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Abstract

A quantitative evaluation on thermal striping, in which temperature fluctuation due to convective mixing causes thermal fatigue in
structural components, is of importance for integrity of nuclear reactors and also general plants. Sodium cooled fast reactor had also
several incidents of coolant leakage due to the high cycle thermal fatigue. A sodium experiment of parallel triple-jet configuration
was performed to evaluate transfer characteristics of temperature fluctuation from fluid to structure. The non-stationary heat transfer
characteristics could be represented by a heat transfer coefficient, which was constant in time and independent of the frequency of tem-
perature fluctuation.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In nuclear reactors and general plants, temperature fluc-
tuation occurs in the region where hot and cold fluids are
mixed. The temperature fluctuation may cause structural
components high cycle thermal fatigue, i.e., thermal strip-
ing. In fast reactors, liquid metal sodium is used as the
coolant and it has the high thermal conductivity. The ther-
mal striping as a phenomenological problem in liquid metal
cooled fast reactors was already recognized in the early
1980s by Wood [1], Brunings [2] and has subsequently been
studied by Betts et al. [3], Moriya et al. [4], Muramatsu [5]
and Tokuhiro et al. [6]. The structural failures due to the
high cycle thermal fatigue have occurred not only in the
liquid metal cooled fast reactors but also in light water
reactors and various general plants (Japanese PWR Tom-
ari-2 in 2003, French PWR CIVAUX in 1998, and so on).
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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The thermal striping phenomena could be divided into
five processes; (1) occurrence of temperature fluctuation
due to the convective mixing between hot and cold fluids,
(2) attenuation of temperature fluctuation in the boundary
layer near the structure, (3) heat transfer from the fluid to
the structure, (4) thermal conduction in structure and (5)
thermal fatigue in structure. As for thermal hydraulic
behavior in the thermal striping phenomena, Tenchine
et al. [7,8] investigated the mixing of co-axial jets of sodium
and compared the results of sodium with those of air.
Tokuhiro et al. [9,10] and Kimura et al. [11,12] have per-
formed a water experiment in parallel triple-jet and evalu-
ated the mixing process among the jets. Igarashi et al.
[13,14] has carried out a water experiment with T-pipe con-
figuration and classified flow regimes into three flow pat-
terns dependent on the momentum ratio of the inlet
velocities between the main and branch pipes. As for the
numerical investigation, Muramatsu [15] has developed
numerical methods to evaluate thermal hydraulics and
heat transfer from fluid to structure. As for studies on
the structure, Wu and Janne Carlsson [16] evaluated the
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Nomenclature

A amplitude of temperature fluctuation
a thermal diffusivity
Bi Biot number
D representative length
De hydraulic diameter
F Fourier transform of temperature fluctuation
f frequency of temperature fluctuation
H transfer function
h heat transfer coefficient
N number of experimental data
Nu Nusselt number
P power spectrum density
Re Reynolds number
T temperature
T �avg normalized time-averaged temperature
T �RMS normalized temperature fluctuation intensity

(root-mean-square of temperature fluctuation)
t time

V discharged velocity
x horizontal axis along the structural wall
y axis normal to the structural wall
z vertical axis along the structural wall
DT temperature difference
e phase
u phase of temperature fluctuation
k thermal conductivity
x angular velocity
n distance between two positions

Subscripts

c cold jet
f fluid
h hot jet
w wall
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distribution of the thermal stress in a structural plate and
Kasahara et al. [17,18] developed the structural response
diagram dependent on the frequency of temperature fluctu-
ation in the fluid on the assumption of connection between
fluid and structure via a heat transfer coefficient, which is
constant in time. When the transfer of temperature fluctu-
ation from fluid to structure is evaluated, it is of impor-
tance to determine the heat transfer coefficient. When the
wall is insulated at the boundary except for one boundary
where the temperature fluctuation is transferred, the time-
averaged heat flux at the wall surface is nearly equal to
zero. Therefore, the heat transfer coefficient can not be
obtained from the time-averaged heat flux. Choe and
Kwong [19] predicted the wall temperature using a convo-
lution integral of fluid temperature. In Choe’s study, the
heat transfer coefficient was adequately given by the trial-
and-error method.

