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Abstraet--A new method for the measurement of the thermal diffusivity in solids using transient conditions 
is demonstrated. This method utilizes the principle of superposition of thermal loads. Only time measure- 
ments are required, and no accurate temperature and heat flow rate measurements are needed. The method 
utilizes the Seebeck effect for the measurement of the time dependence of the temperature, A solution of 
the heat transfer equation for the model pertinent to the described method is derived, and results obtained 

for several materials are presented. 

I N T R O D U C T I O N  

THE THERMAL conduct ivi ty  of  solids is an intrinsic 
physical proper ty  of  the material ,  and is of  great 
impor tance  in de termining  heat flow rates and tem- 
perature  d is t r ibut ion in the solid. 

Many  exper imental  methods  for the measurement  
of  the thermal  conduct ivi ty  of  solids are described in 
the literature. Most  of  these methods  are based on the 
conduct ive  heat  t ransfer  equat ion  solution,  with well- 
defined bounda ry  condit ions.  All of  the measurements  
are performed by applying a thermal  load to the 
sample, and moni to r ing  the result ing tempera ture  dis- 
t r ibut ion in the sample. The  measurements  are per- 
formed under  ei ther steady state or t ransient  con- 
di t ions approx imat ing  the boundary  condi t ions  used 
in the analytical  solution.  The tempera tures  and heat  
t ransfer  rates are measured  at selected locations from 
which the thermal  conduct ivi ty  can be deduced. 

In the s teady-state  measurements ,  a cons tan t  heat  
flux is dr iven through a sample of  fixed cross-section_ 
The tempera tures  at a few points  a long the sample are 
measured,  and the thermal  conduct ivi ty  is calculated 
using Four ier ' s  equa t ion  [1]. Other  methods  are per- 
formed under  t ransient  condi t ions  [2], where the 
physical proper ty  measured is the thermal  diffusivity 
ra ther  than the thermal  conductivity_ Each of  these 
methods  is based on a geometrical  model on which 
specific thermal  load and  boundary  condi t ions  are 
induced. The  differential equa t ion  describing the ther- 
mal condi t ions  is solved using the chosen bounda ry  
condit ions.  The solut ion yields a relat ion between the 
measured tempera ture  values and  the thermal  diffus- 
ivity [3]. All those methods  are based on accurate  

heat flow rate and temperature  measurements  using 
thermocouples ,  thermistors  or infra-red detectors.  
The accuracy of  the temperature  measurements  is of  
major  impor tance  to the accuracy of  the thermal 
diffusivity values obtained.  

Recently, a new method for the thermal  diffusivity 
measurement  in solids under  t ransient  condi t ions  
using the principle of  superposi t ion of  thermal  loads, 
has been presented [4]. In this method,  an arbi t rary  
thermal  load (e.g. a con t inuous  line source) is applied 
to a sample of  a given shape for a time t = to- This 
in terrupted thermal  load may be treated as a super- 
posi t ion of  a con t inuous  line source applied at  t > 0, 
together  with ano the r  con t inuous  line source of  the 
same magni tude  but  of  negative sign, which is applied 
for times t > to. The solut ion of  the differential equa-  
tion for the tempera ture  d is t r ibut ion at the given 
thermal  loads and  bounda ry  condi t ions  shows a 
max imum tempera ture  as a funct ion of  t ime at any 
point  in the sample. The time at which the max imum 
is obta ined  can be accurately measured,  and  the accu- 
racy of  the time measurement  is independent  of  the 
accuracy of  the tempera ture  measurement .  

The thermoelectr ic  effect, by which an electric E M F  
is built  in a conduc to r  as a result of  a difference in 
tempera ture  at its two ends, is ins t rumental  as an 
addi t ional  means (like thermocouples ,  thermistors ,  
etc.) for measur ing the thermal  signal_ 

In this paper,  the above-ment ioned  new method for 
measur ing the thermal  diffusivity of  solids is adopted.  
The thermal  load is a one-dimensional  uniform heat 
flux and  the response signal is detected using the See- 
beck effect in the sample. The  rat io of  the time r, when 
the signal goes through a maximum,  to the applied 
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C specific heat 
C,. C. cons tan tsof in tegra t ion  
k thermal conductivity 
L slab thickness 
n integer 
q'(', uniforln heat flux 
t time 
t. operating time of  thermal load 
T temperature 
T, heat sink temperature 

N O M E N C L A T U R E  

x axial coordinate. 

