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Abstract-An instrument which measures the product of density, specific heat, and thermal conductivity of 
solid materials is described, a parameter which frequently occurs in analyses of unsteady heat conduction 
processes. The results of measurements are reported which demonstrate the accuracy which can be obtained. 

NOMENCLATURE 

specific heat [J/kg K] ; 
Fourier number (cct/L’); 

thermal conductivity [W/m K] ; 
thickness of silastic rubber [m] ; 
radial coordinate [ml; 
dimensionless radial coordinate (r/L); 

time ; 
temperature [K] ; 
axial coordinate [m] ; 
dimensionless axial coordinate (z/L). 

Greek symbols 

n. thermal diffusivity (k/p); 

Pl density [kg/m’] ; 
8, dimensionless temperature 

T- T;/T,o - T;. 

timewise temperature variation at the surface depends 

on the product of density p, specific heat per unit mass 
c and thermal conductivity k, a property which will be 

referred to as the “thermal penetration property” 
following the suggestion of Krischer and Esdorn [3]. 

An analysis of the unsteady heat-conduction processes 
caused by a variation of the surface temperature 
results, for instance, in an equation of the form 

q = (pck)“‘f(t)AT (1) 

in which q is the heat flux per unit time and area, AT 

denotes a characteristic temperature difference and 

f(t) denotes a function of time. It should be observed 

that the material property pck, the thermal penetration 

property, is involved. 

Subscripts and superscripts 

1, measured material ; 
2, sampler material ; 
3 -3 insulation ; 
In. interface ; 
0. initial value. 

INTRODUCTION 

TODAY an important consideration in the design of 
buildings is energy conservation. To reduce the energy 

required for heating in winter and cooling in summer 
one has to consider the ventilation load (intake and 
infiltration air) and heat transmission through the 

structure envelope. Both heat fluxes can be greatly 
reduced if the building is constructed underground, as 
has been pointed out by Bligh [l]. For an accurate 
prediction of the energy requirements one also has to 

consider the energy storage within the envelope of the 
structure; in an underground building this must 
include the soil surrounding the building [2]. The heat 
flux into and out of the wall of a building caused by a 

This paper describes an instrument which permits 

the experimental determination of the thermal pen- 
etration property not only for samples of materials 

but also for in situ materials such as building walls, 
roofs or floors. It also is found that the value of each 
of these three properties of pck increases with 
increasing moisture content within the material. In 
this way the instrument gives an important indication 
of the moisture content locally or timewise in a build- 

ing wall when repeated measurements are made. For 
example, Fig. 1 shows the variation of the product 
pck with moisture content for foam concrete [4]. 

*This research was made possible by financial support of 
the National Foundation Science under Grant NSF/AER 75- 
03481. 
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FIG. 1. Variation of the thermal penetration parameter pck 
with moisture content for foam concrete. Calculated from 

Minnesota, U.S.A. independent values of p. c and k from Luikov [4]. 
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Moisture in a material can be detected by nuclear 

moisture meters in which a small radioactive source 
releases neutrons and the instrument measures the 

neutron back-scatter produced by hydrogen atoms 
within the material. These meters are expensive and 

require care in handling because they use radioacti1.e 

materials and are not accurate unless calibrated fog- 

each material being measured. 

PRWCIPLES OF THE THERMAL PENETRATIOY 
PROPERTY S.4MPLER 

When two semi-infinite solids initially at constant 
but different temperatures T,” and Tz() and with con 

stant thermal properties, are brought into contact. ;I\ 

indicated in Fig. 2. the interfacial temperature 7;,,. v,ill 

SOLID 2 

p2 
k2 
c2 

Fro. 2. Temperature profiles in two semr-infinite malerrals 01 
different temperatures suddenly brought into contact. 

immediately assume and thereafter remain at a con- 
stant value independent of time as heat flows from the 
higher temperature solid into the lower temperature 

solid. 7;,, is given b) 

in which the superscript Oindicates the temperatures at 

the initial time of contact [?I. 

HeOh 
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FIG. 4. Percentage error with which the thermal penetration property can be measured. 

too small should be avoided since this would reduce 
the accuracy with which the penetration property can 

be determined. The ordinate of Fig. 4 shows the error 
in percent with which the penetration property can be 

determined within a limited accuracy of the tempera- 
ture readings. The abscissa of the figure presents the 

ratio of the penetration properties (pck),/(pck), and 
the term e on the curves describes the error 6T arising 
in the measurement of the individual temperatures 
divided by the temperature difference Tf - Tf. The 
error analysis itself is presented in the Appendix. As 
expected, the accuracy in the determination of the 
penetration property is greatest when the ratio 

