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Abstract Liquid sodium is mainly used as a cooling fluid in the liquid metal fast breeder reactor (LMFBR), whose

heat transfer, whether convective heat transfer or boiling heat transfer, is different from that of water. So it is impor-

tant for both normal and accidental operations of LMFBR to perform experimental research on heat transfer to liquid

sodium and its boiling heat transfer. This study deals with heat transfer with high temperature (300-700°C) and low
Pe number (20~70) and heat transfer with low temperature (250~270°C) and high Pe number (125~860), and its in-

cipient boiling wall superheat in an annulus. Research on heat transfer involves theoretical research and experiments

on heat transfer to liquid sodium. It also focuses on the theoretical analysis and experimental research on its incipient

boiling wall superheat at positive pressure in an annulus. Semiempirical correlations were obtained and they were

well coincident with the experimental data.
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1 Introduction

Metal sodium is a very important chemical prod-
uct. Although investigation on the heat-transfer char-
acteristics of liquid sodium started in the 1940s, it has
made great progress within these 30 to 40 years.
Nowadays, liquid sodium is mainly used as a cooling
medium in the liquid metal fast breeder reactor
(LMFBR), and also as a working fluid in the space
power station. Liquid sodium is a low-viscosity fluid
with wettability, whose fluid mechanics characteristics
are the same as those of water. Its low Pr number
makes its thermal conductivity two orders of magni-
tude higher than that of ordinary fluids, and it also
makes liquid sodium heat transfer, whether convective
heat transfer or boiling heat transfer, different from
that of ordinary fluids.

As concerns the present research of lig-
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uid-sodium heat transfer, although a thorough research
has been done on single-phase forced convective heat
transfer in fully developed region of velocity and

temperature fields [,

the experimental research on
heat transfer of liquid sodium with low Pe number and
high temperature is yet to be studied in detail. It was
also shown ' that the mechanism of sodium boiling
heat transfer itself needs considerable modification,
and data of sodium incipient boiling wall superheat are
even more decentralized. Several contradictory results
may be obtained, which is attributed to factors such as
different experimental conditions. It should be pointed
out that it is of both academic and engineering values
to enrich and perfect experimental research in this
field for both normal and accidental operations of
LMFBR.
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2 Theoretical research

2.1 Research on heat transfer

2.1.1 Derivation of differential equations

On the basis of similar assumptions as shown in
Ref. [3], Eq. (A), composed of the mass, momentum,
and energy balance equations (1), (2), and (3), can be

written as
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where U,v,and T represent the time average val-
ues of the corresponding parameters and their bound-

ary conditions are shown in Eq. (B):
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Since the fluid properties were assumed to be
constant, Eq. (2) in Eq. (A) is not influenced by the
temperature distribution. By solving Egs. (1) and (2)
simultaneously, the velocity distribution can be ob-
tained. Then shift the solution to Eq. (3) and the tem-
perature distribution can be obtained.

2.1.2  Solution of velocity field

Assuming:

u=uo/a,, V=o0/0,
B=(d,—d;)/d;, Z= (x/D¢)/Re,
D.=d,—d;, b=D2,
r=r/r, R=(r—r)/(n-r),

B(r)=p(R)=1+en(R)/ v,

and solving Egs. (1), (2), (4), and (5), the dimen-
sionless equations of velocity field can be written as:

1 d dU,(R)| oP
(1+BR) dR ﬂ(R)(HBR)T}E ) (©)
U,(0)=U,(1)=0 (10)

From Eq. (9), the left expression (LE) is only
related to R, and the right expression (RE) is only re-
lated to Z, thus LE=RE=constant. Considering the
constant as C,, and solving Eq. (9), the velocity distri-
bution in a fully developed region can be obtained as

follows:
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2.1.3 Solution of temperature field
To obtain the dimensionless equations of tem-

perature field, it is necessary to make
R=r/r,
X=Z / Pr

)_T(7,§)—f(7,1),

@(7,§ =
ar, /k

B'(R)=1+¢,/a=1+Pry(s,/v),

and solve Egs. (3), (6), (7), and (8). Then,
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For the developed region, V =0,0@/3X =0, and
Eq. (14) may be modified as
Nu, =-B*(B+2)/[ U®(R)dR (15)
2.1.4 Theoretical results
From Egs. (11) and (15), the velocity and tem-
perature field distributions can be obtained by nu-
merical integral method. The theoretical results can be

expressed by
Nu, =4.40+0.019Pe** (16)

It must be pointed out that the formulas of pa-
rameters such as &y, €n, W, and so on, were finally
selected on the basis of the previous optimization. In
principle, it is appropriate to the whole turbulent heat
transfer in an annulus with the developed velocity and
temperature fields.

2.2 Research on incipient boiling wall superheat

Incipient boiling is relative to steady boiling.
Mechanism of incipient boiling is much more compli-
cated than that of steady boiling. When boiling of any
liquid happens on a heating surface, its surface tem-
perature T,, must be higher than its saturation tem-
perature T, and the difference of (T, —T;) is referred to
as wall superheat. Forced convective boiling in an an-
nulus can be treated as a combination of forced con-
vection and pool boiling. On the basis of analysis and
study of single-phase forced convective heat transfer
and pool boiling heat transfer, the mathematic model
of forced convective incipient sodium boiling heat
transfer is obtained with the help of the superposition
principle.

