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Abstract

The methods commonly used for determining the thermal resistance of insulations in wall cavities do not include the effect of air movement through the insulation. Contributions to the total building heating or cooling load include the change in enthalpy of  air moving through an insulation and the heat flux through the insulation due to the imposed thermal gradient. The two effects are not independent since the air movement affects the temperature distribution in the insulation.

A heat-flow-meter apparatus meeting the requirements of ASTM C 518 has been configured to allow uniform air flow across thermal test specimens. The air flow is parallel to the heat flow direction. Air is introduced into the specimen chamber of the heat-flow- meter apparatus from an external source. The heat-flow-meter with controlled air flow has been used to determine total heat-flow rates as a function of air-flow rate, air-flow direction, and temperature for commonly used wall cavity insulation.
Introduction
Wall cavity insulation is conventionally measured and labeled for thermal performance

under specific steady state conditions with solid isothermal bounding surfaces [1]. This

configuration, as a result, does not  include air flow through the insulation that can occur in actual applications. Walls of low-rise residences, for example, have leakage paths through which air can move due to small pressure differences between the interior and exterior of a residence [2]. This movement of air has an effect on the heating and cooling loads of the building. One approach to the determination of the load added to a building
due to air leakage adds the heat load resulting from air flow to the heat flow through the

envelope without forced convection [3].  The assumption that the heat flow through insulation without air flow and the heat transfer resulting from air flow can be added is not valid if the temperature distribution in the wall cavity insulation is affected by the movement of air through the insulation. If wall cavity insulation is tight in a cavity, then

air leakage will be through the insulation and the temperature profile in the insulation will be disturbed. Anderlind and Johansson [4] have provided a theoretical analysis of the effect of air flow through thermal insulation that predicts heat-flow changes that depend

on the direction of air flow relative to the direction of air movement. Anderlind and Johansson used the terms contraflux insulation and proflux insulation for the cases where the heat flow is opposite the air-flow direction (contra) or heat flow is in the same direction as the air flow (pro).The purpose of the present research is to measure the 
effective thermal resistance (RE) of wall cavity insulation with an imposed air flow through the insulation

                          RE = ∆T/(Qnet/0.3414)





(1)

where Qnet is the heat loss or gain from the conditioned space. The RE defined by Eq. (1) is a system value that depends on the air-flow.
Experimental Apparatus
The apparatus used in this research is a customized heat-flow meter designed to meet the requirements of C 518 when used in the normal configuration without air flow [5]. Figure1 is a photograph of the heat-flow-meter apparatus designed for 61x61 cm test specimens. The basic apparatus has been modified to provide for measured amounts of air flow through a test specimen. This is accomplished by an air-tight specimen box containing the insulation to be tested with air flow constructed to fit the test specimen space in the heat-flow meter. The specimen box has air inlet/outlet channels on each side of the box. One set of inlet channels is on the warm side of the test specimen while the second set of air channels is on the cold side of the test specimen. Air enters and leaves the test box at five locations on each side that includes one inlet/outlet in the center and one inlet/outlet in each quadrant. Thermocouples have been added to the basic design of the heat-flow meter to measure the hot and cold surface temperatures at the surface of the insulation in the test box. This is necessary because there is a small thermal resistance and resulting temperature difference between the temperature set points of the heat-flow meter and the surface of the test specimen. Figure 2 is a photograph of the test box. Figure 3 is a photograph of test box inserted in the heat-flow-meter apparatus.
Air flow from a tank of compressed air is controlled by a micro-valve in the tubing connected to the inlet of the specimen box. The volumetric air-flows in and out of the test box are measured by  TSI Series 4000/4100 High Performance Linear OEM Mass Flowmeters. The flow meters provide air flow rates in standard liters per minute (SLM). Heat-flux data, temperatures, and air-flow data are collected by a computer data acquisition system.
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                    Figure 1. Photograph of the Heat-Flow-Meter Apparatus 
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              Figure 2. Photograph of the Test Box used to Enclose the Test Specimen
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Figure 3. Photograph of the Test Box Positioned in the Heat-Flow-Meter Apparatus