(~ck)~/(~ck)~ is 1, but it decreases moderately for a 
range between 0.2 and 5 so that one material for the 
sampler can be used to measure penetration properties 
over a wide range. All typical construction materials 

with the exception of metals on one hand and in- 
sulation materials on the other hand have values 
within this range if a value 1.5 x lo6 W2 s/m4 K2 is 
selected for sampler material. 
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Design analysis 
Since it is impractical to use a very large instrument 

to simulate infinite solids, finite dimensions for the 

sampler must be chosen. The duration of the test must 
be limited so that the finite boundaries do not distort 

the temperature field in the central section. The 
sampler then can be considered as a semi-infinite solid 

and, under these conditions, equation (2) can be 
applied along the central axis of the sampler to predict 

the value of the penetration parameter (pck) for the 
material being measured. 

A cylindrical geometry is chosen for ease of manu- 

facture and to reduce the analysis to two dimen- 
sions. For circular symmetry, the two dimensional 
heat-conduction equation is given by 

k.2 rT ; d2T _p.c.g, c ) 'r ar ar az2 ’ 1 & (3) 

Where the subscript i takes on the values 1, 2 and 3 

referring to the respective solids following the notation 

R3 

I 

$= 0 a 

’ I? 

R2 q3=qp 

I 

qp=q -4 -_) 

de m=o de 

G 
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_- 

,Measuring Mat’1 

(Silastic mixed 
with Aluminum 

powder) 

FIG. 5. Calculation domain of sampler and measured material with boundary conditions 
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of Fig. 5. By introducing the following dimensionless 

variables 

where Fo, is the Fourier number, a dimensionless 
parameter for the time scale, and x is the thermal 
diffusivity; the above equations transform to’ 

The equations can be written in the following form for 
the materials I, 2 and 3 respectively 

(6) 

(7) 

(8) 

The calculation domain as well as the boundary and 
initial conditions are shown in Fig. 5. The initial 

uniform temperature of the insulation 3 is listed as 
equal to the initial temperature of the measured 

material 1. In fact. this assumption represents an 

extreme situation and minimizes the time available for 
the experiment. The heat flux has to be continuous on 
the boundaries between the media 1. 2 and 3. This 

requires 

i-T 
k, 

i/J, 
(9) 

An instrument afthc type dcscr~hcd in the prcccdli~g 
pages was constructed to survey” tht thermal pen- 

etration property of concrete w;tll\ a~td Iloow in ::ii 

underground building [61. The i’ollo\ring s&o~~ 
describe the instrument and ~nc;t~t~~-unt‘~~t~ ii/ ti?c 

wluc j”./‘ lor :I fw ill~ltclI;lls to c,i-iccL. ilit’ ;,zc’t!l;l“\ 

which cxi tw obtainctl. 

The sampler material should I~c rcasonablq ~‘lah!~ 
to ensure intimate contact kvitii the concrete SWLrce 

when pressed onto it by hand. M;~tt’rials consldcrcd jo:. 
this purpose include tcllon x \vcll ;15 high ,rnil 1015 

density polyethylene. The valuec 01 the thermal pen- 
etration parameter of these materi;t!x are in the right 

range : however. thcsc matcrial~ had lo hc til\CXd4 

because the first two are not del’~~rn~ablc t~ntlcr IOU 

hand-hold pressure and thi 1;1\1 material clcfo~-r:i, 
permanently at temperatures ;Iho\~c 10 it! c‘ TiiC 

final choice was RTV-731. a 110~ (‘orning s~last~ 

rubber which deform5 casilq. Ir;t\inp a Duromotcr 
hardness of 15 Short A. and remains elastic o\.cr the 

temperature range from - 65 to 360 C’. 11s properties 
are listed together with the prop<rtics of concrctc III 
Table 1. Obscrkc that the ,K/, \ alw for RTV-734 i\ 
somewhat low. It was. therefore. Increased by II~IXIII_~ 

the RTV with aluminum poudsr : MI amount 01‘ lo”,. 

by weight 01‘ aluminum powder. 3.15 mesh (0.01 111nl 

size) manufactured by Alfa Pr0dnct5 results /!I !hc 
properties included in Table I. increasing the alumi- 

num content above lo”,, further increases the thermal 
penetration parameter hut also IIICI-C;LS~~ the liartlneb 

dthe material to an tlnacceptablc LIC~I-ec. 

