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ABSTRACT



	Effects of temperature, porosity and moisture content on the effective thermal conductivity of glass wool material were studied. The material used is glass wool of different apparent thicknesses. Measurements of the porosity of a thermal insulating material were carried out using different techniques. It was found that the effective thermal conductivity increases with increasing the average temperature, the moisture content and the apparent density of the specimen within the given range ( 16(� EMBED Equation.2  ���b(100 kg/m3 ), and with decreasing the porosity. In the present work correlations of the measured effective thermal conductivity as a dependent parameter and the average temperature, porosity and moisture content as independent parameters were obtained. 
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1.	INTRODUCTION



	Many investigations reported the effect of variations of temperature, porosity, density and pressure on the thermal conductivities of porous media. However, little information are available regarding the porosity and humidity effect on the thermal conductivity of insulating materials. For saturated specimens, moisture migration takes place and the steady state is reached after the moisture is in equilibrium under the influence of concentration and temperature gradients. Also, the total time involved in achieving equilibrium can be very long if the conductivity is low. Transient techniques involve relatively shorter period of observation time with relatively small variations in temperature. The influence of moisture migration on the thermal conductivity is rather small. The present transient technique employs a line heat source. It has the typical construction of a thin straight wire embedded in the specimen under consideration. 

	The objectives of the present work are to develop an analytical model to predict the effective thermal conductivity of insulating materials in terms of the individual thermal conductivities of the material contents. To develop simple and reliable experimental set up based on a transient line heat source method to determine the effective thermal conductivity of the insulating materials and to determine, experimentally the effect of temperature , apparent density , porosity and moisture content on the effective thermal conductivity .

	The experimental set up is designed to monitor the rapid variations in sample temperature values. Accordingly it is decided to use a data acquisition system for temperature measurements. The data acquisition system has the capabilities of turning on the power to the heating element used, taking temperature values, performing necessary manipulation and calculations and displaying the final effective thermal conductivity values.

	Karim and Hanafi [1] measured the thermal conductivity of spherical oil sand samples with different oil concentrations over a wide range of temperatures. Jackson, and Leach [2] measured the thermal conductivity of a foam consisting of cells filled with air, surrounded by walls made up of a film material built from overlapping vermiculite lamellae. It was found that no substantial anisotropy was presented. An analysis of the effective continuous medium approach was made for the prediction of effective thermal conductivity of moist porous materials by Ashok et al [3]. A transient method, utilizing a line heat source, was employed to measure the effective thermal conductivity of sand filled with water. It was found that the effective thermal conductivity values increased with increasing the fraction of pore space filled with liquid. Hironobu et al. [4] investigated and compared the experimental results values of the effective ther�mal conductivity for two types of fibrous insulation with the theoretical values. Krupicizka [5] carried out analysis of thermal conductivity in granular materials which was based on assumed models made up of cylinders and spheres under the assumption of unidirectional motion of heat. Accordingly, a general correla\tion equation which takes into consideration the influence of porosity was obtained.



2.	EXPERIMENTAL WORK



	It is important to have accurate and reliable experimental measurements for the rate of the temperature rise in the insulation medium. Furthermore, data acquisition and analysis technique need to be refined and developed to obtain the temperature time history [6]. 



2.1	Experimental Set-up



	The main parts of the test rig are presented in a block diagram in Fig.1. The experimental set up consists of a simple press of two movable plates to change the apparent thickness of the specimen and to obtain different porosities. A line heat source has a length of 0.45 m and a diameter of 0.28 mm giving a length-to-diameter ratio of 1600 to ensure a one-dimensional heat flow in radial direction .The heating element wire material is nickel chrome, of 19 �SYMBOL 87 \f "Symbol"�/m resistance and has a low temperature coefficient of resistance (0.0004 �SYMBOL 87 \f "Symbol"�/ oC). Thermocouples are distributed on the line heat source and through the specimen. The heat flow through the specimen was adjusted by means of a voltage regulator. The experimental model is designed with an embedded line heat source positioned centrally between the two halves of the sample. The generated electro-motive force corresponding to the temperature rise of line heat source is amplified with a gain ratio of 500 by DC amplifier shown in Fig.2 and then recorded by the data acquisition system. The data acquisition system consists of an analog to digital (A/D) and (D/A) card which records the time and the input average voltage per one second to reduce the error in the data. The card is designed to run on the IBM computers or compatibles. The experimental rig is designed such that the heat generation in the line heat source (voltage range of (1-8) volts and 1 ampere supply), that is dissipated in the working medium, must be small enough to reduce the migration of moisture in the specimen and to reduce the end effects. The rig is designed for automatic monitoring. This can be done by designing a computer close switch, either relays or transistor. The relay contact in Fig. 3 is just a mechanical switch, that can be used to turn on 120 or 240 volts AC light, heaters, motors, etc.

































