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Abstract:

In this present work, an Empirical Correlation is developed to estimate the Effective Thermal Conductivity (ETC) of the two-phase
materials for various inclusion shapes based on unit cell. The coefficients of the correlation can be given as functions of
concentration and contact ratio. The validity of the correlation is verified through Finite Element Analysis (FEA).
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Introduction

Estimation of effective thermal conductivity of two phase
materials (ceramics, solids, foams, emulsion systems, porous
and suspension system, solid-solid mixtures, fibre reinforced
materials and composites) becomes increasingly important in
microelectronic cooling, space craft industries, catalytic
reactors, heat recovery process, heat exchangers, solar
collectors and nuclear reactors. Numerous models were
developed to find out the effective conductivity of the
mixtures, but one of the major limitations of the models is its
suitability for specific applications. The prediction of thermal
conductivity of Fiber Reinforced Composite Laminates
(FRCL) and the other constituents can be obtained by the
correlation based on FEA. In this model, FRCL is cured at
high pressures to prevent air voids. The transverse thermal
conductivities of unidirectional fiber composites with and
without thermal barrier can be estimated analytically based
on the electrical analogy technique and on the cylindrical
filament-square packing array unit cell model (C-S model)?.
A practical two-dimensional (2-D) thermal circuit method
based on series and parallel arrangement are used to estimate
effective thermal conductivity. But, this model does not
tackle the issue of FRCL structures®. A 3-D finite element
model gives estimation of effective thermal conductivity
more accurately’. The three dimensional (3-D) series and
parallel thermal resistance network can be used to estimate
effective thermal conductivity which gives better result
compared to 2-D model°. Using numerical modeling the
thermal conductivity and mechanical properties of carbon-
fiber reinforced composites with different fiber cross section
can also be estimated®. The thermal diffusivity of
unidirectional fiber-reinforced composites (UFRC) material
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can be determined by using modulated photo-thermal
techniques’. Numerical trials on ideal composite having
perfect bond between fiber and matrix are conducted under
four different boundary condition combinations representing
the periodicity temperature field®. The computer programs
are available to help designers to find the optimum solution
of materials and structure to produce composites of a specific
effective thermal conductivity. This computer program
includes package of calculation modules corresponding to
the analytical solutions for different structure models®.
Analytically effective thermal conductivity of two phase
material of various geometrical inclusions can also be
determined™.

Finite Element Model, Heat Transfer analysis and
Boundary Condition for Various Inclusions:

Finite Element model: The unit cell of various inclusion
shapes (square, hexagon, octagon and circular cylinder) has
been modeled parametrically by using the commercial
software. The numerical modeling has been carried out for
various inclusions by considering the primary (conductivity
ratio, concentration) and secondary parameters (contact
resistance, various shapes). A thermal solid element SOLID
90 is used for discretization of the unit cell. The element has
20 nodes with a single degree of freedom, temperature, at
each node. The 20-node elements have compatible for
different shapes and suitable for curved boundaries.

Boundary Condition: One face of the unit cell is subjected
to constant temperature and the opposite face is subjected to
convective thermal environment. All other faces are kept as
adiabatic in order to achieve 1D heat transfer. The boundary
condition imposed on the unit cell is shown in the figure-1.
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Convergent test and software validation has been carried out.
Heat transfer analysis has been performed and the average
surface temperature on the convection wall of the unit cell is
obtained. Once the temperature of the convective side is
known, the effective thermal conductivity across the two
walls can be calculated by using the following simple heat
balance equation.

kerr X AX (Twaui— Twailz)
L

h xA X (Twallz - Tconv) =

Several simulations were done for a wide spectrum of
possible variation in the concentrations, conductivity ratios
and contact ratios for all inclusion shapes and shown in
tables-1,2,3, and 4.
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Figure-1
Thermal boundary condition applied on the unit cell
Table-1
Simulation results of the Effective Thermal Conductivity for Square cylinder

A A v=0.1 v=0.2 v=0.3 v=0.4 v=0.5 v=0.6
5 1.201778 1.466074 1.8150715 2.290078 2.965074 3.986394