Greek symbols 
thermal diffusivity, k/pC 

fl parameter (equation (5)) 
;1 parameter (equation (5)) 
® temperature difference. T - -  T ,  

p density 
r time to reach maximum 

temperature. 

thermal load time t(,, relates the thermal diffusivity of  
the sample to its dimensions, but is independent of  the 
Seebeck coefficient or the inagnitude of  the thermal 
disturbance. 

A solution of  the heat transfer equation for the 
model pertinent to the described method is presented. 
An apparatus approximating the model assumptions 
and using the new method, was constructed and used 
to measure the thermal diffusivities of  several 
materials. 

T H E R M A L  M O D E L  

The thermal model chosen lbr the measurement of  
the thermal diffusivities of  electrical conductors is a 
one-dimensional infinite slab of  thickness L. One sur- 
face of  the infinite slab is maintained at a constant 
temperature T , .  while at the other surface a uniform 
heat flux is applied for a time t = t(, (see Fig. I ). 

Definining 

® = T - T , .  (I) 

The differential equation and boundary conditions for 
this problem are : 

P'-® 1 ~ ®  
, = (2 )  

c.v- ~ ~t 

4' . / m  

0 L 

FiG. I. The thermal model. 

Too 

X 

~) lx I) 

OIL.l) 

= 0 (3a) 

= 0 (3b) 

q;; 
= - k t . > _ - t > 0  (3c )  

= 0 t > t,,. (3d) 

Tile detailed solution of  diffcl-cntial equation (2) and 
boundary conditions (3) is given in Appendix A. The 
solution yields an expression for the temperature as a 
function of  time and location in the sample, for time 
z > z. (see equation (A8)): 

(211 + 1 ) n.v 

8q',',L { Z cos 2 L  
® ' " " ' =  7r-'k , , ,  (2,,+1)-" [e ,2,,+,,:=:~, . . . .  ,44,.:, 

- e  ,_,,,+ ,,:~:,, ,4,.:11}. (4) 

Inspection of  expression (4) shows that tile tem- 
perature goes through a maximum at a different time 
for different x values. The time t = "r at which the 
temperature reaches a maximum is obtained by 
differentiating this expression with respect to time and 
setting the derivative to 0 (see Appendix A). Defining 
dimensionless parameters 

R ' 2 9 ~ I  o T 

= - ( 5 )  I t -  4 L  ~-" q t. 

where the expression for [ t includes material proper- 
ties. sample dimensions and the thermal disturbance 
duration. In contrast, q is the ratio of  the measured 
time z for the signal in the sample to reach a maximum 
to the applied thermal load time t.. One obtains 

Z" cos (2n+ I)mv [e-(:"+ ' / / ' "-e-(-~"+ ' / / " " 2 L  ' q = 0 .  
n = o 

(6) 

The conditions at x = L/2 are of  special interest. It 
was found that truncating expression (6). after the 
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first four members, yields an inaccuracy of less than 
0.001%. One obtains 

[e / '" -e /.. " ] - [ e  "/"'-e ""'" "] 
--[e 25/1"--e 2'~/tOt I)] 

+ [e  4w '" -e  ~v,.,, ,,] = 0 .  (7) 

Rearranging expression (7) yields 

tl = 

8/J I n l  [ ( e w ' -  1) + e ''/~'~(e25#j - 1) - e 4"/j"(e4<'/I- ' ) ] e  1~- I " 

( 8 )  

Equation (8) shows the relation between the measured 
times (appearing in q), and the material properties (in 
[t) as shown in Fig. 2 

A P P A R A T U S  

The apparatus used for the measurements and the 
principle of  measurement described in the present 
work are shown in Fig. 3. 