Experimental Data
Three sets of experimental data are included in this paper. Each data set contains

heat fluxes, temperatures, and air-flow rates for a range of air-flow rates from zero to about eight SLM. Two of the data sets are for contraflux operation while the third set is for proflux operation. The data that are included in this paper are the heat flows
across the 0.3414 m2 hot and cold surfaces, bounding temperatures, air-flow rates (SLM),

and the change in enthalpy of the air moving through the test specimen (watts), and the inlet and outlet air temperatures. The enthalpy change of the dry air is based on data from

NBS Circular 564 [6]. The flow-meter control temperatures for the three data sets are shown in Table 1. In all cases, the test specimen was a nominal RSI 1.937 m2∙W/K fiberglass batt insulation with thickness 88.9 mm. The same test specimen was used for all of the data that follow. Inlet air to the heat-flow meter was at the laboratory temperature in the range 22 to 26 ºC.
Table 1.  Heat-Flow Meter Control Temperatures

Test Sequence
Type_________
Cold Plate (ºC)
Hot Plate (ºC)

1

contraflux


31.4


51.4


2

contraflux


31.4


51.4


3

proflux



31.4


51.4

The data in Tables 2-4 contain air rate in standard liters per minute, temperatures in ºC,
heat flows in watts with Qin being the hot side and Qout being the cold side. The term Qair
which is in watts is calculated from Thot and Tcold. Tcold is the temperature of the incoming air. The heat flow rates Qin and Qout are based on the temperature difference across the insulation. The temperature differences across the insulation are less than the temperature
differences for the heat-flow meter set points because of the test box.

The “Heat Balance Closures” for the contraflux tests were calculated using Equation (2) with the heat loss from the hot side, Lc, calculated using Equation (3).

                               Closure % = 100*(Qin – Qout – Qair)/(Qout + Qair)                             (2)
                                            Lc = Qout + Qair                                                                                  (3)

Closure for the proflux test was calculated using Equation (4) with the heat loss, Lp, calculated using Equation (5).

                               Closure% = 100*(Qout – Qin – Qair)/(Qin + Qair)                               (4)

                                           Lp = Qin + Qair                                                                      (5)

The contraflux configuration represents air infiltration in the winter or air exfiltration in the summer. The proflux configuration represents air infiltration in the summer or air exfiltration in the winter.
Table 2.  Thermal Results for Test Sequence 1