Table 1. Material propertw 
~~_____._. .~~ 

h ,N 1, I 
Material [ W:m K] [J/G K1 /WJ am’K’] [/‘<i\ lp<!*i,i’ [Ill’\\ 

______~ __-. 

Concrete 
Polyethylene 
(low density) 
RTV-734 

RTV-734. 
lo” dum. ‘ 1 0 

11) 
!!I 

Ii) 

with II indicating the normals to the boundaries or in The thickness of the sampler I\ litnltcd \ince tile 

dimensionless form liquid silastic 734 cures to a solid through a reaction 
with moisture which must difl’ust: through it. The 

(;;)I =~(E)(;+jz 
maximum thickness which will curt in a reasonable 
time is 12 mm. A 104 mm diameter mold 24 mm thick 
was therefore used to cast the composite mixture. After 

;f. [\Z pj, = if (w$$; ), (10) the top has cured the mold is inverted and removed to 
allow the bottom to cure fully. The sampler matcrlal Is 
then machined flat to the final thicl\ness of 20 1nn1 :tlld 

with N = c.‘L. 100 mm diameter. 

The present problem, therefore, depends on a num- 
ber of dimensionless parameters: four physical (a2/r,), Equipment und test proc~rthrc~ 

(zj/rl), (pzc21p,c,), and (p3c3/pLc1) and five geomet- The holder surrounding the sampler In I-ig. 3 ~a\ 

ric. rl. z3, R,, R, and ZA. manufactured of pinewood, which IS stt-ong mechan- 
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FIN;. 6. Isothermal lines (0 = constant) in the sampler and material I for three different times 

tally. Its thermal conductivity has a value 0.17 WjmK 
which is sufficiently low to provide insulation to the 
sampler. 

The hot plate in Fig. 3 which is used to bring the 
sampler to an elevated uniform temperature has an 
electric resistance heater of 50 W; another 30 W heater, 
located between the sampler and its holder, is used 
simultaneously to reduce the time required to bring the 
sampler to the desired elevated uniform temperature. 
Both heaters were grounded carefully to insure reliable 
thermocouple readings. 

Three copperxonstantan thermocouples are used 
to monitor the temperature on both sides and in the 
center of the sampler material. All of them were 
originally made of 30AWG wires but after some initial 
tests the thermocouple which provides the reading of 
the interface temperature between the sampler and the 
concrete was changed to SOAWG gage and was 
inserted into a slot in the silastic rubber as close as 
possible to the sampler surface. This was done to 
improve the accuracy of the measurement of the 
interfacial temperature and provide protection to the 
fine thermocouple. 

The sampler is placed on the hot plate to start a test 
and both heaters are turned on. The power to each is 
adjusted ContinuousIy so as to keep the two outer 
thermocouple readings as nearly equal as possible. The 
temperature in the center of the sampler lags the outer 
temperature by a constant amount ATH after an initial 
transient period. When the outer temperatures have 
exceeded the selected temperature by AT,, the power 
to the two heaters is lowered so as to just make up 
thermal losses and is held at this value sufficiently long 
to allow the center temperature to approach the outer 
temperature closely. Once the three thermocouple 
readings agree to within 0.3”C the average of their 
readings is interpreted as the temperature 7”. The 
sampler is then removed from the hot plate and 
pressed against the material for which the thermal 
penetration property is to be determined. The original 
uniform temperature Tzo of the material under in- 
vestigation was measured before it was covered by the 

sampler. The readings of the interface thermocouple at 
a period during which it does not change with time 
provides the temperature T, required for the evalu- 
ation of equation (1). 

RESULTS AND DISCUSSION 

The equations (6)-(8) with their initial and boun- 
dary conditions presented in the preceding section 
were solved numerically on a CDC 6600 computer. 

The values of the dimensionless parameters in- 
volved were chosen so that the result of the com- 
putation is useful for the instrument to measure the 
thermal penetration property of concrete walls. They 
are : 

R, = 2.5, R3 = 5, Z, = 3, Z, = 1, Z, = 2, ZA = 0.04 
t12/x1 = 0.828 (RTV - 734+ 100,; Al/concrete) 
CC&~ = 0.213 (pinewood/concrete). 

The approximate values prcl/p,c, Y ~>3c3~~)lc, z 1 
were used for the ratios of specific heats per unit 
volume. 

The results of the numerical solution at three 
different times were used to draw isothermal lines 
shown in Fig. 6. Observe that the side boundaries are 
safely located so that the assumptions shown in Fig. 5 
hold even for the longest time period Fo, = 2.029 
x lo-‘. Note the shrinkage of the hot domain f1 = 1 

within the sampler material 2. For Fo, = 2.029 x 
lo-‘, this domain has just disappeared leaving the 
isotherm 0.992. This is considered acceptable and gives 
the maxinlum time for the measurement for the above 
values of the dimensionfess parameters. It also may be 
observed that during that time rim effects do not 
influence the temperature field at the axis of the 
sampler where the temperatures are measured. 