In order to estimate the thermal striping, the processes
(2)–(4) are significant on the point of the attenuation of
temperature fluctuations. The quantitative evaluation of
the attenuation makes it possible to design the legitimate
structure in the plants with its integrity. However, there
are few studies, which use liquid metal as a working fluid.
In addition, it is needed to acquire the heat transfer coeffi-
cient deterministically.

In this study, we performed a sodium experiment in the
triple-parallel jets along a stainless steel wall. The triple jets
were configured as a cold jet in the center and hot jets in
both sides. This geometry corresponds to a simplified two
dimensional configuration of reactor core outlet which
has cold flow channels of control rods surrounded with
hot channels of fuel subassemblies. The authors have
already carried out the water experiment of the triple-par-
allel jets [11,12]. Then the velocity and temperature fields
were well understood in the triple jets. For the transfer of
temperature fluctuation from fluid to structure, we devel-
oped how to acquire the time-constant heat transfer coeffi-
cient deterministically and we verified that the heat transfer
coefficient was appropriate for the thermal stress.
2. Experiment

2.1. Experimental apparatus

Fig. 1 shows the schematic of the test section and ther-
mocouples arrangement in a thermocouple-tree and a test
plate. Each of the discharged nozzles had a shape of rect-
angular 20 mm � 180 mm. The height of the nozzles from
the bottom was 85 mm and the both sides of the nozzle
blocks had slopes. Three porous plates and the quadrant
reducer nozzle were set upstream of the each nozzle.
Fig. 2 shows the time-averaged velocity distribution at
0.1 mm from the nozzle exit obtained from the water
experiment with the same nozzle geometry as the sodium
experiment. The spatial-averaged velocity at the nozzle
was 0.5 m/s. The local velocity was measured by the par-
ticle image velocimetry [20]. The velocity distribution at
the nozzle exit showed the flat profile overall. Therefore,
we made an assumption that the discharged velocity pro-
file at the nozzle outlet could be flat in the sodium exper-
iment. The cold jet flowed out vertically in the center and
the hot jets flowed out in both sides of the cold jet. The
nozzles and mixing region were sandwiched by the two
vertical plates. Thus, three jets flow along the walls and
the temperature fluctuation in the fluid is transferred to
the plates. As for the coordinates, x-axis is horizontal
direction along the wall surface, y-axis is normal direction
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to the wall surface and z-axis is vertical direction along
the wall surface. The position of the origin is the center
of the cold jet in horizontally, the height of the nozzle exit
vertically and on the wall in normal direction to the wall.
The both plates were made of stainless steel type-316 (JIS
SUS316) and thermocouples were buried in one plate,
which is called a test plate. Temperature in the fluid
was measured by a movable thermocouple-tree. The ther-
mocouple-tree consisted of four arrays those had different
distances from the wall surface. The each array had 25
thermocouples. The distances between the thermocouple-
arrays and the wall surface were 90 mm, 40 mm, 10 mm
and 0.5 mm within ±0.1 mm accuracy. To keep the dis-
tance from the wall surface constant, a moving tire with
a spring pressed the thermocouple-tree against the oppo-
site wall. For the target test plate, the fixed tire kept the
distance constant between the thermocouple-arrays and
the wall surface. The distances between thermocouples
and the wall surface were confirmed in a mock-up test.
The thermocouples in the test plate were inserted in the
holes which were inclined by 45� to the wall surface to
avoid an influence of thermocouple sleeve on the heat
conduction in the wall. The thickness of the test plate
was 12 mm. The measured points in the test plate were
0.25 mm, 1.5 mm, 2.0 mm and 11.75 mm from the wall
surface facing the jets. The thermal contact positions in
the thermocouples were confirmed by using X-ray exami-
nation. The thermocouples in the tree and test plate were
non-contact K-type (chromel – alumel) and the diameter
of thermocouple was 0.5 mm.
2.2. Experimental parameters

