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The stepwise heating method for measuring thermal
diffusivity of molten salts is based on the electrical
heating of a thin metal plate as a plane heat source in the
molten salt. In this method, the following estimations on
eérror are of importance : (1) thickness effect of the metal
plate, (2) effective length between the plate and a temperature
measuring point and (3) effect of the noise on the temperature
rise signal.

In this report, a measuring apparatus is proposed and
measuring conditions are éuggested on the basis of error
estimations.

The measurements for distilled water and glycerine were
made first to test the performance ; the results agreed well
with standard values. The thermal diffusivities of molten
NaNO3 at 320-389°C and of molten LipBeF, at 470-700°C were

measured.
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L INTRODUCTION

As transient methods which measure the thermal conductivity
or the thermal diffusivity of molten salts, following methods
have been tried: (1) a hot wire method and (2) a plane heat
source method. Others are now under developed. In these
transient methods thermal diffusivity is normaly obtained.

The method (1) is able to measure the thermal conductivity
directly, but is not generally applicable to electrically
conducting liquids which include many of the molten salts.

In the method (2), a thermal diffusivity is generally measured
directly except special cases.

The structure of an apparatus of the plane heat source
method is not so simple as the hot wire method and it usually
takes longer time to make uniform temperature distribution in
the molten salt because of the larger volume of the salt in a
cell. However, the plane heat source method is more suitable
to measure molten salts compared with the hot wire method
because of the current leakage to the salt is less and not so

. (), (2}
serious problem

In order to measure the thermal diffusivity of high

temperature molten salt, a simple method using a plane heat

'source, so call stepwise heating method, was proposed in

. (3
our another report {

The principle of this method is as follows ; when the thin
metal plate is heated stepwise in the molten salt, the ratio
of the temperature rises at time tyand 2ty at the point with
distance X under the heating plate is theoretically given by
the function of the Fourier number Fp = Aty /xZwhere O is

thermal diffusivity of the molten salt. Therefore the
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thermal diffusivity & can be determined by measuring the
tempefature rise at the distance X in the molten salt when
the.thin metal plate is heated stepwise.
The apparatus should be designed carefully to satisfy
the boundary conditions of the heat conduction equation
as follows. The thickness of the heating plate is sufficiently
thin and wide to be regarded as one dimensional system, then
the heat capacity of unit area of the plate is negligibly
small and the heat flux from the plate to the molten salt
is also stepwise when the plate.is heated stepwise. No
effect of the diameter of the sheathed thermocouple at the
measuring point was also considered. The distance between
the surface of the heater plate and the center line of the
sheathed thermocouple was taken as the effective distance.
In calculating the temperature rise ratio, the effect of
noise on the temperature rise signal was not considered tceo.
As the analysis of these effects are important for
accurate measurements, the estimations of the systematic
errors and its application to the design of the apparatus

and to experimental procedure are considered in this report.
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I THEORY AND ACCURACY ANALYSIS
I-1 Transieﬁt Temperature Distribution Due to Stepwise
Heating.

An infinite metal plate with thickness 2R is placed in a
moltén-sait as shown in figure 1. Heat is produced at a
constant rate Q/2R per unit time per unit volume for t>0 in
the plate ,where Q indicates the heat produced per unit time
per unit surface area. The physical properties of the plate
and the molten salt are distinguished by subscripts 1 and 2.

o)
The origin of the cgrdinate is placed at a center line of the

plate.

In this case the fundamental equations for the transient
temperature distribution for the metal plate and the molten

salt are given as follows.

206t) _ 4 et Q@

2t M T5xT T2GER E>0: "RKXLR (1)
26:4t) _ o 5 6, (,t)
2t " paf £t>0 : R{X <00 (2)
Tnitial and boundary conditions are
G:(x0)=0 y 8: (%, 0)=0 (3)
361(0,'&) = 39:(300,{:) =0 (4)
oX S 2X
26:(R,1) 20:(tR,t)
+ ——t T A 2 ]
=K% I —%x (5)

6: 2R, t) = B,(2R,t) (6)

where K, = A/Az.
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Using Laplace transformation, the solution of eq.(l)and

(2)with above initial and boundary conditions are obtained as

follows.
- _ @N-1)R-X) , .2 J(21-1)
Biut)= gpeali- I e+ (er erilzrae ) et S

t>0 , -R(X R, (7)

, (b)) = 2Ke @ t
%) (1+Ke) Gy A R

x [ferte(

¥
(1 H)Z( H) Ieﬁ(_c((Zn-Ka 7)R+}()) ,

261:) 2Va:t

(8)

where H= (1“K£)/(1+KE) ’ Ks:(ll(_\?]ﬁ/lchzﬁ?, Ka_z a(/az
and | Zerfey) = (1/4)((+ 2y?) erfctvg-)- (24/f5) exp(-4°) ]

When R? 0 in eq. (8) the limit is given as

Y 0,a0)=FZO[Fexr-gp)-erfe(57) 5 ©

where Fo= (,t/x%.