During the measurement, the rod-shaped sample is 

covered bya  very good insulator (k ~ 3 x 10 -~Wm 
C t) sleeve. This arrangement approximates the one- 

din-tensional model used here. One end face of  the 
sample is in good thermal contact with a cylindrical 
copper block which serves as a heat sink. The thermal 
contact is assured by applying thermal conductive 
paste to the copper block at the contact surface. The 
other end face is in contact with a very low heat 
capacity heater which is pressed against thc rod by a 
spring-loaded holder. The tension of  the spring can 
be controlled by a tightening screw. The heater is 
elcctrically insulated from the sample by a thin elec- 
trical insulator. The thermal signal from the sample 
is obtained via two thin copper wires touching the 
sample and a wire attached to the copper block. One 
copper wire is in contact with the sample face at the 
heater end. and the other at the exact center point 
of  the sample's cylindrical face. Two thermoelectric 
EM Fs are measured, for each copper wire with respect 
to the copper block which is maintained at a constant 
temperature. The sample and insulation are encased 
in a PVC housing for structural stability. The whole 
arrangement is constructed in a clam-shell-like for- 
mation, so that access for sample replacement and to 
the electrical contacts is extremely easy. 

The measurement is performed by applying a con- 
stant voltage to the heater for a definite time t. (a 
square pulse heat load). The voltage to the heater, as 
well as the two thermoelectric EMFs  obtained from 
the sample, are traced on a chart recorder. A rep- 
resentative measurement showing the obtained three 
curves is presented in Fig. 4. From the square heating 
pulse (VH), the exact heat pulse duration t. is 
measured. The thermoelectric response (V~) at the 
face of  the sample which is in contact with the heater, 
is synchronous with the heater pulse. It starts immedi- 
ately at the rise of  the heater pulse, and its rise is 
abruptly stopped at the end of  the heater pulse. On 
the other hand, the thermoelectric E M F  at the middle 
of  the rod (V2) is delayed, and it rises slowly until it 
reaches a maximum at time r well after the heater 
pulse is over. 

@ ® ® ® 

FIG. 3. Experimental apparatus and measurement principle : 
(1) heater; (2) sample; (3) thermal insulation; (4) heat sink 

(copper block). 

R E S U L T S  

The method described here utilizes the thermo- 
electric E M F  generated by the Seebeck effect. This 
E M F  is measured between two copper contacts with 
a sample on which a temperature difference is main- 
tained. This method was used for the measurement 
of  the thermal diffusivity of  various metals. A few 
insulators were also measured, the measurement made 
possible by applying a thin Ni coating on their sur- 
faces. 

From the recorder tracings, the values of  to and r 
were taken,/3 values found from equation (8) and the 
thermal diffusivities were calculated using equation 
(5). The summary of  the results is shown in Table 1. 

When preparing the sample and during the opti- 
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FK;. 4. Characteristic chart trace obtained for the measure- 
ment of thermal diffusivity : I"H, square voltage pulse applied 
to the beater: ,V~, thermoelectric EM F obtained at the sample 
end in contact with the heater: I'_~, thermoelectric EMF 

obtained at the midpoint of the sample. 

mization of  measurement  parameters the following 
considerations had to be taken into account : 

( I ) The power rating of the small heater element is 
very limited, and therefore so is the magnitude of  the 

thermoelectric E M F  obtained for a given thermal load 
durat ion t,, in the measurement.  

(2) The thermal load durat ion has to be small with 
respect to the thermal disturbance transition time in 
the sample. This means that increasing the signal 
height by making the thermal disturbance longer is 
possible only up to a limit. 

(3) Due to heat dissipation along the sample, the 
longer the sample length the weaker the obtained ther- 
moelectric E M F  signal. 

(4) The ratio z/ t ,  should be in the range of  1.5-4.0, 
to ensure maximum sensitivity for obtaining the value 

of  fi (see Fig. 2). 

The thermal disturbance transit time, r, was mea- 
sured for 3-4 different to values in the sensitive range 
of  [t. Each measurement  was repeated at least four 
times to get an estimate of  result distribution and 
accuracy. Only one representative measurement  for 
each material is displayed in Table 1. 

DISCUSSION 

All measurements  in all materials were performed 
using different thermal disturbance durations,  t~. 
These values were chosen so that the q = r/to values 
are obtained in the whole range of  values of  Fig, 2 
from which fl values were found (equation (8)). The 
thermal diffusivity values were calculated according 
to expression (5) for those measurements  for which r/ 
values were in the range of  1.5-4.0. Measurement  
results for which the obtained q values were outside 
this range were not taken into consideration when 

calculating the average result and error estimation. 
The distribution of  results obtained for measurements  
for a distinct ~1 value was similar to the total dis- 
tribution obtained for measurements  with various q 
values. 