Air Rate
Tcold
Thot
Qin
Qout
Qair
Heat Balance Closure (%)
0.067 

32.31
50.81
3.647
3.713
0.029

-2.6
1.093

31.85
50.80
3.860
3.534
0.562

-5.8
2.156

31.67
50.79
4.046
3.197
1.136

-6.7
3.371

31.46
50.76
4.281
2.806
1.773

-6.5
4.433

31.25
50.76
4.529
2.435
2.327

-4.9
5.302

31.20
50.76
4.625
2.267
2.795
            -8.6
5.668

31.02
50.72
4.839
1.883
3.039

-1.7
6.973

30.81
50.66
5.305
1.363
3.702

  4.7
Table 3.  Thermal Results for Test Sequence 2

Air Rate
Tcold
Thot
Qin
Qout
Qair
Heat Balance Closure (%)
0.068 

32.08
50.75
3.705
3.689
0.030

-0.5
1.114

31.83
50.78
3.802
3.567
0.574

-8.2
2.281

31.72
50.79
4.025
3.246
1.184

-9.1
3.551

31.47
50.77
4.333
2.698
1.873

-5.2
4.725

31.28
50.76
4.565
2.340
2.520

-6.1
6.088

31.07
50.71
5.008
1.840
3.150
              0.4
7.273

30.88
50.66
5.330
1.432
3.859

  0.7
7.751

30.84
50.65
5.414
1.286
4.116

  0.2
Table 4.  Thermal Results for Test Sequence 3
Air Rate
Tcold
Thot
Qin
Qout
Qair
Heat Balance Closure (%)
0.068 

26.12
50.79
3.593
3.779
0.031

-4.2
1.045

26.95
50.73
3.674
3.995
0.548
             5.4
2.145

26.53
50.00
4.520
4.184
1.131
          -15.0
3.342

26.47
48.96
5.856
4.459
1.694

-4.8

4.530

26.45
48.04
7.025
4.716
2.260

  0.7

5.664

26.42
47.20
8.349
5.047
2.709
              7.6
8.247

26.19
45.92 10.959   5.816
3.805
            13.9
Discussion of Results

The data summarized above has been used to make comparisons of the heat loss

from the warm side of the system determined three ways. The heat loss can be

calculated from the apparent thermal conductivity of the insulation in the test box and the temperature difference across the insulation. This will be denoted as the “no air flow” case. A second heat loss rate calculated by adding the heat flow without air flow and Qair is denoted “additive” case. A third heat loss rate which is the measured heat loss with air flow is denoted as the “measured” case. Figure 4 compares the three heat transfer rates for the data from sequence one which is representative of the contraflux observations. The bottom curve in the figure is for “no air flow”, the middle curve is the measured heat loss, and the top curve is the additive case.
[image: image1.jpg]



Figure 4.  Heat Flow Rates Determined with and without Airflow (contraflux)
Test sequences 1 and 2 provide data at the same conditions. Figure 4

contains a comparison of the measured heat losses for the two contraflux sequences provides a measure of the repeatability of the measurement. The vertical error bars in Figure 5 show +/- 3% about the data points. The line shown in the figure is a linear fit to the composite data set consisting of 16 steady-state thermal measurements.
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Figure 5. Comparison of Measured Heat Losses from Two Contraflux Data Sets

Figure 6 shows the three heat flow rates for the sequence 3, the proflux example. The bottom curve is the heat flow without air, the middle curve is the additive case, and the top curve is the measured heat loss from the warm side.
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            Figure 6. Heat Flow Rates Determined with and without Airflow (Proflux)

The contraflux measurements show the measured heat loss to be less than sum of the

heat flow without air movement and the heat carried by air. The proflux measurements show the measured heat loss to be greater than obtained by adding the heat flow without air movement and the heat carried by the air. This is qualitatively consistent with the observation that contraflux reduces the temperature gradient on the cold side of the wall thus reducing the conductive transfer while the temperature gradient is increased on the cold side of the wall in the proflux case [4].
The heat flow results were used to calculate RE from Equation (1) and either Lc or Lp.

The RE were used to calculate the ratio RE/RE0 where RE0 is the zero air flow case.

This ratio is associated with an efficiency. The difference, RE – RE0, is a measure of the thermal performance improvement to be achieved by stopping air leakage. The difference, L – L0, where L0 is the no air-flow case is a measure of the energy savings to be realized by stopping air flow through the 0.3414 m2 test section. Table 5 contains the performance factors for the contraflux tests while Table 6 contains the performance factors for the proflux test.
Table 5. Performance Factors for Contraflux Tests 
Air Flow (SLM)
Lc (watts)
Lc – Lo

RE_(m2∙K/W)

RE/REo
0.067


3.742



1.688



1.093


4.096

0.354

1.579


0.94
2.156


4.333

0.591

1.506


0.89
3.371


4.579

0.837

1.439


0.85
4.433


4.762

1.020

1.399


0.83
5.302


5.062

1.320

1.319


0.78
5.668


4.922

1.180

1.366


0.81
6.973


5.065

1.323

1.338


0.79
0.068


3.719



1.714
1.114


4.141

0.422

1.563


0.91
2.281


4.430

0.711

1.469


0.86
3.551


4.571

0.852

1.441


0.84
4.725


4.860

1.141

1.368


0.80
6.088


4.990

1.271

1.344


0.78
7.273


5.291

1.572

1.276


0.74
7.751


5.402

1.683

1.252


0.73
Table 6.  Performance Factors for Proflux Test 

Air Flow (SLM)
Lp (watts)
Lp – Lo

RE_(m2∙K/W)

RE/RE0
0.068


3.624



2.036

1.045


4.222

0.598

1.922


0.94
2.145


5.651

2.027

1.417


0.70
3.342


7.550

3.926

1.017


0.50
4.530


9.285

5.661

0.794


0.39
5.664


11.058

7.434

0.642


0.32
8.247


14.764
          11.140

0.456


0.22
The loss of efficiency represented by the ratio RE/RE0 approaches 25 % for the contraflux measurements. The loss of efficiency for the proflux case approaches 80%.

