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ABSTRACT 

-4 cyclic heat me te r  apparatus has  been devel -  
oped for measur ing thermal  diffusivities o r  
the rma l  conductivity and diffusivity of flat 
s l ab  specimens.  The specimens  may be 
moist  or  d ry .  The assumption that a moist  
so i l  may be considered a n o r m a l  heat con- 
ducting solid h a s  been validated for a moist  
clay. The reproducibility of the  apparatus 
i s  about 3 per  cent. 

On a mis  au point une mkthode servant 5 
m e s u r e r  l e s  diffusiviths thermiques ou l a  
conductivite et  l a  diffusivitk thermiques 
d'kchantillons sous forme d e  plaques 5 l 'aide 
d'un fluxmGtre thermique en rkgime cyclique 
stabilisB. Les  Bchantillons peuvent d t re  
humides ou secs .  L'hypothGse selon laquelle 
un sol  humide peut d t re  considkr6 comme un 
conducteur no rmal  d e  l a  chaleur est con- 
firmke. La mgthode a une reproduisibilit6 
d'environ 3 pour cent. 
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Jntroduction 

When a temperature  gradient exists through a porous material  

which contains some moisture,  heat i s  t ransferred by two mech- 

anisms. There i s  the normal  the rmal  conduction and a parallel 

heat t ransfer  due to the migration of the moisture toward the 

region of lowest temperature.  

Studies of the annual variations of ground temperature  suggest 

that the ground can be represented a s  a normal heat conducting 

solid whose apparent thermal  diffusivity and conductivity a re  

functions of the soil  type, density, and mean mois ture  content. 

This r a i s e s  the problem of how t o  determine the appropriate 

the rmal  conductivity and diffusivity of moist soils and other po- 

ous mater ia ls .  Kirkham and Jackson (1) and Higashi (2) have 

reported methods that use  periodic (cyclic) boundary conditions to  

determine the diffusivity of moist samples.  Jn 1959 the  Division 

of Building Research developed a laboratory apparatus similar i n  

principle to  these but measuring the rmal  conductivity a s  well a s  

diffusivity. This paper descr ibes  the current  form of the DBR 

apparatus and method and discusses the accuracy of the  results  

for a neoprene rubber s lab  and a moist  clay soil. 

The Cyclic Heat Meter 

To maintain a constant mean temperature  and mean moisture con- 

tent through a sample during t e s t  i t  is necessary  to u s e  a temper-  

a ture  gradient that is  periodically reversed.  The Cyclic Heat 

Meter used at DBR consists of two 30- by 30-cm aluminum heat 

exchanger plates which can be kept a t  a controlled temperature by 

circulating controlled temperature  liquid through them.  The 

liquid i s  supplied by two circulating laboratory baths each of 

which can be controlled at any temperature  between -70C and 90C. 
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Cyclic heat  me te r  appara tus  

The baths and plates a r e  connected to a valve ma t r ix  a s  shown in 

Fig. 1. A two circuit  patch board allows one set  of valves to be 

energized while the other i s  de-energized.  Powering of the groups 

can be r eve r sed  by activating a remote switch. A computer acts 

a s  a cycle t imer ,  closing the switch fo r  50 per  cent of the period. 

The baths a r e  se t  at  different temperatures .  The result ing tem- 

pera tures  on the surface of the specimens  a re  equal amplitude 

near-square  waves, once initial t r ans ien t s  disappear. The waves 

can be e i ther  in-phase o r  180" out-of-phase a s  selected by the 

p rogrammer .  

Two slabs of mater ia ls  a r e  placed between the heat exchanger 

plates (Fig.  1). Temperatures  a r e  measured  at  planes 1, 2 and 

3 with 36-gauge butt-welded thermocouples. Three  couples a r e  

used a t  each plane; one a t  the centre of the  a r e a  and one 5 cm to 

each side of centre.  When the couples indicate the s a m e  tempera- 

tu re  i t  shows that the heat flow in this cent ra l  region i s  one di-  

mensional. The requirement for  one-dimensional heat flow l imi ts  
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the total  thicknesses of specimen and standard slab to about 8 cm. 

When the properties of one slab of mater ia l  a r e  known and those of 

the other unknown, the configuration i s  identical to a heat flow 

m e t e r  apparatus. Because in this case  the plate temperatures can 

be cycled, the apparatus i s  termed the cyclic heat meter.  

Data Acquisition and Control System 

A computer-based, data  acquisition and control system controls 

the apparatus,  acts a s  the cycle t i m e r ,  collects, preprocesses,  

displays and records  the data. A programmable gain,  15-bit 

analogue to digital converter measures  the fi l tered output f rom 

the nine thermocouples in 9 milliseconds at intervals of 0 .  1 

second. The data a r e  filtered digitally with a single -stage binary 

fi l ter,  then recorded a t  a selected interval on magnetic tape. An 

off -line computer i s  used for final processing. A simpler system,  

used successfully during part  of the study, was based on a multi-  

point s t r ip  char t  recorder  with punched paper tape output. 