20 1.280179 1.685639 2.29327752 3.279881 5.12193 9.70284
0 100 1.306659 1.765363 2.48497521 3.73944 6.412145 15.83542
500 1.31231 1.782847 2.52842986 3.849435 6.756749 18.13638
800 1.312849 1.784516 2.53260367 3.860114 6.790996 18.38704
1000 1.313029 1.785073 2.53399885 3.863688 6.802491 18.47215
5 1.213951 1.486188 1.8434394 2.325745 3.003256 4.010572
20 1.372144 1.856056 2.56947863 3.700776 5.728391 10.36853

0.01 100 1.83812 2.796546 4.23091077 6.57824 11.13546 24.1649
' 500 4.015592 7.113782 11.5848924 18.73687 32.52185 71.30988
800 5.640492 10.33841 17.0628297 27.77054 48.34486 105.5779
1000 6.723128 12.48745 20.7126899 33.78849 58.88239 128.3634
5 1.224585 1.503991 1.86779031 2.355059 3.031571 4.024297
20 1.452161 2.004831 2.80044534 4.029141 6.140903 10.70829
002 100 2.306054 3.702855 5.70100501 8.81208 14.39701 28.33002
' 500 6.423321 11.83965 19.319491 30.69963 50.71558 97.7523
800 9.503488 17.93078 29.5018811 47.04344 77.76775 148.9182
1000 11.55642 21.99095 36.2884888 57.93563 95.79312 182.9796
5 1.252162 1.549905 1.92906019 2.425026 3.093794 4.050006
20 1.656623 2.382104 3.36717354 4.785992 7.011983 11.32403
005 100 3.494756 6.003068 9.29639301 13.9541 21.20913 35.49742
500 12.53715 23.82024 38.2444176 58.21942 88.44829 142.5382
800 19.31205 37.17437 59.9317514 91.36546 138.7436 222.1734
1000 23.82825 46.07669 74.3888234 113.4602 172.267 275.2291
5 1.267579 1.575782 1.96316752 2.462603 3.12563 4.062136

20 1.769303 2.59242 3.67688146 5.183367 7.446029 11.6093
007 100 4.145397 7.275603 11.2540549 16.63656 24.54091 38.69688
500 15.87906 30.43705 48.5261692 72.5339 106.7879 162.1418
800 24.6727 47.80047 76.460501 114.4119 168.3603 254.1851
1000 30.53476 59.37571 95.0824155 142.3283 209.4028 315.5184
5 1.287024 1.609373 2.00719767 2.510683 3.165495 4.077301
20 1.909667 2.862458 4.07220227 5.684796 7.980285 11.96091
01 100 4.950309 8.903665 13.7416907 19.99747 28.58428 42.51662
' 500 20.00757 38.89103 61.5783468 90.43011 128.9601 185.3914
800 31.29408 61.37518 97.4397663 143.2178 204.1503 292.1089
1000 38.81807 76.3643 121.346592 178.4078 254.2726 363.2309
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Simulation results of the Effective 'ITr?ebrIr?naIZConductivity for Hexagon cylinder

A A v=0.1 v=02 v=0.3 v=04 v=0.5 v=20.6
5 1.129474 1.285332 1.473142604 1.703532 1.992481 2.363975
20 1.178269 1.407197 1.706005288 2.111725 2.691111 3.576791
100 1.194685 1.450186 1.793167623 2.277042 3.004818 4.206151
0 500 1.198233 1.459557 1.812566178 2.314772 3.079082 4.363825
800 1.198568 1.460449 1.814418103 2.318399 3.08628 4.379297
1000 1.19868 1.460747 1.815036858 2.319611 3.088688 4.384482
5 1.135693 1.295331 1.486886327 1.721293 2.013906 2.387907
20 1.224361 1.487453 1.826781717 2.285068 2.92956 3.892979

100 1.459542 1.929599 2.540677742 3.388728 4.613478 6.56538
001 500 2.53184 3.92988 5.693291108 8.110305 11.58006 17.22927
800 3.327214 5.422943 8.043027385 11.62233 16.75494 25.13483
1000 3.85644 6.417944 9.60871369 13.96212 20.20234 30.40059

5 1.141101 1.304277 1.499347709 1.737108 2.032794 2.40836
20 1.264669 1.558879 1.9345538 2.435734 3.131522 4.153329