Table 1 shows the experimental conditions. The test
cases were categorized in two conditions; the discharged
velocity of the cold jet was the same as that of hot jets
(isovelocity condition, case 1–9) and the velocity of cold
jet was smaller than that of hot jets (non-isovelocity con-
dition, case 10–13). The water experiment showed oscilla-
tory swing of the center jet under the isovelocity condition
and not under the non-isovelocity condition. The oscilla-
tory motion resulted in a prominent frequency component
of temperature fluctuation. On the other hand, random
temperature fluctuation without the prominent frequency
was observed under the non-isovelocity condition. In
these two different flow patterns, the transfer characteris-
tics of temperature fluctuation from liquid sodium to the
structure can be investigated. Moreover, the discharged
velocities in the sodium experiment were varied from
0.2 m/s to 1.0 m/s in order to clarify the effect of fre-
quency of temperature fluctuation, which is proportional
to the discharged velocity, on the transfer characteristics
of temperature fluctuation from liquid sodium to the
structure. In all cases of the non-isovelocity condition,
the discharged velocity of cold jet was smaller by factor
of 0.67 than that of the hot jets. The discharged temper-



Table 1
Experimental conditions

Case name Hot jet Center jet (cold) DT (�C) Vc/Vh

Vh (m/s) Reh (�104) Peh (�102) Th (�C) Vc (m/s) Rec (�104) Pec (�102) Tc (�C)

Case 1 0.20 1.13 0.63 342.7 0.20 1.06 0.62 310.5 32.2 1.0
Case 2 0.30 1.68 0.93 350.1 0.30 1.55 0.91 310.0 39.9 1.0
Case 3 0.34 1.87 1.03 349.5 0.33 1.72 1.01 310.7 38.6 1.0
Case 4 0.38 2.15 1.18 351.6 0.38 1.94 1.15 306.2 45.2 1.0
Case 5 0.51 2.83 1.57 347.7 0.51 2.60 1.55 304.5 43.0 1.0
Case 6 0.57 3.15 1.74 349.9 0.56 2.89 1.71 307.5 42.7 1.0
Case 7 0.70 3.85 2.14 344.7 0.69 3.59 2.11 310.0 34.7 1.0
Case 8 0.82 4.51 2.51 344.3 0.81 4.22 2.48 309.5 34.8 1.0
Case 9 1.01 5.53 3.09 340.8 1.00 5.18 3.05 309.8 30.8 1.0
Case 10 0.30 1.70 0.94 352.4 0.20 1.04 0.61 311.0 41.3 0.65
Case 11 0.51 2.87 1.58 349.8 0.32 1.68 0.99 311.0 38.7 0.63
Case 12 0.81 4.45 2.49 340.8 0.54 2.79 1.64 309.8 31.0 0.66
Case 13 1.01 5.54 3.11 338.5 0.68 3.50 2.06 308.5 30.0 0.67
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ature difference between the hot and cold jets was approx-
imately 40 �C in all cases.
2.3. Experimental methods

The discharged velocity was calculated using the flow
rate obtained from the electromagnetic flow meter (EMF)
in each line of the nozzle. The original specification of each
EMF was a maximum measurement range of 30 m3/h
within 5% full-scale accuracy. Furthermore, the factual
accuracy of the EMFs were improved within 0.1 m3/h
through means of drop method calibration. This accuracy
corresponded to the velocity within ±0.008 m/s at the noz-
zle exit. The temperatures in fluid were measured at several
heights by the movable thermocouple-tree. At each posi-
tion of the thermocouple-tree, temperatures in structure
and fluid were measured simultaneously. The accuracy of
thermocouple was within 0.1 �C, and the time-constant of
thermocouple was approximately 20 ms. The thermocou-
ples were calibrated by a relative method based on the ref-
erence thermocouple, in which the electromotive voltage
was known. The time-interval of temperature measurement
was 0.01 s and the number of the recorded temperature was
20,000 at each position.
3. Results and discussion