Fig.1.  Block diagram circuit for test rig and measuring instruments



























Fig.2.  Simplified differential amplifier circuit

	It is shown by Wilson and Nickell [7], that the percent error in the temperature is more significant for the measurement of the transient heat flux at short times from the start of experiment. Therefore, the temperature rise during the first few seconds is disregarded in order to eliminate spurious effects associated with contact resistance and the warming up of the line heat source.





























Fig.3. A relay circuit allowing the computer to turn on current of several amperes

into the line heat source



2.2	The Glass Wool Structure



	A scanning electron-microscope is used to obtain some graphs about the internal structure of the samples. These are shown in Fig.4 for glass wool of a density 

































Fig.4a. Electron micrographs for glass wool of density  60 kg/m3 . Horizontal section 

magnification * 200 .

�60 kg/m3 and Fig.5 for a density of 24 kg/m3. Considering the horizontal section and vertical section shown in Fig.4, the pore size distributions are nearly similar to each other. Accordingly, the glass wool material appears to be isotropic.



































Fig.4b. Electron micrographs for glass wool of density  60 kg/m3. 

Vertical section magnification * 500.

































Fig.5. Electron micrographs for glass wool of density 24 kg/m3.

Horizontal section magnification * 200 .



�2.3	Porosity Measurements  



	The apparent porosity (() expressed as a percentage of the volume of the open pores of the specimen to its exterior volume is obtained using load and density methods.  



2.3.1	Load technique 



	The most known direct method of determining the porosity is to measure the bulk volume of a piece of porous material and then to compact the body so as to destroy all its voids, and to measure the difference in volume. Unfortunately, this can be done only if the body is very soft. The results obtained experimentally in the present work are shown in Fig.6. From the present experimental work it is found that the porosity at different applied loads can be expressed as: 

	( (f , x) = a + b*exp(f / x)n 	(1)

	The different values of the constants a, b and exponent n are obtained from the best fits of the experimental data which are shown in Appendix (A).



2.3.2 Density method 



	If the true density (� EMBED Equation.2  ���) of the material making up the porous medium is known then the bulk density (� EMBED Equation.2  ���) of the latter is related to the fractional porosity “(” as follows: 

	( = 1 ( � EMBED Equation.2  ���	(2) 

	The true density (� EMBED Equation.2  ���) can be measured experimentally by destroying and crushing the porous medium until it will be in a powder form and then weighing the powder. It was found that the measured value of the true density of glass wool was 379 kg/m3 . 

	To measure the accuracy of the porosity measurement, the present results are compared with the results calculated from Russel’s equation [8]. The porosity of the �





















Fig. 6.  Measured values of porosity for glass wool of density 60 kg/m3

granular material such as glass wool defined as the volume fraction of obstacles (solid particle), and is expressed as:

	( = 1 ( � EMBED Equation.2  ���	(3)

The comparative numerical results are shown in table 1.

Table 1. Comparison between the present results and Russel’s equation (3)

Apparent Density

    (kg/m3)�Porosity From Russel’s equation in Ref.[8] �Porosity from present

results (in Tensometer)��             13�             0.9688�             0.966��             16�             0.9609�             0.957��             24 �             0.94�             0.926��             60�             0.8444�             0.844��

3.	EXPERIMENTAL PROCEDURE FOR MEASURING THERMAL CONDUCTIVITY 



	The surface temperature of the line heat source and that of the specimen must be uniform at the start of experiments. The output offset of the operational amplifier was adjusted by a potentiometer amplifier. The DC power supply was adjusted at the desired selectable heat generation to change the power input to the line heat source. In the computer program specification of the number of readings channels, length of reading period and the average points of reading was made. As soon as the computer system begins to read the temperature rise, the parallel port of the computer supplies the relay circuit by 5 volts to turn on the current to the heating element. The feeding power to the line heat source is switched off when the system reaches the asymptotic time.