100 1.694665 2.361485 3.211153033 4.357678 5.978796 8.49127

002 500 3.73128 6.178197 9.204339388 13.21959 18.87034 27.7158
800 5.249012 9.034354 13.6862317 19.84062 28.49416 42.05134
1000 6.259917 10.93814 16.67349377 24.25333 34.90779 51.60422
5 1.155943 1.328834 1.533158564 1.779582 2.082228 2.460363
20 1.373183 1.751956 2.221652303 2.829129 3.643024 4.784396
100 2.318808 3.519679 4.986331999 6.868706 9.406565 13.05047
005 500 6.91614 12.19014 18.4856421 26.45262 37.13317 52.43219
800 10.35439 18.68731 28.60000309 41.1204 57.89206 81.90158
1000 12.64587 23.01848 35.34241442 50.89794 71.72956 101.5446
5 1.164701 1.343515 1.553271486 1.804525 2.110606 2.489561
20 1.436162 1.865744 2.389542414 3.055151 3.928235 5.123558
100 2.677723 4.19775 6.017094248 8.302213 11.29752 15.45534
007 500 8.747305 15.69912 23.86638189 33.98871 47.16846 65.39288
800 13.29001 24.32005 37.24408449 53.2361 74.04073 102.7881
1000 16.31786 30.06708 46.16211963 66.06683 91.95403 127.7154
5 1.176292 1.36334 1.580462846 1.838075 2.148437 2.528085
20 1.518701 2.017848 2.613653825 3.354591 4.301737 5.559461
100 3.144896 5.098324 7.385011464 10.18934 13.75289 18.50112
0t 500 11.12951 20.35431 30.9891858 43.89301 60.18097 81.74957
800 17.1088 31.7915 48.68480455 69.15623 9497571 129.1385
1000 21.09442 39.41605 60.48151661 85.99766 118.1709 160.7287

International Science Congress Association



Research Journal of Recent Sciences

Vol. 1(1), 22-32, Jan. (2012)

Res. J. Recent Sci.

Simulation results of the Effective '-I[zglr;alg)Conductivity for Octagon cylinder

A A v=0.1 v=02 v=0.3 v=04 v=20.5 v=20.6
5 1.126626 1.27914476 1.462833 1.688205 1.972097 2.342012
20 1.170767 1.389734639 1.674364 2.059713 2.614204 3.488804
100 1.184876 1.42672524 1.749335 2.201878 2.887988 4.065337
0 500 1.187853 1.434614333 1.765617 2.233577 2.951336 4.207859
800 1.188134 1.435350647 1.767199 2.236597 2.95744 4.221785

1000 1.188229 1.435613293 1.767687 2.237623 2.959496 4.22646
5 1.13163 1.287101358 1.473642 1.702283 1.989274 2.361882
20 1.206837 1.452106498 1.767848 2.19651 2.808506 3.770193
100 1.38592 1.788833905 2.315289 3.065336 4.185315 6.129169
0.0t 500 2.184179 3.276821172 4.6853 6.714157 9.745179 15.26846
800 2.773205 4.384966597 6.450345 9.424547 13.86447 22.02474
1000 3.164576 5.123229584 7.626369 11.22995 16.60786 26.52383

5 1.135742 1.293887682 1.483137 1.714486 2.003949 2.37756
20 1.23739 1.506270986 1.850296 2.314295 2.972137 3.984993
100 1.563264 2.114078871 2.825742 3.821144 5.290628 7.727589
0.02 500 3.084185 4.965176708 7.355548 10.69422 15.62875 24.01096
800 4.213877 7.09717435 10.7447 15.82969 23.3453 36.13371
1000 4.965009 8.516855144 12.99862 19.24517 28.47548 44.21559
5 1.147319 1.313027261 1.509572 1.747865 2.04318 2.418478
20 1.321634 1.656214471 2.075586 2.628485 3.392608 4.514493
100 2.045117 3.007425417 4.211713 5.819778 8.101755 11.59962
0.05 500 5.531328 9.591071299 14.59061 21.20645 30.60454 45.08342
800 8.133771 1452517015 22.3676 32.7273 47.41093 70.11674
1000 9.868353 17.81030886 27.54851 40.4076 58.67182 86.82155
5 1.154362 1.32474183 1.525649 1.767906 2.066161 2441712
20 1.372226 1.747020528 2.210633 2.813269 3.631246 4.802731

