temperatures remained
consistent over the testing period. The biggest variation in temperature was in the
surround panel cold temperature (7cow ) where the temperature varied by
approximately 0.5 °C. The power input (Q;,) varied by 0.09 W over the testing period.
Test data for the calibration tests are shown in Appendix B. Errors in testing are

discussed in Section 5.8.
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Parameter Morning Afternoon Evening Average AT
Thoese (°C) 40.0 40.1 40.1

Teorasp (°C) 13.7 13.8 13.3

ATsp (°C) 26.3 26.3 26.8 26.5
Tiuside wats (CC) 40.7 40.7 40.7

Tousside wais (°C) 38.6 38.5 38.6

AT, (°C) 2.2 2.2 2.2 2.2
Thorss (CC) 40.3 40.3 40.3

Teotars (°C) 14.1 14.3 14.1

AT (°C) 26.2 26.0 26.2 26.2
Thotair (CC) 40.9 40.8 40.8

Teotiair (°C) 13.5 13.6 13.6

AT, (°C) 27.4 27.5 27.3

Oin 16.25 16.34 16.33 16.30

Table 5.2: Calibration Test Data

5.7 Multi-foil Testing

The temperatures for the Eco-quilt tests were kept as similar as possible to the
calibration tests in order to make a direct comparison between the multi-foil and the
calibration panel. The heat transfer coefficient for the metering box walls was used in

these tests to calculate the heat transfer through the test specimen. The multi-foil
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insulation was tested in two different ways. One test was carried out with the
recommended unventilated air gap on either side of the multi-foil. The other test was
conducted with only one air gap. This was done to replicate a situation where one side
of the multi-foil insulation would be in contact with a ventilated cavity in a building. In
all these tests, the multi-foil was tested in conjunction with 40 mm polyiso. Polyiso was
included in these tests because it was clear from other tests described in Section 4.2 that
a layer of multi-foil alone would not meet the building regulations. The results for these
tests are shown in Appendix A. By using the polyiso sheet with known thermal
properties along with the multi-foil, the results would show if the multi-foil insulation
could be used along with another insulation to meet the 0.16 W/m? °C required for the

roofs of new buildings [3].

5.7.1 Specimen Preparation and Description

Figures 5.16 a and b show how the Eco-quilt specimen was prepared. A wooden frame
was constructed from 50 mm x 25 mm battens. The height and width of the frame was
940 mm wide x 940 mm high. This left the dimensions 10 mm short of the height and
width of the surround panel aperture. The Eco-quilt was then wrapped around the
perimeter of the frame and stapled to it. This allowed the specimen to be tightly

installed into the surround panel.
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(b)

Figure 5.16: Eco-quilt Test Specimen a) Front view b) Rear view

5.7.2 Eco-quilt Testing with Two Cavities

Figure 5.17 shows a sectional view schematic of the surround panel with the test
specimen in place. The test specimen consisted of three elements, the 40 mm sheet of
polyiso, the sheet of multi-foil and a sheet of foiled back plasterboard. The polyiso was
on the hot side of the surround panel. The multi-foil was in the middle of the aperture
with an air gap on either side. In order to create an unventilated air gap on the cold side,
foiled back plasterboard was mounted on the cold side of the surround panel. An air gap
of 50 mm existed between the plasterboard and the Eco-quilt, and an air gap of

approximately 32 mm existed between the polyiso and the Eco-quilt.
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Surround

Plasterboard / Panel

40mm Polyiso

Multi-foil

Figure 5.17: Eco-quilt with Two Air Gaps Configuration
5.7.2.1 Test Results
There were four tests carried out on the Eco-quilt with the air gaps on either side. The

average combined loss heat transfer coefficient, C,, calculated from the calibration tests,
was used in these tests to calculate the combined loss heat transfer, O, . Table 5.3 shows

the results for the four tests that were conducted. The heat transfer coefficient for the

test specimen, U, _, is highlighted in yellow.

is 2

The heat transfer coefficient for the polyiso/Eco-quilt configuration varied from 0.27

W/m® °C to 0.30 W/m* °C. The thermal resistance of Eco-quilt, R was calculated

Eco—quilt >
by subtracting the known thermal resistance of the polyiso from the thermal resistance

of the test specimen, R, This calculated thermal resistance ( R ) was for the Eco-

Eco—quilt
quilt with an unventilated air gap on either side plus the sheet of plasterboard. As the
thermal resistance of the plasterboard was not known, it could not be subtracted from

the test specimen thermal resistance (R;). The data for these tests can be found in
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Appendix B.

Parameter Test 1 Test 2 Test 3 Test 4
O (W) 18.76 18.76 18.73 19.64
AT, (°C) 25.6 25.6 25.8 25.8
AT, (°C) 24.7 24.5 24.9 24.8
AT, (°C) 2.1 2.0 2.0 2.3
C; (W/m’°C) 1.19 1.19 1.19 1.19
A, (m’) 3.82 3.82 3.82 3.82
Ay (M) 0.90 0.90 0.90 0.90
Ay (m) 0.92 0.92 0.92 0.92
U, (W/m’°C) 0.13 0.13 0.13 0.13
0, (W) 3.09 3.09 3.11 3.11
0 (W) 9.55 9.09 9.09 10.46
0 (W) 6.12 6.58 6.53 6.08
Kpotyiso (W/m°C) 0.021 0.021 0.021 0.021
Lyoiyiso (m) 0.040 0.040 0.040 0.040
Uy (W/m*°C) 0.27 0.30 0.29 0.27
R (m’ °C/W) 3.70 3.33 3.45 3.70
Ryoniso (m”> °C/W) | 1.86 1.86 1.86 1.86
Reicoquire (m° °C/W) | 1.84 1.47 1.59 1.84

Table 5.3: Results for Eco-quilt with Air Gap on either side

5.7.2.2 Sample Calculation

Using the testing procedure in Section 5.5 and the test results for Test 1 in Table 5.3, the
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heat transfer coefficient for the metering box walls was calculated. The constants known

before the tests were K_, K L L U

sp? polyiso?