Summary

The usefulness of a modified heat-flow-meter apparatus to study the effect of air flow through porous insulation has been demonstrated.

The measured total heat loss from the high temperature side of a test specimen with air flow differs from the sum of the no-air flow thermal resistance and the enthalpy change of the air. For contraflux measurements the measured heat flow was less than the sum of the two heat flows while in the case of the proflux measurement the measured heat flow was greater than the sum of the two flows.

The loss of thermal effectiveness of the insulation was reduced as much as 25% for the contraflux measurements and up to about 80% for the proflux measurement.
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		2		1.0925		2.3150075		50.8		50.8		123.44		25.16		77.288		0.173162561		1.9180316437		0.5619782138

		3		2.156		4.568564		50.79		50.79		123.422		24.51		76.118		0.3417285872		3.8796309813		1.136721647

		4		3.371		7.143149		50.76		50.76		123.368		24.55		76.19		0.5343075452		6.0498147282		1.7725797621

		5		4.433		9.393527		50.76		50.76		123.368		24.6		76.28		0.7026358196		7.9405717136		2.326566573

		6		5.302		11.234938		50.76		50.76		123.368		24.48		76.064		0.8403733624		9.5407251684		2.7954073157

		7		5.668		12.010492		50.72		50.72		123.296		23.99		75.182		0.8983848016		10.3739727226		3.0395466518

		8		6.973		14.775787		50.66		50.66		123.188		24.2		75.56		1.1052288676		12.6335617215		3.70160027

				Area		0.3413

				thickness		0.0886

				t hot		t cold		del T		k in		q in		k out		q out		heat bal		% of average

		1		50.81		32.13		18.68		0.05068		3.6467275632		0.0516		3.7129270375		-0.0956706441		-2.5563993672

		2		50.8		31.85		18.95		0.05288		3.8600284203		0.04841		3.5337363054		-0.2356860988		-5.7544562184

		3		50.79		31.67		19.12		0.05493		4.0456408743		0.04341		3.1971831486		-0.2882639213		-6.6513671836

		4		50.76		31.46		19.3		0.05758		4.2807396079		0.03774		2.8057504828		-0.2975906371		-6.4999818965

		5		50.76		31.25		19.51		0.06027		4.529479541		0.0324		2.4349616248		-0.2320486568		-4.8734071746

		6		50.76		31.2		19.56		0.06138		4.6247214076		0.03009		2.2671532609		-0.437839169		-8.6485714565

		7		50.72		31.02		19.7		0.06377		4.8391878895		0.02482		1.8834662603		-0.0838250226		-1.7027179101

		8		50.66		30.81		19.85		0.06938		5.304990959		0.01783		1.363332211		0.240058478		4.7396185229

				Actual Heat used if no air						watts

				area		0.34129		m^2

				k		0.05114		w/mK

				del T						q out +air				Q no air + air

		1		18.68		3.6798273003				3.7423982072				3.7092984701

		2		18.95		3.7330153823				4.0957145192				4.2949935961

		3		19.12		3.7665041746				4.3339047957				4.9032258217

		4		19.3		3.8019628959				4.578330245				5.5745426581

		5		19.51		3.8433314041				4.7615281978				6.1698979771

		6		19.56		3.8531810489				5.0625605766				6.6485883646

		7		19.7		3.8807600544				4.9230129121				6.9203067062

		8		19.85		3.9103089888				5.064932481				7.6119092588

				Look at a graph

				Air Flow		Q no air		Q no air		Measured

				slm				plus Q air

				0.0665		3.6798273003		3.7092984701		3.7423982072

				1.0925		3.7330153823		4.2949935961		4.0957145192

				2.156		3.7665041746		4.9032258217		4.3339047957

				3.371		3.8019628959		5.5745426581		4.578330245

				4.433		3.8433314041		6.1698979771		4.7615281978

				5.302		3.8531810489		6.6485883646		5.0625605766

				5.668		3.8807600544		6.9203067062		4.9230129121

				6.973		3.9103089888		7.6119092588		5.064932481
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