100 2.332206 3.545751436 5.038158 6.988736 9.6856 13.6781
007 500 6.992104 12.37661015 18.8985 27.34538 39.01565 56.32857
800 10.4751 18.99326771 29.2874 42.59709 61.00026 88.26215
1000 12.797 23.40511406 36.20945 52.76274 75.6245 109.5423
5 1.164043 1.340934435 1.547858 1.79539 2.097139 2.472451
20 1.441088 1.871482383 2.395265 3.062996 3.94646 5.172657
100 2.721 4.28086934 6.162952 8.559585 11.76144 16.30444
0 500 8.971889 16.17413254 24.75288 35.58923 50.01737 70.50344
800 13.64976 25.08901667 38.68497 55.83733 78.68635 111.1119
1000 16.7666 31.03131489 47.97754 69.35088 97.79204 138.1676
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Simulation results of the Effective jl'—zg%aldrCOnductivity for Circular cylinder
A A v=0.1 v=02 v=0.3 v=04 v=0.5 v=20.6
5 1.126529 1.278865 1.4621957 1.687065 1.970425 2.340322
20 1.17051 1.388925 1.6723531 2.055594 2.606727 3.478962
100 1.184546 1.425638 1.7465802 2.195997 2.876522 4.048967
0 500 1.187499 1.433466 1.7626892 2.227238 2.938856 4.189566
800 1.187778 1.434209 1.764223 2.230228 2.944866 4.203311
1000 1.187871 1.434457 1.7647352 2.231227 2.946876 4.207916
5 1.138058 1.298048 1.489436 1.722973 2.015517 2.392892
20 1.252925 1.535645 1.8982915 2.385464 3.081939 4.157201
100 1.651895 2.288483 3.1224643 4.283063 6.049802 9.054614
001 500 3.532657 5.86917 8.90935 13.14262 19.72853 31.36158
800 4.931408 8.547833 13.23899 19.76586 29.94786 48.01716
1000 5.862705 10.33322 16.12489 24.18024 36.75874 59.11715
5 1.148133 1.315042 1.5134239 1.754315 2.053615 2.435089
20 1.324165 1.663547 2.0924887 2.6621 3.457505 4.644418
100 2.056338 3.045224 4.3076484 6.025144 8.529321 12.55038
002 500 5.585652 9.78429 15.08797 22.28848 32.89489 50.29831
800 8.222448 14.83333 23.165701 34.47185 51.14058 78.54433
1000 9.97668 18.19773 28.548002 4258718 63.29607 97.38054
5 1.173343 1.358813 1.5752294 1.833736 2.147723 2.53577
20 1.498776 1.985798 2.5770841 3.329761 4.319577 5.68312
100 3.038804 4.935448 7.2298639 10.16674 14.09247 19.69637
005 500 10.58667 19.54093 30.274936 43.95216 62.26064 88.59472
800 16.23747 30.49367 47.543161 69.27665 98.36569 140.2252
1000 20.00378 37.78888 59.069281 86.16312 122.4347 174.6533
5 1.186747 1.383103 1.6099143 1.878115 2.199931 2.591227
20 1.589684 2.160377 2.8402655 3.685841 4767508 6.200985
100 3.545175 5.949164 8.7981858 12.34083 16.91617 23.12076
007 500 13.16375 24.76031 38.395692 55.28066 77.08917 106.7682
800 20.369 38.86419 60.592284 87.48221 122.2041 169.4686
1000 25.17034 48.26569 75.382984 108.9383 152.2754 211.2779
5 1.202578 1.413663 1.6544844 1.935713 2.268013 2.664396
20 1.695086 2.376096 3.1706373 4.133892 5.326287 6.840122
100 4.126892 7.190848 10.748451 15.04664 20.383 27.23581
0t 500 16.11899 31.13757 48.4774 69.34508 95.22248 128.5004
800 25.10637 49.09638 76.77421 110.0697 151.3388 204.4193
1000 31.09353 61.06327 95.630551 137.2046 188.7487 255.0404
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Regression Analysis: Regression Analysis has been
conducted to correlate the numerically predicted values
of the Effective Thermal Conductivity (ETC) via the
finite element simulation results. In this regression
analysis, MATLAB software is used to calculate the
constants. The constants has been obtained in the
correlation between ETC and conductivity ratio as the
function of concentration and contact ratio.