C, A4, A, and4,,. The data

sp/ts? " polyiso”? sp?

gathered from carrying out the tests were Q, , AT,,, AT, and AT, . The remaining

terms were calculated. Using Equation 5.5 the heat transfer through the surround panel

was calculated.

0,=(0131)(092)(256) W
0,=309 W

The combined loss heat transfer was calculated using Equation 5.5.

0= (119)(382)(21) W
0,=955 W

Then using Equation 5.3 the heat transfer through the test specimen was found.

0, =1876-955-3.09 W
0,=612 W

The heat transfer coefficient for the test specimen was found using Equation 5.7.

U, = 02 e
(0.90)(24.7)

U=027 Wm'°C

R, = L m’ °C/W
0.27
R, =370 m’ °C/W

The thermal conductivity and the thickness of the sheet of polyiso were known. This

meant that the thermal resistance could be  calculated by using Equation 5.8:
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_ polyiso 5.8
polyiso —
K polyiso

0.04

olyiso ~ N mq e m2 OC/W
PR 0.0215

R . —1.86m °C/W

polyiso

Using Equation 5.8, the thermal resistance of the Eco-quilt with an air gap on either side

was calculated:

R R -R

Ecu—quilt: ts " polyiso
Ry ui=3-70-1.86 m’ °C/W
Ry =1.84 m’ °C/W

5.7.3 Testing of Multi-Foil with One Cavity

Figure 5.18 shows a schematic of the surround panel with the test specimen in place.
The test specimen consisted of the 40 mm sheet of polyiso, and a sheet of multi-foil.
The polyiso was on the hot side of the surround panel. The multi-foil was situated on
the cold side of the surround panel. There was an air gap of 95 mm between the polyiso
and the multi-foil. Two different multi-foils were tested: one was Eco-quilt, and the
other was a prototype multi-foil developed by SmartRinsulations. The aim of these tests
was to observe the effect of having the multi-foil with only one unventilated air gap and

to compare Eco-Quilt with an alternative multi-foil configuration.
The SmartRinsulation multi-foil consisted of the following:

e 2 outer layers of tear-resistant reinforced reflective films.

e 4 layers of bubble wrap with a reflective film on one side.
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e 1 internal reflective film.

e 2 layers of closed cell foam.

Surround

_—"  Panel

Multi Foil 40mm Polyiso

Air Gap

/

Figure 5.18: Eco-quilt with One Air Gap Configuration

5.7.3.1 Test Results

Table 5.4 shows the results from the two tests that were conducted. The heat transfer
coefficient for the test specimens is highlighted in yellow. The results show that when
the Eco-quilt was tested with one cavity, the heat transfer coefficient of the test
specimen was found to be 0.35 W/m?” °C. This equates to a thermal resistance of 2.86

m” °C/W. The average thermal resistance of the Eco-quilt with two air gaps was 3.54

m” °C/W. This showed that the thermal resistance was reduced with one air gap and that
multi-foil insulation performs best when it is in between two unventilated air gaps. The
heat transfer coefficient for the variation of multi-foil was found to be 0.39 W/m® °C.
This equates to a thermal resistance of 2.56 m” °C/W, which is slightly less than the

Eco-quilt. The thermal resistance of Eco-quilt (R ) and the alternative multi-foil

Eco—quilt

(R,.ui_mn) Was calculated by subtracting the known thermal resistance of the polyiso

multi
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from the thermal resistance of the test specimen, R, .The calculation procedure for these

tests was the same as the procedure described in Section 5.7.3.2. The data for these tests

can be found in Appendix B.

Parameter Eco-Quilt Multi-foil
O W) 21.37 20.96
ATy, (°C) 26.7 27.1
AT, (°C) 25.5 25.9
AT, (°C) 2.2 1.9

C, (W/m’°C) 1.19 1.19
A,, () 3.82 3.82
Ay () 0.90 0.90
Agp (m) 0.92 0.92
U,, (W/m’°C) 0.13 0.13
Oy (W) 3.22 3.27
oW 10.00 8.64
O (W) 8.15 9.06
Kpoiso (W/m"C) 0.0215 0.0215
L poyiso (m) 0.040 0.040
Urs (W/m’°C) 0.35 0.39
R s (m*°C/W) 2.86 2.56
Rpotyiso (m’° "C/W) 1.86 1.86
REco-quitey mutti-foir (1 m’ °C/W) 1.00 0.70

Table 5.4: Results for Multi-foil with one Air gap
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5.7.3.2 Sample Calculation

Using the testing procedure in Section 5.5 and the test results for the Eco-quilt test in
Table 5.4, the heat transfer coefficient for the metering box walls was calculated. The
constants known before the tests were
K L

L U,

sp’

C,, 4, A, and 4,,. The data gathered from carrying out

sp? K polyiso? sp/ts? " polyiso”’

the tests were Q, , AT, AT, and AT, The remaining terms were calculated. Using

Equation 5.5 the heat transfer through the surround panel was calculated.

0,=(0131)(092)(26.7) W
0,=322W

The combined loss heat transfer was calculated using Equation 5.5.