Equation (9) corresponds to the solution with the conditions
of that the heat flux from the plate to the liquid is constantly
Q/2 for t> 0.

In the case of Ni plate (2R=0.1mm) and H50(20°C) system the
temperature distributions with parameter t(sec) given by eqgs. (7)
and (8) are shown in figure2 where Q = 2W/cm2. In this figure
the temperature differenceAB between the surface of the plate
and the measuring point should be noted. For example, when the
temperature at the point X/R=40 is about 0.5°C on the curve of
4 sec, the temperature at the plate surface is about 14°C, then
the difference is about 13.5°C.

,-4._
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However, if Q is reduced to 1/10 (0.2W/cm )} ﬁhe unit of the
temperature axis should be reduced to 1/10 because the f; is
linearly proportional to @ in eq.(8). For molten salts which
have the thermal properties with large temperature dipendence,
Af should be small. In such a case Q should be taken small
and measuring time should be taken relatively long.

According to a numerical analysis, the temperature difference
A8 does not so much depend on the thickness of the plate in the
case of 2R< 0.5mnm.

The heat flux from the plate is given as

: g.=ﬁ1ﬂgavﬁaQR . (10)
The result of above calculation using eq.(8) is‘shown in
figure 3 where the parameter is plate thickness and physical
properties of Ni plate and of Hp0 (20°C) are used. From the
figure 3, it is noted that if 2R 0.02mm, the time to reach
998 of saturated heat flux is less than about 0.8sec, and well

approximate stepwise heat flux can be cobtained.

I -2 The Theoretical Analysis on The Ratio of Temperature
Rises vs. Fourier Number
Using eq. (8), the ratio of temperature rises at time t;and
2tq is given as a following equation which is a function of Fp

and is also characterised by three parameters H, Kq and Xg .

8, (x,2t) _ plierfc(1/203F) (1 +H) 5 Hi erfe [en i 2R )

8: )  Jerfc(ONZR) --(1+H)§(—H)”’-’;‘erfc[(zn-KZ"xi'+1)/2JFf ] ’

where Fo, = @;ts/X?%, Xg =X/R and X =X~ R,
Also, the ratio of temperature rises in the case of R=0 is

given by eq. (%) as follow.



JAERI-M 6824

6,2ty _ _2(F/mY exp(-1/85) - erfe (1/2(25)%)
82 (X, 1) 2(Fo /lﬂ)y" exP (-1/4R) —erfc (1/2)=0V2)
where F, =ty /2%

It could be generally assumed for molten salts that Kg> 1,
then the theoretical curves given by eq. (11) would exist in
the region between the curves of R=0 and of H=-1 as shown in
figure 4. For the system of H,0({20°C) and Ni plate(2R=0.1lmm),
the curve is also shown in figure 4.

The dependence of the eq. (1l) on these parameters should
be estimated. Figure 5 shows that the dependence of eq.{(1l)
on H with K =100, X =50. Also figures 6 and 7 show the dependence
on X with H=-0.85, Ku=100 and the dependence on Kp with
H=-0.85,X =50. The”curves shown in these figures approach to
the curve of R=0 with decrease of [H] andfwith increase of Ka
and Xg. |

If the material of the heater plate is determined, Xg is
cnly variable in these parameters. The value of Xg chould be

chosen to a optimum value to get adequate ratio of temperature

. 3
rises ({

In many.cases the physical properties Az, Gz and f, of the
molten salts are not accurately known, therefore the parameters
H and Kg are not obtained. However if Cpz and £ are already
known together with the values‘of Cp; + $ and An it is able to
determine the approximate values of H and Ka by using the value
a3 which is obtained by a preparatory measurements assuming R=0.