3.1. Flow pattern of mixing among jets

Fig. 3 shows the two-dimensional (x-z) contours of the
time-averaged temperature fields at y = 90 mm (mid posi-
tion between the two walls) and y = 0.5 mm from the wall
under the isovelocity condition (Vh = Vc = 0.5 m/s and
Vh = Vc = 1.0 m/s) and the non-isovelocity condition
(Vh = 0.5 m/s, Vc = 0.33 m/s and Vh = 1.0 m/s, Vc =
0.68 m/s). The temperature and the temperature fluctua-
tion intensity were normalized as follows:

T � ¼ T � T c

DT
ð1Þ
T �RMS ¼
1

DT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

i
T i � T avg

� �2

N

s
; ð2Þ

where DT = Th � Tc.
The masked area corresponds to some non-functional

thermocouples. In the cases of isovelocity and non-isoveloc-
ity, two hot jets flowed upward and inclined to the cold jet.
In the case of non-isovelocity, the cold jet leaned toward the
hot jet in one side. The temperature fluctuation intensity
under the isovelocity condition was largest at the region
where the hot jet met the cold jet. The area of high fluctua-
tion intensity region became small at the neighborhood of
the wall surface in the both cases. The contours of time-
averaged temperature and fluctuation intensity in the higher
discharged velocity case were similar to those in the lower
discharged velocity case. It means that the time-averaged
temperature field was independent of the discharged velo-
city in the range from Vh = 0.5 m/s to 1.0 m/s.

Fig. 4 shows the time-trends of temperatures at the
position (x = �15 mm, z = 100 mm), where the largest
fluctuation was registered under the isovelocity condition
(Vh = Vc = 0.5 m/s) and the non-isovelocity condition
(Vh = 0.5 m/s, Vc = 0.33 m/s). The instantaneous tempera-
ture was normalized by Eq. (1). The measured positions in
depth direction were y = 90 mm (mid position between the
two walls), y = 0.5 mm (closest position to the wall sur-
face), y = �0.25 mm (in the structure) and y = �1.5 mm
(in the structure). Under only the isovelocity condition,
periodic temperature fluctuation was observed. This peri-
odic fluctuation is consistent to the water experiment [20]
mentioned in Section 2.2.

The amplitude of fluid temperature fluctuation in the
figure decreased as the measured position was close to
the wall surface. Furthermore, temperature fluctuation
decayed particularly in the structural wall. Thus, it is
required to take into account this decay for the stress eval-
uation. It was shown that the wave of temperature was
slightly delayed when temperature fluctuation was trans-
ferred from the fluid to the structure. Under the non-isove-
locity condition, the periodic temperature fluctuation was



Fig. 3. Contours of time-averaged temperature fields.
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not clear in comparison with that under the isovelocity
condition.

Fig. 5 shows the power spectrum density (PSD) of tem-
perature fluctuation at the same position as Fig. 3(x =
�15 mm, z = 100 mm) under the isovelocity (Vh =
Vc = 0.5 m/s) and the non-isovelocity (Vh = 0.5 m/s,
Vc = 0.33 m/s) conditions. In order to obtain the PSD, the
temperature data set of 1024 (=210 and time length of
10.24 s) was extracted from total measured data (200 s) with
a Gaussian window. Such the data sets were obtained 200
times so as to shift the data area by one second in the total
measured data. The extracted data were converted to the
data in frequency domain by the fast Fourier transform
(FFT) and the PSD was obtained by averaging the total of
200 sets of FFT results. The prominent frequency compo-
nent was observed in temperature fluctuation under the iso-
velocity condition as well as in the water experiment [20].
The PSDs in the fluid at y = 90 mm and y = 0.5 mm were
nearly identical under the isovelocity condition. The PSDs
under the non-isovelocity condition did not have a promi-
nent frequency of temperature fluctuation. On the transfer
process of the temperature fluctuation from the fluid
(y = 0.5 mm) to the structure (y = �0.25 mm), the decay
of the higher frequency component was larger than that of
the lower frequency component in both cases.
3.2. Heat conduction characteristics in structure