	From the experimental data, the effective thermal conductivity of the specimen is calculated from the slope of the (DT/Q) versus (ln� EMBED Equation.2  ���) curve which equals � EMBED Equation.2  ���. This slope was calculated from the experimental data by the least squares fitting [9]. From the actual trend of the experimental data drawn between the temperature rise versus logarithm of time for the line heat source, most of this data verify the assumption of linearity between the starting time and the average finishing time. The percentage error in calculation of (DT) by considering a linearity for large time is 3.3 %. This type of error is taken into consideration in the error analysis given in Appendix (B).

	Before performing the experimental work, preliminary experiments were carried out to study the effect of the apparent thickness of insulation, heat generation in the line heat source and the end effect on the measured values of the effective thermal conductivity. As a result, the proper sample thickness was obtained. Also, the minimum value of heat generation within the line heat source which gives very small variations in temperature was determined. Typical results are shown in Figs. (7a-7b), where the variation of the temperature rise of the line heat source against the time at different constant heat fluxes are presented.



4.	RESULTS AND DISCUSSION 



	Figures (8-9) show the effect of density of glass wool on the effective thermal conductivity. The clear increasing trend with density is well represented for a density range from 16 kg/m3 to 100 kg/m3 . This is due to the fact that the thermal conductivity of solid particles of fibers (0.14 W/m.oC) is greater than that of dry air within the pores (0.026 W/m.oC). Accordingly, convection and radiation may be neglected.

















Fig. (7a)  Temperature rise of line heat source against time at different values of heat generation for glass wool, ((b=60 kg/m3 , xapp= 200 mm)



























Fig. (7b)  Temperature rise of line heat sourcea against logarithmic time at different 

values of heat generation ((0=60 kg/m , xapp=200 mm)



















Fig.8. Variation of effective thermal conductivity with density for glass wool of 

(Q=0.83 W/m , xapp= 200 mm)













Fig. 9  Variation of effective thermal conductivity with density for glass wool,

(Q=0.83 W/m, xapp=200 mm)   

	Effect of porosity, as an important parameter to specify on the effective thermal conductivity of the insulating materials is obtained for various densities. In the present work (see also Ref. [6] ) for glass wool, a porosity range from 63 % to 85 % is covered for an original density of 60 kg/m3, from 61 % to 93.7 % for an original density of 24 kg/m3 and from 50.6 % to 94.5 % for an original density of 16 kg/m3. Figure 10 shows the experimental data of the effective thermal conductivity variation versus the porosity at atmospheric pressure. It is found that the effective thermal conductivity increases as the porosity decreases.





























Fig. 10.  Variation of effective thermal conductivity with porosity for glass wool (Q=0.83 W/m)

�	To study the effect of moisture content on the effective thermal conductivity, the samples were subjected to continuous moisture vapor migration in all directions. Figure 11 shows the variation of the effective thermal conductivity with the moisture content (MC) at different densities of glass wool. The experimental results show that the effective thermal conductivity increases with increasing the moisture content. This is due to the fact that the thermal conductivity of saturated water is much higher than that of the dry air and solid fibers of insulation. For a density of 100 and 60 kg/m3 , the glass wool will have a thermal conductivity higher than that for a density of 16 kg/m3 . If the moisture content values are below 2 % by weight the effect of moisture content can be neglected. Figure 12 shows that for equal differences of moisture content the percentage change in the effective thermal conductivity decreases when the density of the insulation increases. Appendix (A) shows the correlations for effective thermal conductivity at various values of moisture content. 





















Fig. 11.  Variation of effective thermal conductivity with  the moisture content at different densitis for glass wool, (Q=0.75 W/m , xapp=200 mm)



5.	CORRELATION OF RESULTS 



	The effective thermal conductivity increases with increasing the apparent density , decreasing the porosity and with increasing the moisture content. Using the present experimental data, the effective thermal conductivity of thermal insulating �















Fig.12. Effective thermal conductivity as a function of dry density 

and miosture content (MC perecent weight)

materials has been obtained by a best fit equation as a function of temperature, porosity and moisture content and is expressed as:

	(keff /kf ) = (� EMBED Equation.2  ���)0.04574  (-0.2705 ( 3.57 ( 2.953 MC)0.3902	(4)

	This expression is applied to the glass wool investigated over a density ((app.) range (16 ( 100) kg/m3 , porosity (() range (0.50 (0.95) , temperature ratio (� EMBED Equation.2  ���) from 1.0 to 3 (oC/oC) and moisture content (MC) from 0 to 6.5 %. It is useful in this aspect to compare the present experimental results with simple models. 