0,=(119)(382)(22) W
0,=10.00 W

Then using Equation 5.3 the heat transfer through the test specimen was found.

Q,=21.37-10.00-322 W
0,=815Ww

The heat transfer coefficient for the test specimen was found using Equation 5.7.

U, = _ 8IS e
" (0.90)(25.5)

U,=035 Wm’°C

R = b m’ °C/W
0.35

ts

R, =2.86 m’ ‘C/W
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The thermal conductivity and the thickness of the sheet of polyiso were known. This

meant that the thermal resistance could be calculated by using Equation 5.8:

5.8

polyiso

polyiso —

polyiso

0.04

0lyiso ~ N mq e m2 OC/W
P 0.0215

R . —1.86m °C/W

polyiso

Using Equation 5.8, the thermal resistance of the Eco-quilt with an air gap on either side

was calculated:

R R -R

Eco-quilt Lts ™Y polyiso

R =2.86-1.86 m’ °C/W

Eco-quilt

R =1.00 m’ °C/W

Eco-quilt

This calculated thermal resistance ( R ) was for the Eco-quilt and 1 unventilated air

Eco-quilt

gap.

5.7.4 Discussion of Multi-foil Testing Results

Even though the Eco-quilt was tested with 40 mm polyiso, the heat transfer coefficient
was not found to be near the 0.16 W/m” °C required for the roofs of new buildings [3].
The heat transfer coefficient of the sheet of polyiso was known to be 0.54 W/m* °C
before the tests took place. Using that heat transfer coefficient, the average thermal
resistance of the Eco-quilt with an air gap on either side of the insulation plus the sheet

of plasterboard was found to be 1.68 m?> °C/W. This value would be equivalent to using
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67 mm of fibre glass, with a conductivity of 0.04 W/m°C, or 36 mm of polyiso

insulation.

A sample calculation was performed to estimate the thermal resistance of the Eco-quilt
insulation with no air gaps on either side. This was done by estimating the thermal
resistances of each unventilated air gap and the sheet of plasterboard and subtracting
this resistance from 1.68 m”°C/W. BS EN ISO 6946 outlines the following procedure to
estimate the thermal resistance of unventilated air gaps [93]. The resistance of each air
gap (Rairgaps) Was estimated using Equation 5.9.

1 5.9
h, +h,

a

Rairgaps -

Where;
h, =The conduction/convection coefficient (W/m2 °C)
h, =The radiative coefficient (W/m® °C)

For horizontal heat flow, %, is the larger of 1.25 W/m? °C and 0.025/d (W/m*°C) [93].

Where ;
d = The thickness of the airspace (m)

h, 1s given by Equation 5.10

h,=Eh,, 5.10
Where;
E = The intersurface emittance

h,, =The radiative coefficient for a black body surface (W/m? °C)

h,, was chosen to be 5.1 W/m? °C from a table Al in this standard [93]. The

intersurface emittance was calculated using Equation 5.11
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1 5.11

Where;

&, &,= Emissivities of the surfaces bounding the air space
By assuming ¢ ,ande, for both air gaps were 0.08, the intersurface emmitance was

found to be 0.041 from Equation 5.11.Using this value and 4,, = 5.1 W/m? °C, the
radiative coefficient was calculated to be 0.212 W/m? °C using equation 5.10. Using 4,
= 1.25 W/m® °C , the thermal resistance of each air gap was estimated to be 0.68
m’ °C/W. The thermal conductivity of the 12.5mm thick plasterboard was assumed to be

0.25 W/m °C [51], giving it a calculated thermal resistance of 0.05 m* °C/W.

The total thermal resistance of the two air layers plus the sheet of plasterboard
amounted to 1.41 m” °C/W. Although this was only an estimation, it suggests that the
thermal resistance of Eco-quilt with no air gaps on either side is quite small (estimated
to be 0.27m’ °C/W) and that the thermal performance of multi-foil is highly dependant

on having an air gap on either side of the insulation.

Figure 5.19 compares some of the test results described in the literature survey with the
average result for Eco-quilt with two air gaps. Both tests conducted by Sheffield Hallam
University (see Section 2.4.1) quoted a thermal resistance of 6.1 m* °C/W and at least 5
m® °C/W respectively. The second of those tests was conducted under steady state
laboratory conditions. The TRADA (see Section 2.4.2) tests found the thermal
resistance of TRI-ISO Super 10 to be 5.25 m” °C/W. These test results were not in good
agreement with this research. Tests conducted by the NPL and the BRE found the

thermal resistance of the multi-foils to be 1.71 m?°C/W and 1.72 m* °C/W respectively.
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These results were in excellent agreement with this research. The main difference
between these tests and this research was that a different type of multi-foil insulation
was examined and that most of the test specimens were tested at an inclination that
replicated a pitched roof. This research tested the multi-foils with horizontal heat flow
(instead of an inclined angle), which would have affected the thermal resistances of the
air gaps when comparing the results. The extra thermal resistance of the plasterboard is
also incorporated into the 1.68 m? °C/W that was found in this research. The conditions
for each of the tests also varied. It is still quite clear, however, that this research is in
good agreement with the tests carried out by the NPL and the BRE, even though the

testing conditions may not have been exactly the same.