If the values of Az ,Cp: and £ are unknown, Q1 have to be
determined approximately by eg. (12) assuming R=0. In this case

the error caused by using eq. (12) could be evaluated as follows

with the assumed value of H.
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If the errors of time t4 and distance X in the Fourier

‘number could be neglected, the error of A, is obtained as

AGZ . afFd
follows. as - A

agy =af-a8, AR =F-F | .
where a; and FS are the values obtained from eq. (ll}) assuming

a value of H, dfand Fg are the values obtained from eq. (12) for

the same ratio of the temperatures.

Figure 8a and 8b show that the relation between the error

and the parameter H with several Xg (Kq=50,100) and with
several Ka (Xg=30).

Figure %a and 9b show that the relation between the error
and the parameter Xg with several H (Ka=50,100) and with
several K, (H=-0.85).

Also figure 10a and 10b show that the relation between the
error and the parameter Kawith several X,{H=-0.85.-0.80)
and with several H (Xg=30).

These relations are taken for 8(x,2tq)/0(x,ty)=3. If the
ratio of the temperature rises are taken to the value more
than 3, these errors shown in these figures are all decrease

slightly as shown in figure 11.

To make the error less than +5% without correcting these

parameters effect, Xgshould be taken more than 100 in __

ordinary case of Ka}50 and Hp» ~0.9.

The effect of H increase extreamly in the region
0.95<[H[<1.0. However, figure 12 shows that the value [H|
may-be less than 0.9 and more than 0.4 for many molten salts.
The valué.of.|Hi decreases by using a platinum heater piate
instead of nickel plate. Then it is more practical in the
error estimation ﬁhat H is assumed to exist in the region

-0.4>H> -0.9.

-3
!
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For example, if the value of H is assumed to -0.80 as a
suitapble value, the error calculated by eg. (11) is about +3.5%
for H=-0.9 (assumed maximum) and about ~2.6% for H=-0.4{assumed

minimum), then the error about +3.5% is secured as long as

-0.4) H) -0.9.

.

I-3 The Effect of Finite Heater Plate

To simplify the problem, the width of the heater plate is

 assumed to be finite in the previous section. The practical

width should be determined by considering the horizontal
boundary effect. It is easy to evaluate the effect experimentally
by measuring the thermal diffusivities of a sample liquid at
several points keeping parallel to +he heater plate. The result
is shown in figure 13. It is the case of 32X32X0.1lmm heater

plate (Ni alloy) and distilled water (20°C). Under the region of

7.5 mm from the center of the plate, end effect may be neglected

in this case.

1I-4 The Method to Determine The Effective Distance ﬂeff.

When the thermal diffusivity dzis dete;mined from the Fourier
number, the estimation of effective distance ﬂeff between the
heater plate and the measuring point is another important problem.
There are two problems to determine the ﬂeff.

The first is how to detect the zero point of,ﬂeff. The chénge
of the distance from a reference point,Aﬂ,, can be measured
whithin a reading error of about 1/100~1/500 mm by using
micrometer or electrical differential transformer. However for

some kinds of molten salts, it is difficult to detect the contact

_,8_



JAERI-M 6824

point (zero point) of the sheathed thermocouple and the heater
pPlate by optical or by electrical method.

The second is how to evaluate the effective temperature
detectiqn point on a diameter of the sheathed thermocouple
because the diameter, even if 0.25mm , is not negligible to the
distance Vgff of about 1~ 2 mm, |

For these problems following method is usefull to determine
the ﬂeff. When the heater plate is heated stepwise at a constant
rate, the temperature rise of the sample salt should be measured
at several point of vertical direction under the heating plate.
From each trace of temperature rise curves, the transient
temperature distribution of the sample liquid is obtained with
parameter t(sec) as shown in figure 14, The temperature of the
heater plate itself should be also measured.

From the cross point of the two temperature curves of the
sample liquid and the heater plate, the origin (zero point) is
determined. Then the effective distance ﬂeff is obtained by'the
difference between the measuring point and the zero point indicated
on the micrometer. The second problem mentiond above is solved

at the same time in this method.

-5 The EBffect of Noise Component on The Temperature Rise Curve.

Data.recording and processing systems are shown in figure 15.
The thermoelectromotive force of the sheathed thermocouple[l]
is amplifiéd by D.C. amplifier[2]. The noise component of the
out put signal is filtered out by low pass filter[3] and the

signal is recorded by digital recorder[4] (10bit 1K word). The
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recorded data are monitored by oscilloscope [5] and punched
out by paper tape puncher[6]. The data of the punched paper
tape are processed by a computer[7].