An investigation on non-stationary behavior of heat con-
duction inside the structure is of importance in order to
evaluate thermal stress in the structure caused by the ran-
dom temperature fluctuation. The temperature history at
the wall surface is required to obtain the heat flux at the wall
surface and the heat transfer coefficient, and also to evalu-
ate the thermal stress in the structure. The heat conduction
analysis will help to obtain the temperature history and heat
flux at the wall surface. The instantaneous heat transfer
could be obtained from the predicted heat flux and the tem-
perature difference between fluid and structural surface.

When temperature fluctuation is given as A sin (xt + u)
at one position (n = 0) of infinite plate, the theoretical
equation of the one-dimensional non-stationary heat con-
duction for a single period wave at any point in the plate
thickness direction, n, is as follows:

T ðt; nÞ ¼ A exp �
ffiffiffiffiffi
x
2a

r
n

� �
sin xt þ u�

ffiffiffiffiffi
x
2a

r
n

� �
; ð3Þ

We made an assumption that the heat conduction pro-
cess had linear characteristics for wave period or angular
frequency, x. It means that the heat conduction of the ran-
dom temperature fluctuation in the structure is represented
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as the linear combination of every frequency components.
Then, a transfer function of temperature fluctuation
between two positions (distance, n) will be represented as
follows:

Amplitude : exp �
ffiffiffiffiffi
x
2a

r
n

� �
;

Phase delay :

ffiffiffiffiffi
x
2a

r
n

ð4Þ

In the sodium experiment, the transfer function between
two points, y = �0.25 mm and y = �1.5 mm in the wall
was obtained as follows:

Hðf Þ ¼ F 2ðf Þ
F 1ðf Þ

; ð5Þ

where H(f) is the transfer function. F1(f) and F2(f) were
Fourier transforms of measured temperature histories,
which obtained from the same method as the acquisition
of the PSD.

Fig. 6 shows the power and the phase delay obtained
from the transfer function in the experiments together with
theoretical curves of Eq. (4). The horizontal axis is a fre-
quency and the vertical axis is the power or the phase in
the transfer function. The experimental results were in
good agreements with the theoretical solution independent
of the velocity conditions. It was confirmed that the
conduction process of random temperature fluctuation in
structure was predicted by a transfer function deduced
from the well-known non-stationary one-dimensional
thermal conduction equation.
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By using this transfer function, it will be possible to pre-
dict the temperature history and also the heat flux at the
wall surface from the measured temperature data at a cer-
tain position in the wall. Before this, prediction of temper-
ature history is demonstrated in Fig. 7. The temperature
history at y = �0.25 mm was predicted from the measured
temperature at y = �1.5 mm and compared with the mea-
sured data. The prediction method is as follows:

(1) Temperature history at y = �1.5 mm was converted
in frequency domain by FFT,

(2) The transfer function of Eq. (4) was operated and
frequency characteristics of power and phase at
y = �0.25 mm were obtained,

(3) Temperature history was obtained by inverse FFT.
Here, frequency components of power and phase lower
than 10 Hz were used in the processes (2) and (3) to elimi-
nate the measurement error or noise in high frequency
component in the measured temperature data at y =
�1.5 mm. The predicted results at y = �0.25 mm were in
good agreements with the measured data in all cases. Then,
we considered that the temperature history at the wall sur-
face can be predicted based on the temperature data at
y = �0.25 mm.

For a single period wave, the instantaneous heat flux at
the structural surface (n = 0 mm) was obtained from Eq.
(3) as follows:

qðxÞ ¼
ffiffiffi
2
p

Ak

ffiffiffiffiffi
x
2a

r
sin xt þ uþ p

4

� �
; ð6Þ

As discussed before, the conduction process in the wall
is expressed by linear combination of frequency compo-
nent. Thus the transfer function from the surface tempera-
ture (at x = 0) to the heat flux at x = 0 is as follow:

Power :
ffiffiffi
2
p

k
ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p� �2

:

Phase delay : �p=4
ð7Þ

Then it is possible to estimate the heat flux at the wall sur-
face by the wall surface temperature based on the transfer
function.