Various Test Results For Multi-foil
Insulation

" 7

= 6

z =5

-E g 4 I I I

s 3

e E 2

T 1

Bl . e
Sheffield Sheffield TRADA Tests MNPLTests BERE This
Hall. Test1 Hall. Test 2 Scotland Research

Testing Bodies

Figure 5.19: Comparison of Multi-foil Test Results with Two Air Gaps

Where multi-foil was tested with only one air gap, results showed that its thermal
performance is reduced. After subtracting the thermal resistance for the known sheet of
polyiso, Ryuise, from the test specimen, R, Eco-quilt had a thermal resistance of 1.00

m” °C/W with the other multi-foil being  0.76 m” °C/W. For the Eco-quilt, this
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would be equivalent to using 40 mm of fibre glass, with a conductivity of 0.04 W/m °C

or 22 mm of polyiso insulation.

5.8 Error Sources

The heat transfer coefficient for the test specimen ranged from 0.27 W/m” °C to 0.30
W/m? °C, where Eco-quilt was tested with two air gaps. This amounted to a 10 %
difference over the four tests. The difference in these values can be attributed to the
conditions not being exactly the same for all of the tests. Every effort was made (see
Section 5.9) to keep the testing conditions the same but due to the room conditions not
being the same for each test, other values such as cold box temperature, and the
temperatures in the guard box changing affected the results. It can be seen in the
calibration results (see Section 5.6.2) that the average temperature difference across the
metering box wall was constant at 2.2 °C but in the Eco-quilt tests with two air gaps, the
temperature difference varied from 2.0 °C to 2.3 °C. The maximum fluctuation in the
input power for any one test fluctuated by 0.2 W and can be seen in Appendix B. In
most tests conducted, the input power fluctuation was less than 0.1 W. Temperatures
and input power for calculation purposes were collected three times a day for each test.
This could have caused an error as minor fluctuations in between the data collection

periods could have occurred.

5.9 Problems Encountered in Early Stages of Testing

One of the main problems encountered was controlling the cold box temperature over a
long period of time. The GHB was located in a room in which the temperature changed

regularly due to the weather varying from day to day. This affected the refrigeration unit
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because the room temperature was sometimes colder than the set temperature on the

unit and this in turn affected the air temperature travelling into the cold box.

Figure 5.20 is a graph that shows a graph of the cold side of the surround panel
temperature over a period of approximately eight hours. Four thermocouples were
monitoring the temperature on the cold side of the surround panel. The thermocouple
that is shown on Figure 5.20 was located on the Left side of the surround panel. The
other three temperature readings are not included in the graph for clarity of viewing. It

can be seen that the temperature varies significantly over this time.

Surround Panel Temperature Vs Time
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Figure 5.20: Cold Side Temperature Variation

Another problematic aspect of this testing was that the test data (e.g. readings of all
thermocouples for calculation procedures) was collected once a day over a period of
two hours. This also may not have been representative of the conditions due to the

weather conditions.

The room temperature had to be raised above the set temperature in the cold box to

solve this problem. The location of the testing facility was changed from an industrial
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unit to a much smaller room and is shown in Figure 5.22. A 1 kW heater wired up to a
thermostat was used to heat the room. A fan was used to circulate the air around the
room. A picture of the fan and heater is shown in Figure 5.21. This resulted in a more
uniform temperature in the cold box over a period of time. The result of changing the
test location can be seen in Figure 5.15. It is clear that the cold box air temperature was
more uniform and more reliable than the previous method. A test could now be

completed without having to rely on weather conditions.

Figure 5.21: Fan and Heater in Place
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Figure 5.22: New Testing Location

The data collection procedure was also changed. Test results were taken three times a
day as opposed to once during initial testing. These measures were taken to ensure the
temperatures in the GHB did not fluctuate during tests and was found to be a more
accountable method of testing that produced repeatable results. This procedure is
explained in Section 5.4.1. The observation period of temperatures before tests was also

increased.

5.10 Testing Conclusions

The testing began by examining the air temperature distribution in the guard box, the
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metering box and the cold box. These tests showed that the equipment was functioning
the way it was designed to by achieving relatively uniform air temperature in each
enclosure. A comparative test method was developed by analysing the losses in the
GHB and combining the metering box wall losses with the parallel losses in the
surround panel to calibrate the GHB and then test a specimen with unknown thermal

properties.

The calibration tests evaluated this combined loss, and by repeating the tests, it was
shown that the GHB was capable of giving meaningful and repeatable results. Four tests
were conducted testing Eco-quilt insulation with an air gap on either side with 40 mm of
polyiso insulation. The tests conditions were kept as similar as possible to the
calibration tests and the results showed that Eco-quilt was closer to the thermal
resistance of 1.71 m” °C/W than the thermal resistance of 5 m* °C/W quoted in the
literature survey. Tests conducted on multi-foils with only one air gap showed that the

thermal resistance of Eco-quilt and the other multi-foil insulation is reduced.

Possible errors in the GHB were discussed by examining the test results. This chapter
also highlighted the problems that occurred in the early stages of testing. By changing
the testing location and taking measures to control the surrounding room temperature
these problems were overcome. The test procedure was also changed as a result of these

problems.
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CHAPTER 6 — CONCLUSIONS AND

RECOMMENDATIONS

6.1 Conclusions

The main aim of this research was to test and examine the thermal properties of Eco-
quilt multi-foil insulation. In order to achieve this, a list of project objectives are set out

in Section 1.5.

The properties and characteristics of multi-foil insulation were researched and it was
found that there was differing opinions on its thermal resistance. The difference in
opinions is generally based on the test method that is used to evaluate multi-foils. All
the tests that were conducted in real weather conditions found that multi-foils performed
better than 200 mm of glass wool and, from that, it was claimed that the multi-foils had
a thermal resistance of approximately 5 m* °C/W. Only one steady state test conducted
agreed with these results. Other steady state tests found the thermal resistance was

approximately 1.7 m*°C/W.