Noise component of the temperature rise signal affects
largely to the accuracy of temperature rise ratio,

If B(x,2t7) is taken to about 1°C(about 40PV by Chromel-
Alumel thermocouple) and the temperature rise ratio is taken
to about 4, the error of the ratio reaches to about 30%
because the total noise component of the thermocouple and the
D.C. amplifier (input noise) is constantly about 2yVp .

To reject the noise component, low pass filter(42db/oct
decrease from a cutoff frequency) and 50H;(power source noise)
rejection filter aré used. If the cutoff frequency of the low
pass filter is lowered from 50H, to decrease the noise level,
the effect of the signal (wave form)distortion increases. The
effect of the cutoff frequency of the low pass filter is shown
in figurels. To decrease the noise level in low fregquency
region without wave form distortion, numerical data smoosing
is taken in computer program.

However it is difficult to reject the noise component
sufficiently and to make the error of temperatuer rise ratio
within about *2%.

To solve this problem, many times tq should be selected

appropriately and many temperature rise ratios should be
obtained from one temperature rise curve. Then the mean
thermal diffusivity can be determined from these data.

Usually the times t3 are taken to about 100 to 200 points

every 10m second.
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Il IMPROVED APPARATUS AND FROCEDURE
An apparatus shown in figure 17 is designed as the
results of the above analysis considering the experiences of

. 3.
the previous apparatus = | Improved points are as follows.

(1) The éosition of the thermoccouple for tempe}at&re rise
measurement is possible to regurate from outside of
the cell keeping gas tight. An electrical zero point

.. detecter is equipped and a micrometer is used for
positioning of the thermocouple.

(2) The heating platelis made of nickel alloy of 0.lmm
thick (32 X 32mm width) and is exchangeable.

(3) Inconel sheathed Chromel-Alumel thermocouple of
D.25mm O.D. is used for improving the thermal responce.

(4) The position of an outer furnace heater is possible
to regulate and the vertical temperature distribﬁtion
in the cell is able to regulate minutely.

(5) The electrodes of the heater plate have a shape of
half cylindrical shell to prevent the sample salt from

direct irradiation of inner sorface of the furnace

heater.

The heater plate 1 is fixed on the plate holder 2 by screws
together with the Beryllia skirt 3 which avoids convection
flow. The heater plate holder is also set on the half-cylindrical
shell electrodes 4 by screws. The sheathed thermocouple 5 is
set on the bottom of the qguartz pot 6 and is able to control .
the position to vertical direction with the pot. The pot is

set on the quartz center piller 7 and the other side of the piller

— 11 —
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is connected to the micrometer 8. The position of the outer
‘furnace heater 10 is able to shift vertically. |

The radiation shield plates 9 are fixed on the guide tube of
the center piller to prevent temperature fise of lower side
of the cell. The lower part of the outer quartz cell and its
mount are cooled by water. The top part(about 5mm) of the

sheathed thermocouple 5 is made parallel to the heater—-plate.

IV RESULTS

To examine the performance of this apparatus, the thermal
diffusivities of distilled water and of glycerine were measured.
The results were well agreed with the standard values. The
results of the giycerine is shown in figure 18 together with
the values converted from published dat;,.

From -the figure 18 we can read the mean values as
(3.4%0.2)X16%m h'at 20°C and (2.9%0.2)X10°m h at 200°C. These
results were obtained by using the parameters Xz ,Ka and H.

The mean value of H=-0.90 was calculated from the published data.

The thermal diffusivities of molten salts were then measured.
In figure 19 the experimental results for molten NzNO3 at
320-380°C are shown together with published dat;

Mean value of parametér H=-0.85 was used in the calculation.
No temperature dependence was observed and the mean value of
(}L=(5.5’_ro.5;>(16'1 m h was obtained. The difference between the
measured values and the referenced one shown in figure 19 was

about 7%.
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The experimental results for molten Li,BeFy at 470-700°C are
shown in figure 20 together with values converted from published
$)

data, From figure 20 we can read the mean values as

(7.5i0.9)X154£'51at 470-700°C., Mean value of parameter H=-0.78

obtained from the published data of refeienced one was also used
in the calculation.

It is estimated that the scattering of the data depends on
the initial thermal stability of the salt and on the existence
of the gas babbles cn the heating plate. In the case of LipBeF4,
the initial rate of temperature drift was kept below 0.05°C mi§1.