Per iodic  Heat Flow in a Composite Slab 
I 

F o r  a homogeneous slab with sinusoidal temperature variation at 

both surfaces,  the surface temperatures and heat flows a r e  r e -  

lated by linear equations which may  be expressed conveniently in 

the mat r ix  notation (3).  F o r  the situation shown in Fig. 1 this i s  

where: 8., q. = harmonic components of temperature and heat 
J J  

flow with period t a t  position j. The matrix elements for s lab k 

are:  Ak = Cosh (lti) cqc; Bk = ( V ( l t i ) % )  ' Sinh ( l t i ) % ;  

Ck = (( lti)y)ELk) ' Sinh ( l t i )  %; R = 4 / x k ,  thermal  resistance; 
k 

d - thickness; X = thermal conductivity; = ( i r d ? ~  t ) l /2 ,  k - k k 0 

q1 

- - . and 
A1' B1 

C 1 ' A 1  

O2 

92 

O2 

92 

A2' B2 

C 2 ' A 2  

= 
83 

q3 

(1) 

(2) 
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nondimensional frequency; Dk = thermal diffusivity = X / p  c 
k k k; Ck = 

heat capacity; pk = density. 

If the periodic driving temperature is not a simple sinusoidal 

variation it can be expressed as the sum of a ser ies  of components, 

each a sine wave, with periods that a r e  simple fractions of the 

fundamental period. When X and D are  not temperature dependent, 

the effect of each component can be calculated a s  i f  it alone was 

present and the effects added to give the total effect. When the 

materials a r e  slightly temperature dependent, a s  they usually 

a re ,  the fundamental component of temperature inside the slab 

i s  almost unaffected (4,  5). The higher harmonic components are 

changed in amplitude and phase and a mean  temperature shift i s  

generated in the material .  The amplitude and phase of the funda- 

mental component i s  masked by these effects. This i s  true even 

when pure sine waves a r e  applied to  the surfaces. An accurate 

Fourier Analysis o r  Fast-Fourier Transformation i s  necessary 

to recover the fundamental component. This i s  not practical with- 

out automatic data recording equipment and computer analysis. 

Determination of Properties from Harmonic Components 

Equations (1) and (2) can be rearranged to  give 

Combining these gives 

Equation (5) i s  a complex equation. It can be split into either mod- 

ulus and argument o r  real  and imaginary parts. The two equations 

can then be solved for  any two unknowns. A1, A2, B and B con- 1 2 
tain the parameters R R2,  vl,  m2, L1 and L If four of these 

2' 

plus ' 1 8  82 and 83 a r e  known, the remaining two can be determined. 
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Should equal contact res is tances ,  Rf, occur on each interface, 

and if the  thermocouples measure  a temperature  at  a mid-point in 

the  res is tance  and the two s labs  a r e  identical, the equation equiva- 

lent t o  equation (5) i s  

(0,  t 0 ) /0 ,  = 2.A t Rf' C/Z 
3 (6)  

The m o s t  pertinent combinations of knowns and unknowns used i n  

solving equations (5) and (6) a r e  a s  follows: 

Given 

1. cpl*  R1 

2. R1' R 2  

3. L1, L2, X = X 
1 2  

Solve for  

cp2' R~ 

9' cp2 

cp1' cp2 

4. ma te r i a l s  identical rPt L1/L2 

5. ma te r i a l s  identical, equal 
contact res is tances  Q, Rf 

6. ma te r i a l s  identical, 
L1' L2 cp 

Severa l  procedures  have been used f o r  solving these  simultaneous, 

non-linear equations. In case No. 6 the  equations have been 

solved explicitly for  cp. In cases  Nos. 1, 2, and 5 the equations 

were  divided into modulus and argument  to  yield one equation in 

cp and the  other for  R o r  R in t e r m s  of ~446). The f i r s t  equation 
f 

has  been solved fo r  cp graphically, o r  t o  a m o r e  satisfactory p r e -  

cision,  numerically by the Regula F a l s i  (7). Newton-Raphson (7). 

and Muel ler  (7) methods.    he' value of cp was then used  to deter  - 
mine R o r  Rf. All t hese  numerical  methods have been found to  

experience problems occasionally when singulari t ies,  caused by 

experimental  e r r o r s ,  occurred nea r  the  solution. In certain 

c a s e s  even smal l  experimental  e r r o r s  would preclude a solution. 