Eco-quilt was tested with two separate test rigs. The first test rig was constructed prior
to this research and tests conducted using this rig offered a general idea of how multi-
foils would perform. The results for these tests were in agreement that the thermal
resistance of multi-foils was closer to 1.7 m* °C/W. These results indicated that Eco-
quilt would have to be used with an additional insulation in order to meet the current

building regulations.

There were some limitations with the preliminary test rig and, accordingly, a new
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improved testing facility was successfully designed and manufactured to ensure the
reliability and accountability of these results. Three different types of Hot Box were
studied and a decision to base the design on a GHB was made. Key parameters such as
the GHB dimensions, heaters and fans sizing and selection, and temperature and power
measurements were all taken into account in the design. Evaluating the disadvantages of

the preliminary test rig also helped in the design of the GHB.

A comparative test method was used to calibrate the GHB. This was done by using a
test specimen with known thermal properties to evaluate the losses in the GHB. The
same test was conducted on five different occasions and the combined loss heat transfer
coefficient ranged from 1.19 W/m?® °C to 1.20 W/m” °C. The results showed that the

GHB produced repeatable results.

The results for the Eco-quilt with an air gap on both sides and 40 mm polyiso ranged
from 0.27 W/m® °C to 0.30 W/m” °C. These results further showed that the GHB was
successful due to the consistency of the results. The average thermal resistance of the
Eco-quilt with two air gaps was found to be 1.68 m® °C/W. This result was in good
agreement with the tests that were conducted on other multi-foils using EN ISO test
methods. These tests were conducted on ACTIS TRI-ISO Super 9 insulation, which

consists of the same amount of layers and has the same thickness as Eco-quilt.

When Eco-quilt was tested with one air gap and with the sheet of polyiso, the results
showed that its thermal performance is reduced. Another type of multi-foil was also
tested in this configuration to compare it to Eco-quilt. The Eco-quilt performed better,
with a heat transfer coefficient of 0.35 W/m” °C as opposed to 0.39 W/m® °C for the

other multi-foil.
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The test results show that the GHB used in this research can offer a good estimation of

the thermal properties of different materials. This could be of benefit to companies

developing new forms of insulation or looking to improve an already existing product.

Tests could also be conducted to test different methods of installing insulation and its

effect on the thermal performance. For example, the tests conducted on multi-foil with

only one air gap showed that its thermal resistance was reduced.

6.2 Recommendations

1

The tests that were conducted took place in a small, poorly-insulated room in an
out-building. Over all the calibration and multi-foil tests, the room temperature
varied by approximately 9 °C. By having a well insulated room for this testing
where the temperature variation could be reduced, the repeatability of the GHB
could be improved. Adding more layers of insulation around the guard area

would also improve the repeatability.

By using a data logger with many more ports available, all the different
temperatures could be measured at the same time during the testing period. Also,
increasing the number of thermocouples would give a better and more accurate

temperature profile for the different enclosures.

Inclusion of a method for continuously measuring the power input to the
metering box could improve the average input power measurements for

calculations.

The temperature difference across the metering box walls is currently controlled

by setting the temperature on the PID controller in the guard box and adjusting
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the power input into the metering box to achieve a temperature difference of
approximately 2 °C. Designing a PID controller whose set point is controlled to
keep the temperature difference across the metering box walls constant would

also improve the repeatability of the GHB tests.
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APPENDIX A - PRELIMINARY TEST RESULTS

A-1 Introduction

A series of tests were conducted with a preliminary test rig and the results are detailed
in this section. The aim of these tests was to measure the thermal resistance of three

types of multilayer reflective insulation in different configurations.

The apparatus used was a simplified Rotatable Calibrated Hot Box developed in the
academic year of 05/06. This apparatus and testing theory is discussed in Section 4.2.
All the tests were carried out at an angle of approximately 30° to represent a roof

structure as seen in Figure Al.

Figure Al: Picture of Test Rig

A-2 Specimen Preparation and Description

The specimen size for all tests was 1130 mm x 1380 mm. The plasterboard and the
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polyisocyanurate were cut to size with a hand saw. As multi-foil is quilted, a suitable
skeleton frame was built from 50 mm x 22 mm battens to support the material and avoid
the sagging of the quilt during testing. The multi-foil was then stapled to the wooden

frame using 14 mm staples. This is shown in Figure A2.

i

Figure A2: Preparation of Multi-foil Specimen

There were three types of multi-foil insulation being tested. One was Eco-quilt, another
had a type of foam wadding and the last had no wadding present. All insulations were

25 mm thick. A description of each type of insulation follows:
Eco-quilt:

e 2 tear-resistant reinforced reflective films.
e 2 layers of soft, flexible wadding.
e 0 layers of closed cell foam.

e 4 internal reflective films.

Multi-foil with Wadding (W)*:
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e 2 outer layers of tear-resistant reinforced reflective films.
e 4 layers of bubble wrap with a reflective film on one side.

e [ layer of soft flexible wadding.
Multi-foil with no wadding (NW)

e 2 outer layers of tear-resistant reinforced reflective films.
e 4 layers of bubble wrap with a reflective film on one side.
¢ 1 internal reflective film.

e 2 layers of semi transparent plastic foam.

* = With wadding
** = No Wadding

A-3 Test Methodology

All tests were carried out as follows:

1. All test specimens were placed in the surround panel and duct tape was used
around the perimeter of the test specimen to ensure no mass transfer (air

leakage) occurred.
2. The surround panel was then clamped to the Hot Box using ratchets and straps.