	Figure 13 shows a comparison between the present experimental results of the effective thermal conductivity and the simple formula that has been derived for cubic cell models of a foam material in Ref. [10] approximated as:

	kpor. = kf + � EMBED Equation.2  ��� ks � EMBED Equation.2  ���(� EMBED Equation.2  ���)	(5)

	It is concluded that, for a density higher than 30 kg/m3 , the experimental results agree well with the previous theoretical model with a maximum deviation error of 2 % and 19 % for a density lower than 30 kg/m3 . This is due to the fact that an additional heat transfer mechanism by convection appears at low densities or at high porosity. 

	Figure 14 shows a comparison between the present experimental results of the effective thermal conductivity and the previous theoretical formulations of Russel’s equation [8], three nomographs [10], Bhattacharyya formula [11] and parallel and, �















Fig. 13.  Comparison between present experimental results and  previously published results [9] for variation of the effective  thermal conductivity of glass wool with dry density

































Fig. 14  Comparison between present experimental results and previously published results for variation of the effective thermal conductivity of glass wool with porosity

series models [12]. The Russel’s equation in Ref. [8] which predicts the conductivity of porous materials, is used with the assumption that the solid phase is considered as cubes of the same size separated by layers of air of uniform thickness, is written as: 

	kpor. = kcont *� EMBED Equation.2  ���	(6)

	The present experimental values are being higher than the previously calculated values. This is due to the fact that the theoretical model of Russel in Ref. [8] neglects the convection current effects. Bhattacharyya [11] investigated a model for the thermal conductivity of fibers assuming that any single fiber can be treated as a spheroid whose major axis is very long compared with its minor axis i.e, a cylinder. 

For fibers with random orientation the given equation is applied:

	kpor. = � EMBED Equation.2  ���	(7)

The calculated values of Bhattacharyya [11] shows a maximum deviation error of 12 % which decreases as the porosity decreases.

	The thermal conductivity of glass wool varying in density from 16 kg/m3 to 100 kg/m3 has been measured at several moisture contents between 0 to 6.5 % by weight. As shown in Fig. 15 a comparison has been made between the present experimental results and previously calculated results [3]. The solid line is far from the experimental points for moisture content greater than 3 % by weight and closely to the points for a moisture content lower than 3 %. 





























Fig. 15  Comparison between present experimental results and previously calculated published results for variation of the  effective thermal conductivity with moisture content 
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NOMENCLATURE 



Symbol	Units

D		gm		Dry weight of the specimen 

f				Dimensionless parameter (f*/fmax) 

f* 		kN		Applied load to the specimen

fmax. 		kN		Maximum applied load to the specimen

keff		W/(m.oC)	Effective Thermal conductivity of the specimen

ks		W/(m.oC)	Thermal conductivity of the solid phase 

kf		W/(m.oC)	Thermal conductivity of the fluid phase 

kpor.		W/(m.oC)	Thermal conductivity of porous medium

kdisp.		W/(m.oC)	Thermal conductivity of dispersion phase 

kcont.		W/(m.oC)	thermal conductivity of continuous phase

MC		%		Moisture content, (MC = (W(D)/D * 100 )

Q		W/m		Heat flow along the line heat source per unit length

T		oC		Temperature of the line heat source

To		oC		Initial temperature 

Tav.		oC		Average temperature through the specimen

W		gm 		Weight of specimen when saturated

xapp. 		mm		Apparent thickness of the specimen

xmin. 		mm		Minimum apparent thickness.

DT		oC		Temperature rise of the line heat source (T ( To)

x    				Dimensionless parameter  (xmin / xapp )



Greek Letters

� EMBED Equation.2  ���		kg/m3		Original density of specimen

� EMBED Equation.2  ���		kg/m3		True density of solid phase 

(gas		kg/m3		Density of gas in voids  

� EMBED Equation.2  ���		Sec.		Time

� EMBED Equation.2  ���		%		Volume porosity

� EMBED Equation.2  ���		%		Volume fraction of dispersion phase

(				Resistance unit (Ohm)



Subscripts

b				Bulk

eff.				Effective

f				Values of fluid in pores

por.				Porous medium

s				Values of solid phase



Appendix (A)



Present Experimental Correlation for Porosity Measurements of Glass Wool

a)	Glass Wool with a density of 16 kg/m3 

	Porosity (() = (-0.341558 + 1.364298 exp � EMBED Equation.2  ���

b)	Glass Wool with a density of 24 kg/m3 

	Porosity (() = (-0.202357 + 1.143302 exp � EMBED Equation.2  ���

c)	Glass Wool with a density of 60 kg/m3 

	Porosity (() = (-0.569917 + 1.536477 exp � EMBED Equation.2  ���

Correlation between dependent and indpendent parameters :

1.a) Temperature level effect on the effective thermal conductivity for glass wool  with a density of 60 kg/m3 , porosity of 85.5 % and moisture content of 0.0 percent.