All c a s e s  have been solved using Powell 's  Method (7).  This 

method worked whether o r  not the equations were  divided into 
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modulus and argument o r  r e a l  and imaginary  par ts .  

Powell 's Method can e i ther  solve the simultaneous equations for  

the unknowns o r ,  where no exact solution exists ,  find the  set of 

values of the unknown that came close s t  t o  satisfying the equations. 

In the la t ter  case ,  the sum of the leas t -square  e r r o r s  in the solu- 

tions i s  minimized. The process  i s  t e r m e d  "finite dimensional 

optimization." I t  r equ i re s  an initial guess  at  the solution. This 

i s  obtained f rom one of the methods a l r eady  mentioned o r  from a 

knowledge of the ma te r i a l ' s  propert ies.  The method converges 

very rapidly on the best  leas t -squares  solution. The solution ob- 

tained by th i s  method has  in  many c a s e s  differed significantly 

f rom those obtained by the  other methods .  Powell's method has 

been used fo r  case  No. 6 t o  find the single value of rp t ha t  best 

sat isfies two equations, again in the l eas t  squares sense .  

Experimental  P rocedure  

The experimental  procedure i s  simple: the  mean temperature  and 

amplitude a r e  set  by adjusting the se t  points for the temperatures  

of the two baths and the frequency i s  se t  by entering the  desired 

value into the computer. The phasing is selected manually. The 

s tar t  and termination of recording on tape  i s  controlled by the 

computer. The tape i s  l a t e r  processed on the off-line computer. 

The conversion of the readings t o  temperature  and the Four ier  

Transformat ion a r e  performed f i r s t .  Then thermal  proper t ies  

a r e  determined using one o r  m o r e  of the numerical  methods de-  

scribed. At least  five independent s e t s  of answers a r e  calculated 

for  each t e s t .  The mean and standard deviation a r e  then calcu- 

lated. When desired,  the  results  for  o the r  harmonics,  principally 

the th i rd  and fifth, a r e  calculated. In genera l  only the f i rs t  ha r -  

monic  i s  u sed  because of sensitivity of the  higher harmonics t o  

sources  of e r r o r s .  The to ta l  amount of computer t ime used va r i e s  
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depending on the number of cycles processed,  but i s  normally 

l e s s  than 15 minutes. 

Experimental  Studies and Results 

An experimental program was ca r r i ed  out to check the validity of 

the assumptions used in  the analysis of the results .  The experi-  

ments can be divided into two ser ies :  t e s t s  with rubber slabs t o  

prove that the method works for  d ry  mater ia ls ,  and tes ts  with 

mois t  Leda clay to prove that the method works for moist mate - 

r ia ls .  

The neoprene rubber slabs were approximately 2.5 c m  thick. Two 

pa i r s  with differing density were selected.  The thermal  r e s i s  - 
tance of each se t  was determined with a 30-cm guarded hot plate 

apparatus to  an accuracy of about $ p e r  cent. The Leda clay s l abs  

were prepared in the laboratory with a thickness of one inch and 

mois ture  content of 21 pe r  cent. The maximum coupling of heat 

and m a s s  t ransfer  was predicted to  occur  near  this moisture con- 

tent. 
I 

In the f i r s t  se r i e s  of t e s t s ,  the slabs of rubber were  tested in 

pa i r s  to  determine Q, then one of each pair was used to  test the 

method of obtaining R and Q. In the second se r i e s  of tes ts  one 

slab of rubber was  used with the slab of soil and the R and c$ of the 

soil were  determined. In each se r i e s  the amplitude and frequency 

of the temperature  oscillations were varied. The p e r  cent devia- 

tion f rom the mean of D for  both the rubber and soil and of X fo r  

the soil obtained in the t e s t s  a r e  plotted in Fig. 2. Most  of these 

data were  obtained before the apparatus was improved. The r e -  

producibility of the s impler  fo rm of the apparatus was  not a s  good 

a s  the current version. In spite of th i s ,  there i s  l i t t le variation 

in either parameter.  The thermal conductivity of the  rubber s labs  
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FIG. 2 

Variation of D and X of rubber and soil with 
largest  temperature on surfaces. (Data from current  

and f o r m e r  apparatuses.  ) 

determined from the cyclic heat mete r  resul ts  agreed with the 

guarded hot plate resul t  to  within $ per cent. 

The accuracy of the diffusivity measurements could not be deter- 

mined due t o  a lack of a suitable standard. A comparison with the 

measurements f rom a calorimeter indicated an agreement to with- 

in 3 per  cent. This was l e s s  than the sum of the possible e r ro r s  

in the apparatuses. 

A separate sensitivity analysis too long t o  report here indicated 

the reproducibility of the current apparatus to be better than 1 

per cent with the type of specimens used in these tes ts .  
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