Most  thermal diffusivity values appearing in the 
literature [5] for each material are distributed over 
quite a wide range. One may understand this fact in 
one or both of  the following ways: the results are 
accumulated from measurements  performed with 
various methods,  each of  which may introduce a 

Table I. Thermal diffusivity measurements for various materials 

Material L (cm)t to Is) r (s) q (--) fl (--) 

• (10 ~m-'s L) 

Present study Ref. [5] 

Ti AI V 2.54 25.0 44.0 1.76 0.242 2.5+__0.5 
SS 304L 2.38 15.0 31.0 2.07 0.184 2.9_+0. I 
Ti 2.48 15.0 24.5 1.63 0.276 4.6___0.2 
Ta 2.49 5.0 9.4 1.88 0.218 10.9+0.4 
Nb 2.48 5.0 8.1 1.62 0.280 14+2 
Mo 2.40 2.0 3.5 1.75 0.245 28 + 5 
AI 2.49 2.0 3.0 1.50 0.325 41 +7 

Silica 2.46 60.0 118.0 1.97 0.203 0.83-t-0.02 
Alumina 2.49 10.0 18.3 1.83 0.228 5.7+0.2 

1.9-2.7 
3.6 
1-6 

24.7~t 
23.7~ 
3-56 

86-94 

1-6 
6-10 

t Diameter of all samples was around 8 mm. 
:~ Suggested value, by approximation, estimated in the absence of reliable results [5]. 
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different systematic error. The thermal  diffusivity of  
a material  may depend on its const i tu t ion which is 
the result of  composi t ion  as well as p repara t ion  
procedure.  There  is no way to be sure abou t  the 
difference in cons t i tu t ion  between materials  used in 
the present study and  materials  used in measurements  
cited in the li terature. In the light of  this comment ,  
the agreement  between results obta ined  in the present 
work and the l i terature is quite satisfactory. 

It can be seen in Table  1 tha t  the relative error  in 
the measurements  in a luminum and mo lybdenum is 
higher than  in o ther  materials.  This larger error  results 
from the high thermal  diffusivity in those materials.  
The longest sample fitting into the present exper- 
imental  setup limits the thermal  d is turbance  dura t ion ,  
t0, for these mater ia ls  to a very shor t  time. This, in 
turn,  results in a weak thermoelectr ic  signal, causing 
large er ror  in the measurement  of  the signal m ax imum 
location. Combined  with the lowered relative accu- 
racy of  t ime measurement  for such shor t  thermal  dis- 
turbance durat ions ,  this yields a high uncer ta in ty  in 
the ob ta ined  results for these two materials.  It remains  
to be seen whether  cons t ruc t ing  a longer exper imental  
setup, which will be able to accommoda te  longer 
samples,  would yield more accurate  results. Certainly 
it would make  it possible to use longer thermal  dis- 
turbance durat ions ,  but  the thermal  dissipat ion a long 
the longer sample may reduce the size of  the obta ined 
thermoelectr ic  E M F  signal back to its original  
magni tude.  A more detailed discussion is given in 
Appendix  B_ 

The measurements  in insulators  were performed 
after the deposi t ion of  a thin Ni coating.  This con- 
ductive coat ing was required in order  to ob ta in  a 
thermoelectr ic  E M F  from the sample, and  to close the 
electric circuit to enable  measurements .  Repeat ing the 
measurement  with most  of  the conduct ive  coat ing 
removed,  leaving only the fiat ends coated and  a thin 
connect ing  strip, proved that  the con t r ibu t ion  of  the 
coat ing to the thermal  conduct iv i ty  was negligible. 

It is believed that  this me thod  can be fur ther  per- 
fected by applying coat ings made  of  thermoelectr ic  
materials_ This would yield larger thermoelectr ic  
E M F  signals, and  improve measurement  accuracy. 
The  fact tha t  the present  me thod  involves only time 
measurements  and does not  require t empera ture  
measurement ,  is considered to yield more  accurate  
results than methods  using tempera ture  and power 
measurement .  
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A P P E N D I X  A. D E R I V A T I O N  OF THE E Q U A T I O N S  

Umform heat flux 
The thermal model is shown schematically in Fig. 1. De- 

fining 

0 = T - T .  (AI) 

where T~ is the ambient temperature at t = 0 and also the 
constant temperature at the cold side of the sample (x = L), 
which is in good contact with the heat sink. 