3. The heaters were switched on and left for approximately 20 hours for steady

state conditions to exist.
4. Power meters and the data logger were then used to collect the relevant data.

The inside temperature of the hot box was controlled by a thermostat and kept at

approximately 39 °C.
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A-4 Results

A-4-1 Calibration Test

The first test that was carried out was a calibration test. 12.5 mm plasterboard and 80
mm of polyiso insulation were tested together. The thermal properties of both were
known. Table Al gives all the parameters required to calculate the heat transfer
coefficient (highlighted in yellow) in W/°C for the box walls and surround panel. All

thermocouples recorded air temperatures, and no surface temperature measurements

were taken.
Conductivity poyyiso (W/m °C) 0.0215
L (m) 0.08
Rs1 (M? °C/W) 0.13
Rs2 (M?°C/W) 0.04
R pg (M? °C/W 0.038
Qin (W) 53
AT o(°C) 28.9
As (M) 1.56
Rrr (m? °C/W) 3.93
Qis (W) 11.49
UAw (W/°C) 1.45
Urr (W/ m? °C) 0.25

Table Al: Calibration Results
The sample calculations use the testing theory discussed in Section 4.2.2. The thermal
transmittance was known before testing. The two surface resistances were chosen from

EN ISO 6946 and substituted into equation 4.2 [93].
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1
" R,+R_+ R, +R,

UTT

1
UTT =
0.13+3.72+0.038 +0.04

U= 025 W/m’°C

Using Equation 4.4 the heat transfer coefficient for the metering box walls was:

Wty - Qo= Un AT,
AT,

(53.1-((0.25)(1.56)(28.9))
- 28.9

(UA),

(UA), =1.45 W/°C

A-4-2 Multi-foil Test results

Ten tests were conducted on the three types of Multi-foil in different configurations.
The configuration of the test specimen is given with the thermal resistance for each test
highlighted in yellow in the following tables. The theory described in section 4.2.2 was

used to calculate the thermal resistance of each test specimen.
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Test 2 - Plasterboard - air gap - sheet of multi-foil (NW)

Qin (W) 84.0
AT (°C) 315
As (M?) 1.56
Qu (W) 46.0
Qis (W) 38.0
Ut (W/m?°CK) 0.77
Ryt (M*°C/ W) 1.30

Table A2: Data for Test 2

e Equivalent to 52 mm of fibre glass or 30 mm of polyiso insulation.

Test 3 — Plasterboard - air gap — sheet of multi-foil (NW) - air gap — sheet of multi-

foil (NW)
Qin (W) 84.0
AT (°C) 37.3
Ass (M%) 1.56
Quw (W) 54.0
Qis (W) 30.0
U+t ( W/m?°CK) 0.52
R (M?°C/ W) 1.92

Table A3: Data for Test 3

e Equivalent to 76 mm of fibre glass or 41 mm of polyiso insulation
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Test 4 -Plasterboard - air gap - sheet of multi-foil (W)

Qin (W) 100
AT (°C) 35.8
As (M%) 1.56
Qu (W) 52

Qs (W) 48

U (W/m?°CK) 0.86
Rt (M2 oC/W) 1.16

Table A4: Data for Test 4

e Equivalent to 46 mm of fibre glass or 25 mm of polyiso insulation

Test 5 - Plasterboard - air gap — sheet of multi-foil (W) - air gap — sheet of multi-

foil (W)
Qin (W) 85
AT (°C) 34.8
As (M%) 1.56
Quw (W) 50
Qs (W) 35
Urr (W/m?°CK) 0.64
R+t (M?°C/ W) 1.56

Table AS: Data for Test 5

e Equivalent to 62 mm of fibre glass or 34 mm of polyiso insulation
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Test 6 - Plasterboard — 25 mm polyiso - air gap — sheet of multi-foil (W)

Qin (W) 71
AT (°C) 31.6
As (M%) 1.56
Qu (W) 46
Qs (W) 25
Ugs (W/m?°C) 0.51
Rt (M*°C/ W) 1.96

Table A6: Data for Test 6

e Equivalent to 78 mm of fibre glass or 42 mm of polyiso insulation.

Test 7 - Plasterboard -25 mm polyiso - air gap — sheet of multi-foil (W) - air gap —

sheet of multi-foil (W)

Qin (W) 72
AT (°C) 32.7
Ass (M) 1.56
Qu (W) 47
Qis (W) 25
Uss (W/m*°C) 0.49
Rt (M*°C/ W) 2.04

Table A7: Data for Test 7

e Equivalent to 82 mm of fibre glass or 44 mm of polyiso insulation
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Test 8 - Plasterboard — 25 mm polyiso - air gap — sheet of multi-foil (NW)

Qin (W) 79
AT (°C) 36.6
As (M%) 1.56
Qu (W) 53
Qs (W) 26
U (W/m?°CK) 0.46
Rt (M*°C/ W) 2.17

Table A8: Data for Test 8

e Equivalent to 87 mm of fibre glass or 47 mm of polyiso insulation.