Fig. 8 shows the comparisons of time-trends between
temperatures in fluid and structure and the heat flux at
the wall surface. The fluid temperature was measured at
y = 0.5 mm from the wall surface. The structural tempera-
ture at the wall surface was predicted by applying the trans-
fer function of Eq. (4) to the temperature in the wall at
y = �0.25 mm. Positive value of the heat flux means that
the heat flows from the fluid to the structure. The heat flux
largely fluctuated around zero and the time-averaged heat
flux was nearly equal to zero. The fluid temperature near
the wall surface, the temperature at the wall surface and
the heat flux at the wall surface were obtained. Then, it is
possible to acquire the instantaneous heat transfer coeffi-
cient. The heat transfer characteristics obtained from the
heat flux was discussed in the next section.
3.3. Transfer characteristics of temperature fluctuation

from fluid to structure

In order to evaluate the thermal stress in the structure,
the instantaneous temperature distribution in the structure
is needed. Especially, it is important to acquire the temper-
ature distribution in thickness direction in the structure.
The structural temperature at the neighborhood of the sur-
face was represented by the non-stationary one-dimen-
sional thermal conduction equation in Section 3.2. The
heat transfer coefficient is required to get the surface tem-
perature from the fluid temperature.

Fig. 9 shows the trends of the instantaneous heat trans-
fer coefficient and the temperature difference between the
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fluid (y = 0.5 mm) and the surface (y = 0 mm). The instan-
taneous heat transfer coefficient was defined as follows:

h ¼ q=DT : ð8Þ

Here, the instantaneous heat flux was calculated by using
the measured temperature in the structure based on Eq.
(6). The instantaneous temperature difference, DT, was de-
fined as the difference between the fluid temperature at
y = 0.5 mm and the structural temperature at the wall sur-
face predicted by using the temperature at y = �0.25 mm.
The heat transfer coefficient oscillated largely as well as
the temperature at y = 0.5 mm. It was seen that the instan-
taneous heat transfer coefficient showed the local maximal
value when the DT was close to zero. Due to the definition,
the heat transfer coefficient will have large uncertainty
when the DT is close to zero. Therefore it is expected that
the instantaneous heat transfer coefficient does not have
so large variation and fluctuated around a constant value.

Kasahara et al. [21] showed an evaluation method using
Biot number based on a constant heat transfer coefficient in
time to obtain the frequency response of the thermal stress
in the structure. It is difficult to apply the heat transfer
coefficient, which fluctuate temporally, to this evaluation
method. In other words, the constant heat transfer coeffi-
cient in time is required to evaluate the thermal stress in
the structure for a simple and easy design method.

The instantaneous heat transfer coefficient fluctuated as
shown in Fig. 9. However, a constant heat transfer coeffi-
cient, h, is assumed for the simplicity. Then the transfer
function is extended from the wall inside to the relation
between the fluid and the wall by using the heat transfer
coefficient, h.

First, the transfer functions were obtained from the
experimental data to see the influence of flow velocity,
namely amplitude of h. Fig. 10 shows the transfer functions
of temperatures from the fluid (y = 0.5 mm) to the struc-
ture (y = �0.25 mm) under the isovelocity and non-isove-
locity conditions. The transfer function was defined as
Eq. (5). The power of the transfer function in the higher
discharged velocity case was larger than that in the lower
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discharged velocity case under isovelocity and non-isove-
locity conditions. This is due to the larger heat transfer
coefficient in the higher velocity case. The phase in the
transfer function in the higher velocity case was smaller
than that in the lower discharged velocity case in overall
frequency range. However, the data points of the phase
showed scattered distribution. It would appear that one
of the reasons for the scattered phase data is the small cor-
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relation due to the measurement error in high frequency
component.