Empirical Correlation: Using the tables 1-4, a curve is
plotted between Non dimensional thermal conductivity
(ETC/Ky) and conductivity ratio. Regression analysis tool
available in the MATLAB software is used for curve
fitting. The regression analysis result shows that the
relationship  between  Non dimensional thermal
conductivity (ETC/K;) and conductivity ratio for all
inclusion shapes (square, hexagon, octagon and circular).

(ﬁ) =a X (@¥+¢ . 2
Kf i

For six contact ratios with a minimum of coefficient of
determination (R2 > 0.99) value, the constants a;’s, b;’s
and c¢’s (i = 1, 2..6 representing different
concentrations) for each contact ratios are functions of
the concentrations. The empirical forms of these
constants which give the corresponding value for a;, b;
and c; for each case of contact ratio are found to be of a
polynomial form of degree 5 with R* = 1.

= fox VVHx v+ fix V3 fixrv + fy

by= gs* v+ ga*x vi+gzx vV + gy x Vi gix v+
Jo

b;= hg* vV +hy* v¥+ hyx v3+ h,« v2+ hy*x v+ hy

Again, the constants f;s (i = 0,1,2...5), gis (i =
0,1,2...5) and hy’s (i = 0,1,2...5) are function of the
contact ratio (A) present in the two phase system. The
empirical form for these constants which combines
these six different contact ratio values are found to be
of fifth order polynomials with R? = 1.

Finally, the general empirical expression which predicts
the ratio of the ETC of the two phase system to the
fluid conductivity (Ky) as a function of o, v and A is
taking the following form:
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(ETCIKy) = {fs(M)*v° + f,(0)*0* + f3(W)*0° + F(h)*v® +

fi(M)*v + fo(A) ) *
{g_(M)*v5+g (M*va+g (M*v3+g (A)*o2+g (M*vtg (M} 4
()™ 4 3 2 1 0

hs(A)*v +ha(R) *u*+ha(h) o +h,(R) *v*+hy (1) *o+ ho(2)

The value of the coefficients fi’s, gi’s and hi’s is
different for each inclusion shapes.

Results and Discussion

Effect of concentration on ETC: Several analytical models
were proposed to estimate the ETC of two-phase materials.
But the series and parallel models are the minimum and
maximum bounds for predicting the thermal conductivity of
the two-phase system. The ETC must lie between these
bounds for all ranges of concentration and conductivity ratio.
These are the most restrictive bounds proposed and every
model should incorporate these bounds as a minimum and
maximum. Non-dimensional thermal conductivity of a two-
phase system mainly depends on concentration, conductivity
ratio, size, shape and thermal contact between solid-solid and
solid-fluid interface. The effect of concentration (v) on the
non-dimensional thermal conductivity of two-dimensional
(square, hexagon and octagon cylinders) shapes has been
studied. The model has been compared with the standard
models such as Analytical, Maxwell and Hashin-Shtrikman,
parallel and series resistances respectively. The effect of
concentration on non-dimensional thermal conductivity of
two-dimensional spatially periodic two-phase material for
various inclusions at different conductivity ratios is shown in
figure-2 and figure-3 respectively. The ETC of the two-phase
materials increases as the concentration increases. The
numerically estimated ETC of the two-phase material lies
between Parallel and Series lines for all conductivity ratios
and contact ratio (A) = 0 to 0.2. The advantage of numerical
model is that it can be used effectively to predict the ETC for
conductivity ratios less than one. The hexagon shaped
inclusion model is applicable for concentration varying from
0 to 0.65. For concentrations above 0.65, the physical model
is not possible because of the anisotropic shape property of
the hexagon. Similarly the octagon shaped inclusion model is
not possible for the concentrations above 0.8, because of the
anisotropic shape.
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Figure- 2

Comparison between Numerical and Empirical ETC/K; for Various Inclusions for Conductivity ratio = 100
(a) Square cylinder, (b) Circular cylinder, (c) Hexagon cylinder, (d) Octagon cylinder
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Figure-3

Comparison between Numerical and Empirical ETC/K; for Various Inclusions for Conductivity ratio = 1000
(a) Square cylinder, (b) Circular cylinder, (c) Hexagon cylinder, (d) Octagon cylinder