Test 9 - Plasterboard -25 mm polyiso - air gap — sheet of multi-foil (NW) - air gap —

sheet of multi-foil (NW)

Qin (W) 77
AT (°C) 37.2
Ass (M) 1.56
Qu (W) 54
Qs (W) 24
Uss (W/m2 oCK) 0.40
Rrr (M*°C/ W) 2.50

Table A9: Data for Test 9

e Equivalent to 100 mm of fibre glass or 53 mm of polyiso insulation
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Test 10 - Plasterboard - air gap — Eco-quilt - air gap — Plasterboard

Qin (W) 59
AT (°C) 25.4
As (M?) 1.56
Qu (W) 37
Qis (W) 22
Urr (W/m2 oCK) 0.56
Rt (M*°C/ W) 1.79

Table A10: Data for Test 10

e Equivalent to 72 mm of fibre glass or 38 mm of polyiso insulation

Test 11 - Plasterboard - air gap — Eco-quilt

Qin (W) 77
AT (°C) 27.2
Ass (M) 1.56
Qu (W) 39
Qis (W) 38
Uss (W/m2 oCK) 0.90
Rt (M*°C/ W) 1.11

Table A11: Data for Test 11
e Equivalent to 44 mm of fibre glass or 24 mm of polyiso insulation

This sample calculation is for the results shown in Table A2 for Test 2. For test
specimens with unknown thermal properties, Equation 4.5 is used to calculate the heat

transfer through the test specimen.
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Qts = Qin - Qw
0, =84-((1.45)(31.5))
0, =38W

Finally Equation 4.6 was used to calculate the thermal transmittance for the unknown

test specimen.

_(Qu—WUA),AT)) Q)
" A]:1 Ats ATa Ats

U, =0.77 Wim*°C

Rrr= 1.30 m>°C/W
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APPENDIX B - GUARDED HOT BOX TEST DATA

B-1 Introduction

The following tables correspond to the raw data for the calibration and multi-foil tests

discussed in Chapter 5. The methodology applied in collecting the data is outlined in

section 5.6.4.

B-2 Calibration Tests

Tables B1 — B4 display data collected from the calibration tests. Note that the data for

RESULTS

calibration test 2 is shown in table 5.2.

Morning Afternoon Evening Average AT
Thotsp (°C) 40.1 40.1 40.1
Teota sp (°C) 14.6 14 14
ATsp (°C) 25.5 26.1 26.1 25.9
Tinside watis (°C) 40.7 40.7 40.7
Toutside walis ( °C) 38.5 38.5 38.5
ATyais (°C) 2.2 2.2 2.2 2.2
Thotts (°C) 40.3 40.2 40.2
Teotas (°C) 14.8 14.2 14.2
AT (°C) 25.5 26 26.1 25.8
Thotair (°C) 40.8 40.8 40.8
Teoldair (°C) 13.9 13.5 13.4
AT (°C) 26.8 27.3 27.4 27.2
Qin 16.13 16.34 16.25 16.24

Table B1: Calibration Test 1
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Morning Afternoon Evening Average AT
Thotse (°C) 40.1 40.1 39.9
Teolasp (°C) 14.1 14 13.9
ATsp (°C) 26 26.1 26.2 26.1
Tinside walis (°C) 40.8 40.8 40.7
Toutside walls ( °C) 38.6 38.5 38.5
ATyans (°C) 2.2 2.3 2.2 2.2
Thotts (°C) 40.4 40.3 40 4
Teolats (°C) 14.6 14.4 14.5
ATy (°C) 25.8 26 26 25.9
Thotair (°C) 41 40.9 40.9
Teotdair (°C) 13.8 13.6 13.6
AT (°C) 27.2 27.3 27.3 27.3
Qin 16.34 16.33 16.33 16.33
Table B2: Calibration Test 3
Morning Afternoon Evening Average AT
Thotse (°C) 40 39.9 40
Teolasp (°C) 13.8 14.1 13.8
ATsp (°C) 26.1 25.8 26.3 26.1
Tinside walis (°C) 40.7 40.6 40.6
Tousside watis ( °C) 38.4 38.4 38.4
ATyans (°C) 2.3 2.2 2.2 2.2
Thotis (°C) 40.2 40.2 40.2
Teotais (°C) 14.5 14.7 14.4
ATy (°C) 25.7 25.5 25.8 25.7
Thotair (°C) 40.8 40.8 40.8
Teoldair (°C) 13.7 13.8 13.5
AT.i: (°C) 27.1 27 27.2 27.1
Qin 16.21 16.25 16.23 16.23

Table B3: Calibration Test 4
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Morning Afternoon Evening Average AT
Thotse (°C) 40 40 40.1
Teota sp (°C) 13.7 13.9 13.7
ATsp (°C) 26.3 26.1 26.3 26.2
Tinside walis (°C) 40.7 40.7 40.7
Tousside watts ( °C) 38.5 38.4 38.6
ATyais (°C) 2.2 2.3 2.1 2.2
Thotis (°C) 40.3 40.3 40.3
Teoldis (°C) 14.4 14.4 14.4
ATy (°C) 25.9 25.9 26 25.9
Thotair ("C) 41 40.9 40.9
Teoldair (“C) 13.8 13.5 13.5
AT, (°C) 27.2 27.4 27.4 27.3
Qin 16.22 16.24 16.25 16.24

Table B4: Calibration Test 5

B-3 Eco-quilt with Two Air Gaps

Tables B5 — B8 display data collected from the Eco-quilt tests with two air gaps.