As shown in Fig. 10, the power of the transfer function
will be correlated with the amplitude of the heat transfer.
Next, the theoretical transfer function of temperature fluc-
tuation from the fluid to the structure is deduced. In one-
dimensional sense, the temperatures in fluid and wall are
correlated as follows:

q tð Þ ¼ h T f tð Þ � T w t; 0ð Þf g; ð9Þ

q tð Þ ¼ �k
oT w t; nð Þ

on

				
n¼0

; ð10Þ

where q(t) is heat flux at the wall surface, Tf(t) is fluid tem-
perature, Tw(t,n) is structural temperature given as the
functions of time, t, and distance from the wall surface,
n. Here, h is assumed to be constant in time for the simpli-
city as mentioned before.
In addition, the non-stationary one-dimensional heat
conduction equation, in which a semi-infinite plate is
assumed, is as follows:

oT w t; nð Þ
ot

¼ a
o2T w t; nð Þ

on2
: ð11Þ

When fluid temperature fluctuates according to the equa-
tion of Tf(t) = A sin (xt + u), the temperature in the wall,
Tw(t,n), is acquired by applying the Laplace transform to
Eqs. (9)–(11). The Tw(t,n) is described as follows:

T wðt; nÞ ¼
Ah�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h� þ
ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p� �2

þ
ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p� �2
r

� exp �
ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p
� n

� �
sin xt þ u�

ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p
� n� e

� �
;

ð12Þ



2034 N. Kimura et al. / International Journal of Heat and Mass Transfer 50 (2007) 2024–2036
here,

h� ¼ h=k; ð13Þ

e ¼ tan�1
ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p 

h� þ

ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p� �� �
: ð14Þ
As discussed before, h was assumed to be constant in
time. Namely, the each frequency component is indepen-
dent of the rest of frequency components and random wave
can be expressed as linear combinations of every frequency
components. Then, the power and phase of transfer func-
tion can be described as follows:

Power :
h�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h� þ
ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p� �2

þ
ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p� �2
r exp �

ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p
� n

� �2
664

3
775

2

:

Phase :
ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p
� nþ tan�1

ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p
= h� þ

ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p� �h i
ð15Þ
0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

Measured Result of 
Measured Result of 
Prediction of Strucu

(a) Vh=0.51m/s, Vc=0.50m/s
(1) Isovelocit

(a) Vh=0.51m/s, Vc=0.32m/s

(2) Non-Isovelo

N
on

-d
im

en
si

on
al

 T
em

pe
ra

tu
re

 (
-)

N
on

-d
im

en
si

on
al

 T
em

pe
ra

tu
re

 (
-)

0            1             2            3            4         5

0            1             2            3            4         5

Time (s)

Time (s)

h=26205 W/m2K

h=20277 W/m2K

Fig. 11. Comparison of temperature histories at y = �0.25 mm (in the structu
in fluid (y = 0.5 mm) using Eqs. (4) and (14).
Here, the transfer functions of temperature fluctuation
between the fluid and the wall were obtained based on both
the experimental data and the theory. Thus, the heat trans-
fer coefficient, h, used in the theory can be estimated so as
to fit the theoretical curve of the power to the experimental
data. Then the theoretical curve of the phase delay can be
determined by using the estimated value of h.

In Fig. 10, the solid line for the power shows the fitting
result of Eq. (15) applied to the experimental data. The
solid line for the phase shows the theoretical curve based
on Eq. (15) and the obtained heat transfer coefficients.
The fitting line for the power was close to the experimental
results up until �10 Hz. The function of Eq. (15), in which
the heat transfer coefficient was constant in time and fre-
quency, was suitable. In the isovelocity case, the phase
was scattered. It might be due to a slight deviance of fre-
quency components at the averaging process of spectrum
for the transfer function. In the non-isovelocity case, how-
ever, the phase in the transfer function was in agreement
with the theoretical equation, Eq. (15).
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In these discussions of heat transfer and heat conduc-
tion, one-dimensional equations were used. The flow field
of parallel jets was three-dimensional. The scale of flow
and vortex will have a size of the jet outlet, that is order
of 10 mm. However, the measured positions in the fluid
and wall are in range of 0.5 mm. Then one-dimensional
equations can represent the transfer functions of experi-
mental data in depth direction of the wall as shown in Figs.
6 and 10. This means that one-dimensional heat transfer is
appropriate to see the fluid and wall temperatures near the
wall surface.