Effect of conductivity ratio on ETC: The variation of non-
dimensional thermal conductivity with conductivity ratio (o)
for low (v = 0.2), medium (v = 0.4) and high concentration (v
= 0.6) of the two-dimensional spatially periodic medium for
various contact ratios are respectively shown in figure-4 and
figure-5. The  predicted non-dimensional  thermal
conductivity increases with the conductivity ratio and contact
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ratios, for conductivity ratios greater than one. Similarly the
predicted non-dimensional thermal conductivity decreases
with the decrease in conductivity ratio and increase in
contact ratios, for conductivity ratios lesser than one. For
lower (v = 0.2) and medium (v = 0.4) concentrations, the
deviation between all four inclusion models is negligible.
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Effect of conductivity ratio on non-dimensional thermal conductivity for concentration = 0.2 for
(a) Square cylinder, (b) Circular cylinder, (c) Hexagon cylinder, (d) Octagon cylinder
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Figure -5
Effect of conductivity ratio on non-dimensional thermal conductivity for concentration = 0.6 for
(a) Square cylinder, (b) Circular cylinder, (c) Hexagon cylinder, (d) Octagon cylinder

Prediction of ETC for conductivity ratios lesser than one:
The developed empirical correlation (equation-3) cannot be
used to predict the effective thermal conductivity when
conductivity ratio is less than one (a < 1), because the
numerical results of the effective thermal conductivity at a <
1 is not considered in the regression analysis. The reason for
that is the effect of concentration and contact ratio on the
effective thermal conductivity is opposite when a < 1 i.e. the
effective thermal conductivity increases with the increase in
concentration and contact ratio for o > 1, whereas for o < 1
the effective thermal conductivity decreases with the increase
in concentration and contact ratio. The log,, ETC value of
parallel model (which is the upper limit for ETC) at a is
equal to the log,y ETC value of series model (which is the
lower limit for ETC) at 1/ a, which means there exist a
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relationship between ETC , and ETC (j, . Therefore it is
sufficient to find out ETC at o > 1, from which ETC at a < 1
can be found out easily by using the following equation

10910 ETCy o) - 10910 ETC) = 0.06 at concentration = 0.2 (4)
- 10910 ETCy/ o) - 10910 ETC,) = 0.04 at concentration = 0.4 (5)
- 10910 ETCy/ 4 - 10910 ETCqy = 0.03 at concentration = 0.6 (6)

The above equations can be used effectively for all ranges of
conductivity ratio and contact ratio.

Conclusion

A very simple empirical formula has been developed to
predict the ETC of two-phase materials using the
conductivity ratio, concentration and the contact ratio.
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The simulation covers a wide range of conductivity ratio
and a wide range of concentration. The accuracy of pre-
dicting the ETC using the developed correlation is very
high (R? > 0.99). The correlation would be of direct use
in industrial applications of two-phase materials due to
its simplicity. The model is tested at different
conductivity ratios (5 to 2500) and various
concentrations (0.05 up to 0.95). The ETC of the two-
phase materials can be accurately predicted throughout
the spectrum using the simple correlation. The effect of
concentration and conductivity ratio on the ETC of two
phase materials has been studied and it is found from the
numerical results that ETC increases with the increase in
Concentration and conductivity ratio for conductivity
ratios greater than one. But for conductivity ratios lesser
than one, ETC decreases with the increase in
concentration. The influence of concentration and
conductivity ratio on contact ratio has been studied and
it is found that for two-phase materials with higher
concentration, the contact ratio is higher because of more
interaction between dispersed particles. For higher
conductivity ratio materials the contact ratio is found to
be very less compared to lower thermal conductivity
ratio materials, because the dispersed particles with very
high thermal conductivity have the tendency to attract
the heat flux lines towards it and very negligible contact
between them is sufficient to transport the heat.

Nomenclature: A Wall area (m?) , h Heat transfer
coefficient (W/mz.K),Tcom, bulk temperature of the fluid at
the convection side (K),Tyann fixed wall temperature (k),
Twanzconvective wall temperature

(k)

Greek Symbols: a Conductivity ratio (Ks/ke)- v
Concentration, A Contact ratio

Subscripts: ETC/K¢ Non-dimensional thermal conductivity,
ETC (A) Analytical Effective Thermal Conductivity (W/m
K), ETC (N) Numerical Effective Thermal Conductivity
(W/mK), ETC (E) Empirical Effective Thermal Conductivity
(W/m K), ETC, Effective Thermal Conductivity at a (W/m
K), ETC, 4 Effective Thermal Conductivity at 1/a (W/m K).
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