Figure 7 shows the variation of the temperature of 
the interface between the sampler material and the 
measured material 1 with time. The fluctuation of this 
dimensionless temperature 0, for the Fourier modulus 
close to zero is due to the finite difference approxi- 
mation. 
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Table 2. Comparison of measured results with available data 

Material 

Plexiglass 
Teflon 
Oak 
wood. radial 

24.25 102.9 72.0 
24.2 105.8 69.5 

20.1X 101.5 74.x 

Results were obtained for three different materials to 
check the accuracy of this method. Table 2 lists the 
results and the comparison with available data. 

The value of the product (pck),,,,. is obtained from 

published information by Cadillac Plastic [6]. the 

manufacturer of the Plexiglass and Teflon used in the 
experiment. The values for oakwood listed in Table 2 
are from ASHRAE [7], while Eckert and Drake [5] 
give a range for radial oakwood from 2.47 x 105 to 4.02 
x lo5 W2s/m4K2. This suggests that transfer proper- 

ties of wood are influenced by the moisture content or 
by the species of oak. It is worth noting that a test of the 
oakwood sample before drying resulted in the value 
& = 6.25 x 10’ W2s/m4K2. Figure 8 presents the 
interface temperature T, as a function of time for 
oakwood. Semi-infinite behavior continues to exist 
even after the center temperature has dropped below 
the initial temperature of silastic by something like 
0.5”C. The drop in the first part of the 
temperature-time curve below the final values, shown 

(I”k L,,.,. ( wk ),>,I 111 LXllcrzrice 
[W’s!m’K’] [W’s.‘m”K’] [‘.,I 

5.85 X IOi 5.78 x 10’ I.4 
8.99 X IV x.95 X 1oi (’ i 

3.33 X 1oi 3.17 % lOi .; -, 

in Fig. 8 is due to cooling of the location oU tht: 

thermocouple in the sampler by ambient air during the 
time required to move the sampler from the hot plate 
to the specimen. The overshoot of the temperature 
after the initial dropoff is caused by a heat flux to thi\ 
location from the surrounding sampler material. 

The thermal penetration propel-ty sampler i\ ~111 
accurate instrument that can be used quickly and 
conveniently to measure i/l-situ the value of the 
product (pck). It can also be used to study the change 
in moisture content of various materials. It should be 
useful for measurements and monitoring of the ther- 
mal characteristics of structures in buildings. 
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APPENDIX 

With the abbreviation 

2 _ T,-T,+26T 0,+2e 

aerr- T,-T,-26T = l-(8,+2e)’ 
(A6) 

equation (2) assumes the form 
T -Tf 

a’=;. 
T,o - T, 

With the dimensionless temperature 

T,-Tp 
e, = ~ 

T,o - T,” 

(Al) The relative error in percent in the determination of the ratio 
of the thermal penetration properties therefore is given by 

L42) 2 1 x 100. 647) 

Figure 4 shows this error as a function of the ratio of the 

(A3) 
thermal penetration properties with the relative measurement 
error e as parameter. 

UN INSTRUMENT DE MESURE DE LA PROPRIETE THERMIQUE 
DE PENETRATION pck (EFFUSIVITE) 

R&urn&On decrit un instrument de mesure du produit de la masse volumique, de la chaleur massique et de 
la conductivite thermique des materiaux solides, parametre qui intervient frequemment dans les probltmes 

de conduction en regime variable. Les resultats sont don& avec la precision qui peut Btre obtenue. 

EIN INSTRUMENT ZUR MESSUNG DES THERMISCHEN EINDRINGENS 
VON pck(pcl) 

Zusammenfassung-Es wird ein Instrument beschrieben, welches das Produkt der Dichte, der spezifischen 
Wiirmekapazitlt und der Wlirmeleitfahigkeit von festen Korpern miBt, ein Parameter, der oft in der Analyse 
von instationlren Warmeleitprozessen auftritt. Die Ergebnisse der Messungen werden beschrieben und 

zeigen die Genauigkeit, die erreicht werden kann. 

IIPM6OP AJIJI H3MEPEHMII TEI-IJIOBOfi AKTHBHOCTM 

hUOTaqMI- @IIiCbIBaeTCs npe6op, H3Mepm0LWi~ npou3BeAeHae IIJIOTHOCTH,~A~JI~HO~~ TemoeM- 

KOCTH H Tel-IJIOITpOBOAHOCTU TBepAblX MaTepHaJIOB, T. e. lIapaMeTp, KOTOpbIti YaCTO BCTpeqaeTCs 

npaaaana3ewecTa4~onap~bixnpo4eccoBTennonpo~oA~ocT~.~p~~0A~T~rrpe3ynbTaTbIs3~epeHutl, 

AeMOHCTpHpymLIPieAHana3OH TOYHOCTW npH6opa. 