	(keff /kf) = (1.489017 + 0.0287332 exp � EMBED Equation.2  ��� 		1.13(� EMBED Equation.2  ���(2.34� EMBED Equation.2  ���

1.b) Temperature level effect on the effective thermal conductivity for glass wool  with a density of 16 kg/m3 , porosity of 94.5 % and moisture content of 0.0 percent.

	(keff /kf) = (1.067092 + 0.1132151 exp � EMBED Equation.2  ��� 		1.13(� EMBED Equation.2  ���(2.99� EMBED Equation.2  ���

2.    Density effect on the effective thermal conductivity for a glass wool 

2.a) (keff /ks) = (0.2581 + 9.768 * 10-8 (3)				16((b(100 kg/m3 

2.b) (keff /ks) = (0.2582 + 1709 � EMBED Equation.2  ���			16((b(100 kg/m3 

3.a) Porosity effect on the effective thermal conductivity for glass wool with an initial density of 60 kg/m3 

	keff = (0.7313157 - 0.1191358 ln (())2 			63%(((85.2%

3.b) Glass wool with an initial density of 24 kg/m3 

	keff = (0.338997 - 0.0015403 ()2 				61%(((93.7%

3.c) Glass wool with an initial density of 16 kg/m3 

	keff = (0.078664 - 0.0040684 ()2 				50.6%(((94.55%

4.a) Moisture content effect on the effective thermal conductivity for glass wool with an initial density of 100 kg/m3 

	keff = (0.2258754 + 0.0102771 MC)2 			0.0%(MC(4.8%

4.b) Glass wool with an initial density of 60 kg/m3 

	keff = (0.224201 + 0.0122894 MC)2 			0.0%(MC(6.4%

4.c) Glass wool with an initial density of 16 kg/m3 

	keff = (0.2078104 + 0.0207538 MC)2 			0.0%(MC(5.7%



Appendix (B)

Uncertainty Analysis 



Due to the lack of accuracy of the measuring instruments and the personal errors the systematic error appears and affects the accuracy of the measurements. Factors related to instrumentation and measurements: 

Maximum relative error for current measurements is 0.16% or (0.0012 Ampere and for voltage measurements is 0.016% or (0.0013 volt. Error in calculating the heat generation in the line heat source is (0.01 Watt or (0.25%. The maximum value of error for determining the heat losses due to heat flow and end effect is (1.61%. The total error of temperature measurements is (1.72% or (0.6 oC. The maximum error in determining the porosity of glass wool is (3.2%. Error in the effective thermal conductivity results are estimated to be 3.24% at Q=0.9 W/m, and 17% at Q=12.6 W/m because of the end effect of the line heat source at large values of heat flow. 









قياس معامل التوصيل الحرارى الفعلى لمواد العزل الحرارى باستخدام

 مصدر حرارى خطى ونظام جمع بيانات اليكترونى



نظراً لأن اختيار العزل يتم على أساس درجة حرارة التشغيل للأسطح المراد عزلها، فقد ظهرت أهمية دراسة تأثير درجة الحرارة على معامل التوصيل الحرارى الفعلى، بالإضافة إلى تأثير المسامية بعد تحديد قيمتها من العلاقة المستنتجة بينها وبين سمك العزل المستخدم على معامل التوصيل الحرارى الفعلى، وقد تم فى البحث دراسة هذه العوامل وبيان صور انتقال الحرارة داخل العينة، وشكلها وتركيبها عند ظروف التجارب المختلفة، وتم ربط الإزدواجات الحرارية المستخدمة فى قياس درجة حرارة المصدر الحرارى بالحاسب عن طريق بطاقة بيانات إلكترونية تمتاز بالسرعة والدقة فى قراءة وتسجيل التغيرات السريعة فى درجات الحرارة، وبمقارنة النتائج المعملية وجد بأنها تتفق مع نتائج سبق نشرها، كما تم التوصل إلى صيغة رياضية لربط معامل التوصيل الحرارى الفعلى ودرجة الحرارة والمسامية ونسبة الرطوبة وظهر معمليا أن ذلك المعامل يزيد بزيادة درجة الحرارة ونسبة الرطوبة ونقصان المسامية.
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