The differential equation and boundary conditions are 

~ ; 0  1 O0 
¢3x'- = c¢ ¢3~- (A2) 

Oc,.o I = 0 

0 . . . .  = 0 

( 8 0 )  q~', (A3) 
o , ,  = - T - -  

The solution for this problem is given in ref. [3] 

= qoL 

(2n + 1 ) rrx 

g ~0 c°s 2L 1 
n ~ ,.= ( 2 n +  I) 2 e-~2,,+ t/.:.,,~41.-'~ ( A 4 )  

where n = 0, 1, 2, 3, . . . .  Equation (A4) shows the tem- 
perature distribution as a function of time and location in 
the sample. 

The superposition of  thermal loads 
The principle of superposition of thermal loads may be 

applied for the solution of the problem presented above. 
When the thermal load in the plane x = 0 is given as 

0.,~ = -- k t o > ~ t > 0  (A5) 

(dO)  = 0  t> to .  (A6) 
0.t) 

The principle of superposition of thermal loads may be 
realized by superimposing two thermal loads as shown in 
Fig. AI. 

q "  q "  

t ~- q o ~  t 

j ol to 

FIG. A I. The principle of superposition of thermal loads. 
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The resulting temperature distribution in the sample at 
time t > to is the sum of the two temperature distributions 
obtained in expression (A4), taking into account the time 
lag and opposite sign of  the two loads 

GL ® 

(2n+  l ) n x  
8 cos - -  - -~ 

- x  2 ,,=~,J 12n+l)-2L e_q2, ,+. : : ,cj~h 

(2n+  IIxx 
COS . . . .  } 8 ~ 2L 

- x :  . . . .  (2 ; ,+[1  ~ e ~2 . . . . .  : /  . . . . . . . . . . .  h . (17)  

Rearranging the terms of  this equation,  one obtains 

(2n + 1 )xx 
8q]]L ( " cos 2L 

o ...... = 

(2n+  1) -~ 

,-',,, .,:.M, ',,' " '-: '  - e  '""' ":~M'~"~]'~. x[e (A8) 
3 

A P P E N D I X  B. ERROR A N A L Y S I S  

In dealing with error  analysis two kinds of  errors  should 
be considered. Errors  which are connected to the selected 
model and errors which are due to the measurements .  

Errors reM/ed to the model  
(a) Since a very good insulation was used in the exper- 

imental test, the assumpt ion of  a one-dimensional  problem 
is quite good. 

(b) Changing the boundary  condition of  the model at 
X = L from a constant  temperature  to a contact  conductance 
of  about  h e =  104 W m 2 C -  ,, will cause an error  of  less 
than [ % in thermal diffusivity. 

(c) Changing the spring tension at the heater  side changes 
the temperature rise in the sample but does not affect the 
time ~. 

Errors  relaled to Ih¢ n~easuremenls 
(a) There is uncertainty of  less than _+0.5 m m  (about  

+ 2 % )  in the location of  the measur ing wire at the mid- 
length of  the sample. This can cause an error  of  less than 
+ 4 %  in thermal diffusivity. When longer samples are used 
this error  can be reduced. 

(b) There might be errors in measuring the two times (t .  
and r). The applied load time to can be measured accurately : 
therefore a negligible error  is involved with this value. The 
temperature- t ime curve at the mid-length of  the sample 
depends on the thermoelectric signal. For  metals with high 
Seebeck coefficient it is possible to obtain a sharp  curve. 
When the time r is measured from a chart, similar to the one 
shown in Fig. 4, then an error  of  about  _+1% in q can be 
assumed. This will cause an error  of  tess than 4-2% in fl 
(namely, in thermal diffusivity). However,  by using a more  
accurate data acquisition system, this error  can be further 
reduced. 

In conclusion, an overall er ror  of  the order  of  _+ 5% can 
be achieved when using the presented method for measur ing 
thermal diffusivities. 