The measurements for the molten salts were made in an argon

atmosphere at a pressure about 10 Torr higher than atmospheric.

v CONCLUSION
Following conclusions are cbtained.

(1) According to the analysis on the transient temperature
distribution, the temperature difference between the
heater plate and the measuring point should be small for
molten salts which have the thermal properties with large
temperature dependence. In such a case, heat generating

. rate should be taken small and measuring time should be

taken relatively long.

(2) Three parameters H, Ka and Xg have to be considered at
the same time to reduce the error caused by the thickness of
the heater plate. When the effect of‘the thickness of the

5 heater plate is corrected, the accuracy depends on the

approximation of these parameters. In these parameters,



(3)

(4)

{(5)

(6)
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X can be obtained accurately and approximate value of Ky is
obtained from preparatory measurement with the curve of

R=0 but in general there are no accurate information on H.
However in ordinary cases, the value of H could be assumed
to H» -0.9, the assumed maximum error of the thermal
diffusivity obtained from the curve of R=0 can be estimated
practically in comparison with the value obtained from the
curvelof H=-0.9.

1f Xgd> 100, Ka> 50 and H» -0.9, the error of the thermal

diffusivities obtained from the curve of R=0 is less than

+5%.
Many temperature rise ratio should be taken from one

temperature rise curve to avoid the error caused by the
noise on the signal.
The thermal diffusivity should be determined from the

average of these data.

An improved apparatus has been made and its good performance
was verified by measurements of distilled water and glycerine.

Measurements'of molten salts were made on NaNOj at 320-380°C

and LizBeF4 at 470-700°C.
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Fig. 3 Heat flux from Ni plate to H,0(20°C).



(°C)

TEMPERATURE

JAERI-M 6824

IR
25 R
H f (SEC)
15
/14
! 13
20 | 12
{]
10
9
8
15 W) 7
\ / c
W\ ;
N :
- \‘\\\ 3
10 ‘0\\‘ 2
"“\\‘\ 1
RSO

0 10 20 30 40 5 e 70 &80
DISTANCE (x/R]

Fig. 2 Transient temperature distribution due to
stepwise heating in the case of Ni Elate
(2R=0.1mm) and H,0 system. Q=2W/cm=.
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Fig. 8a Error caused by neglecting the thickness
of the heater plate.
Effect of the parameter Xg on the rela-
tion of error vs.|H| (temperature rise

ratio=3,K5=50 , 100 Y.

Ka
!
5
10
30
50
80
100

S
\\\‘° i

e

KL

%
e TS z@;ﬁ#:ﬂﬂz:::::::-

0 01 0z 03 04 05 06 07 08 08 10

Fig. 8b Effect of the parameter X, on the relation
of error vs. [H| (Xg=30).
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Fig. 9a Frror caused by neglecting the thickness
of the heater plate.
Effect of the parameter H on the relation
of error vs. Xg (temperature rise ratio=3,
Kq=50~--,100—).
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Xr
Fig. 9b Effect of the parameter s on the relation
of error vs. Xp (H=-0.83).
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Fig. 10a Error caused by neglecting the thickness of

the heater plate.
Effect of the parameter Xg on the relation

of error vs. K, (temperature rise ratio=3,
H=-0,9-=-,-0,85—).
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Fig. 1l0b Effect of the parameter H on the relation
of error vs. K, (XR=30).
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Fig, 11 Effect of the temperature rise ratio (3,4,5)
on the relation of error vs. |H|(K=100).
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Fig. 13 Plot of the thermal diffusivities
of Hy0(20°C) measured at the points
from center line and parallel
(Xg=30) to the Ni alloy heater plate
(32x32x0.1mm). The heater plate is
surrounded with Beryllia skirt.
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point of the sheathed thermocouple. The
cross point of two temperature curves of
the liquid -O— and the heater plate A--
corresponds to the zero point.
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1 - heater plate (Ni alloy, 32x32x0.Imm).
2 - heater plate holder. :

3 ~ Beryllia skirt.

4 - half-cylindrical shell electrodes.

5 - Inconel sheathed Chromel-Alumel thermocouple
(0.25mm diameter)

6 - transparent quartz pot.
7 - quartz center piller.

8 - microﬁeter

9 - radiation shield plate.
10 - outer heater furnace.
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Fig. 17
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sectional view of the apparatus.
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Fig. 19 Thermal diffusivity of molten NaNO;. O present
measurements; published data(2)
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