Morning | Afternoon Evening Average AT
Thotsp (°C) 40.2 40.1 40.2
Teolasp (°C) 14.4 14.6 14.7
ATsp (°C) 25.8 25.5 25.5 25.6
Tinside walis (°C) 40.6 40.6 40.6
Tousside walis ( °C) 38.6 38.5 38.5
ATyans (°C) 2 2.1 2.1 2.1
Thotts (°C) 39.8 39.7 39.8
Teotais (°C) 14.9 15 15.2
ATy (°C) 24.9 24.8 24.6 24.7
Thotair (°C) 40.8 40.8 40.8
Teoldair (°C) 13.6 13.6 13.7
AT (°C) 27.3 27.2 27.1 27.2
Qin 18.76 18.77 18.74 18.76

Table B5: Eco-quilt Test 1
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Morning Afternoon Evening Average AT
Thotse (°C) 40.3 40.1 4.03
Teolasp (°C) 14.6 14.8 14.6
ATsp (°C) 25.7 25.3 25.7 25.6
Tinside walis (°C) 40.5 40.5 40.5
Tousside walis ( °C) 38.5 38.5 38.6
ATyans (°C) 2 2.1 2 2
Thotts (°C) 39.8 39.7 39.8
Teoldts (°C) 15.2 15.3 15.2
ATy (°C) 24.5 24.5 24.6 24.5
Thotair (°C) 40.8 40.7 40.8
Teoldair (°C) 13.7 13.9 13.7
AT (°C) 27.1 26.8 27.1 27
Qin 18.77 18.74 18.76 18.76

Table B6: Eco-quilt Test 2

Morning Afternoon Evening Average AT
Thotse (°C) 40.3 40.2 40.3
Teotasp (°C) 14.4 14.7 14.3
ATgp (°C) 25.9 25.5 26 25.8
Tinside walis (°C) 40.7 40.4 40.6
Tousside walts ( °C) 38.7 38.5 38.8
ATyais (°C) 2 1.9 2.1 2
Thotis (°C) 39.8 39.8 39.8
Teoldts (°C) 14.8 15.1 14.8
AT (°C) 25 24.7 25 24.9
Thotair (°C) 40.8 40.8 40.9
Teoldair (°C) 13.4 13.5 13.4
AT, (°C) 27.4 27.3 27.5 27.4
Qin 18.78 18.66 18.74 18.73

Table B7: Eco-quilt Test 3
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Morning Afternoon Evening Average AT
Thotse (°C) 40.5 40.5 40.5
Teolasp (°C) 14.7 14.7 14.7
ATsp (°C) 25.8 25.8 25.8 25.8
Tinside walis (°C) 40.8 40.8 40.8
Tousside walis ( °C) 38.6 38.5 35.5
ATyans (°C) 2.2 2.3 2.3 2.3
Thotts (°C) 40.2 40 40.1
Teoldts (°C) 15.1 15.4 15.2
ATy (°C) 25.1 24.6 24.8 24.8
Thotair (°C) 41 41 41.1
Teoldair (°C) 13.7 13.7 13.6
AT (°C) 27.4 27.3 27.4 27.3
Qin 19.65 19.63 19.63 19.64

Table B8: Eco-quilt Test 4

B-4 Multi-foil Testing- with One Air Gap

Table B9 displays data collected from the Eco-quilt tested with one air gap and table

B10 displays data collected from a multi-foil variant test also with one air cavity.

Morning Afternoon Evening Average AT
Thotse (°C) 40.5 40.6 40.6
Teolasp (°C) 13.9 13.9 13.8
ATsp (°C) 26.7 26.6 26.8 26.7
Tinside walis (°C) 41 41 41
Tousside walis ( °C) 38.8 38.8 38.8
ATyars (°C) 22 22 2.2 2.2
Thotis (°C) 40.1 40.1 40
Teolats (°C) 14.6 14.7 14.5
AT (°C) 25.5 25.4 25.5 25.5
Thotair ("C) 41.2 412 41.2
Teotdaic (°C) 13.4 13.6 13.4
ATy (°C) 27.8 27.6 27.8 27.7
Qin 21.33 21.37 21.4 21.37

Table B9: Eco-quilt Test with One Air Gap
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Morning Afternoon Evening Average AT
Thotsp (°C) 40.3 40.4 40.4
Teotasp (°C) 13.1 13.3 13.3
ATsp (°C) 27.2 27.1 27.1 27.1
Tinside walls (OC) 41 41 41
Toutside walts  °C) 39.1 39.1 39.1
ATyais (°C) 1.9 1.9 1.9 1.9
Thotis (°C) 40.1 40.1 40.1
Teotais (°C) 14.1 14.3 14.2
ATy (°C) 26 25.8 25.9 25.9
Thotair (°C) 41.1 41.2 41.2
Teoldair (°C) 12.5 12.6 12.6
AT (°C) 28.6 28.6 28.6 28.6
Qin 20.9 20.89 21.08 20.96

Table B10: Multi-foil Variant Test with One Air Gap
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APPENDIX C - THERMOCOUPLE CALIBRATION

C1- Introduction

Type T thermocouples were used for temperature measurement in this research. The
thermocouples were connected up to a PICO TCOS8 data logger for the testing of the
GHB. This data logger contains software that was compatible with Type T
thermocouples and a temperature resolution of 0.1°C could be achieved. To check this,

the readings from the data logger were compared with an ISOTECH Venus Calibrator.

C2- Procedure

The ISOTECH Venus Calibrator has a liquid bath and the set-point temperature of the
liquid can be adjusted. A digital readout displays the temperature of the bath. Three
temperatures were chosen (20°C, 25°C and 40°C) to compare the thermocouple readings
with the readings of the ISOTECH calibrator. These temperatures were chosen because
it was similar to the intended testing temperatures that were used in the GHB tests. Ten
thermocouples were chosen from different parts of the GHB and were placed in the
bath. The temperature readings from the digital readout on the calibrator and the data
logger were compared and observed. This procedure was repeated before and after each

testing period.

C3- Results

The readings from the ISOTECH Venus Calibrator always agreed with the readings

from the data logger to the nearest 0.1 °C.
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