In order to confirm that the constant heat transfer coef-
ficient was enough to represent the transfer characteristics
of temperature fluctuation, the wall temperature was pre-
dicted by using h from the fluid temperature. Fig. 11 shows
the comparison of temperature histories at y = �0.25 mm
(in the structure) between the experiment and the pre-
diction based on the measured temperature in fluid
(y = 0.5 mm). The prediction was made as follows; (1)
the fluid temperature at y = 0.5 mm was converted into fre-
quency domain by the FFT, (2) the frequency components
of temperature fluctuation in the wall (y = �0.25 mm) were
acquired by applying Eq. (15) and the obtained heat trans-
fer coefficient to frequency data of the fluid temperature
at y = 0.5 mm, (3) the time history of temperature at
y = �0.25 mm was obtained by the inverse FFT from the
temperature in frequency domain.

The predicted temperature trends in the wall were in
good agreements with the experimental results. It means
that the constant heat transfer coefficient, h, is enough to
describe the non-stationary heat transfer phenomena from
the fluid to the structure. Then large decay of amplitude
from fluid temperature to wall temperature can be pre-
dicted by using the h. The obtained heat transfer coefficient
could be used to estimate the Biot number for the fre-
quency response function and then the thermal stress in
the wall.

Fig. 12 shows the relationship between the obtained heat
transfer coefficient and Peclet number in our wall jet geo-
metry. The Peclet number was calculated by using the
hydraulic length defined as two times of a distance between
two plates (De = 0.36 m) and the discharged velocity in the
cold jet. The heat transfer was estimated at x = �15 mm
and z = 100 mm. This point was close to the cold jet posi-
tion and we considered that the cold jet velocity was
adequate for the definition of Peclet number. The heat
transfer coefficients were increased as Peclet number
increased independent on the discharged velocity ratio.
Poppendiek [22] showed the heat transfer characteristics
in a short duct for liquid metal as follows:
NuDe ¼ 0:638
Pe � D

x

� �7=15

; ð16Þ

here, x was a running length, which was defined as the
distance from the nozzle exit in this study (x = 0.1 m).
Peclet number dependency of the obtained heat transfer
coefficient was in good agreement with Eq. (16). Conse-
quently, we could show that the non-stationary heat trans-
fer characteristics were close to the stationary heat transfer
characteristics for the dependency of Peclet number.

4. Conclusions

In order to evaluate thermal striping phenomena for
sodium cooled fast reactors, we performed a sodium exper-
iment in which triple parallel jets flowed along the stainless
steel wall (wall jet geometry). Temperatures were measured
in the fluid and the structure by thermocouples to investi-
gate the transfer of temperature fluctuation. Following
findings were obtained.

The area of high fluctuation intensity region became
small at the neighborhood of the wall surface. he contours
of time-averaged temperature and fluctuation intensity in
the higher discharged velocity case were similar to those
in the lower discharged velocity case.

The amplitude of temperature fluctuation was severely
attenuated in the process of the transfer from the fluid to
the wall. The consideration of the attenuation make it pos-
sible to evaluate the thermal stress legitimately.

A heat transfer coefficient, h, was assumed to be con-
stant in time in order to apply to simple design method
of thermal striping. An evaluation method of h was devel-
oped, where the transfer function of the temperature fluctu-
ation between the fluid and wall was used. The obtained h
was sufficient to predict the temperature fluctuation in the
wall from the fluid temperature.

The heat transfer coefficients were obtained as a func-
tion of Peclet number based on the discharged velocity in
this wall jet geometry. The coefficients were independent
of the discharged velocity profile (isovelocity or non-isove-
locity). The coefficients depended on the 7/15th power of
Peclet number.
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