2.2.1 Single-phase forced convective heat transfer

It was shown ¥ that an appropriate turbulent heat
transfer correlation of liquid metal flowing in an an-
nular is as follows:

R — —
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Nu= a+ B( #Pe)” (17)

where a=4.82+0.697d,/d;, £=0.022,
y= O.758(d2/d1)0'053. In the experiment, d,/d,=1.67;
therefore, Eq. (17) can be written as:

Nu=5.98+0.022( ¥Pe)*""” (18)

where ¥=1-1.82/[Pr( e/ 0)"],
(&m/ )= 4.0+0.0029Re*"". And then:

=[5.98+0.022( ¥Pe)""IK(Ty-To/De  (19)

2.2.2 Pool boiling heat transfer

Presently, the theoretical model of sodium pool
nuclear boiling is put forth on the basis of general
boiling mechanism research. It has been shown ! that
the correlation is as follows:

And then the following expression is obtained:

U= nPL0.844(TW_TS)3.125 (21)

2.2.3 Forced convective incipient boiling heat transfer
Although there are many factors which influence
the incipient boiling superheat, such as heat flux,
pressure, velocity, subcooling, detained inert gas con-
centration on wall, oxide impurity content in sodium,
roughness of heating surface, physicochemical char-
acteristics of fluid, wettability, and so on, the impor-
tant factors are heat flux, pressure, and velocity. It has
been shown that the total heat flux of forced convec-
tive boiling equals the convective heat flux plus pool
boiling heat flux . Incipient boiling heat transfer
combines forced convective heat transfer and pool
boiling heat transfer, and the correlation is as follows:

g=Sc0c + Fuln (22)



180 NUCLEAR SCIENCE AND TECHNIQUES

Vol.17

From Egs. (19) and (21),
q=5:[5.98+0.022( #Pe)""’|K(Ty—Tp)/De+
an PL0.844(TW_TS)3.125 (23)

Considering the actual conditions in these ex-
periments, Eq. (23) is simplified as follows:
q=M[5.98+0.022( ¥Pe)" "1+ NP "3*(T,~To)*'*
(24)
It is well known that ¥ equals zero under low Re
number. So the effect of velocity on wall superheat
under low velocity is not considered in Eq. (24).
However, the experiments show that the low velocity
influences the incipient boiling superheat to a great
extent. So Eq. (24) is modified as follows:
q=M[5.98+0.022( #Pe)" 771+ NP "**(T,~T,)*'*Pe®
(25)

3 Research on heat transfer

3.1 Heat transfer with high temperature and low
Pe number

The experiments were carried out in the sodium
heat transfer test facility of Xi’an Jiaotong University
(Fig.1). The test section is composed of an outer duct
of 10 mm inner diameter and an electrical heating ele-
ment of 6 mm outer diameter with a heat flux of 1500
kW-m™ (Fig.2). The heating element is installed at the
center of the outer duct. There are six small grooves at
an equal angle of 60°, where six thermocouples of
0.3 mm diameter are installed at an equal distance of
10 mm. To ensure the radial fixity of the heating ele-
ment, two fixed hoops are installed at the inlet and
outlet of the outer duct.

The main experimental parameters are: tempera-
ture, 300~700°C; Pe number, 20~70; Re number
4000~17500; and oxide impurities 20~50 png-g”. Be-
fore the start of a set of experiments, heat balance tests
were carried out to verify the reliability of the meas-
uring system. The heat balances were no less than
95%. On the basis of experimental data, the following
conclusions can be drawn:

(1) 60 sets of experimental data have been ob-
tained. Heat transfer correlation is as follows:

Nu =4.55+0.027Pe*”"! (26)

(2) Relative errors of experimental data are less
than +10%, whose decentralization degree is less
than +12%.

3.2 Heat transfer with low temperature and high
Pe number

The experiments were also carried out in the so-
dium heat transfer test facility of Xi’an Jiaotong Uni-
versity. The test section is similar in structure to that
used for the study of heat transfer with high tempera-
ture and low Pe number. It is composed of outer duct
of 19 mm inner diameter and electrical heating ele-
ment of 12.3 mm outer diameter with a heat flux of
500 kW-m™. The heating element is installed at the
center of the outer duct.

The main experimental parameters are: tempera-
ture, 250~270°C; Pe number, 125~860; Re number,
0.20x10°~1.35x10°; and oxide impurities, 20~50
pg-g”. The heat balances were no less than 95%. On
the basis of experimental data, the following conclu-
sions can be drawn:

Flow-capacity Low temperature
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Fig.1 Schematic diagram of the sodium heat transfer test facility.
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Fig.2 Schematic diagram of the test section. The left section shows an enlarged scale drawing of B-B section in the right drawing.

(1) 100 sets of experimental data have been ob-
tained. The present results coincide with Eq. (16) very
well.

(2) Relative errors of experimental data are less
than +14%, whose decentralization degree is less
than +7%.

3.3 Discussion

(1) Nowadays there are few articles in profes-
sional magazines that deal with heat transfer to
high-temperature sodium with incipient and less de-
veloped turbulent flow. For further discussion and
analysis, several data of similar conditions are selected
for comparison (Fig. 3).

a) Eq. (18) is appropriate for the fully developed
turbulent liquid metal flow; however, it does not fit the
less developed turbulent flow because the value of
v is negative when Pe <250. In these conditions, the
heat transfer may be described by the constant term of

molecular heat conduction expressed by curve 1 in Fig.

3. The present flow regime for liquid sodium with low
Pe number basically belongs to the incipient and less

developed turbulent flow.

7.0

6.0 I

Nu

50 Ir

40

Fig.3 Nu vs. Pe for heat transfer with high temperature and
low Pe number.

b) Eq. (26) (curve 2 in Fig.3) based on the ex-
perimental data describes the heat transfer to liquid
sodium with high temperature and low Pe number in
an annulus. It shows that neither turbulent eddy heat
transfer nor molecular heat conduction can be ignored
even in the region of incipient turbulent flow and less
developed flow.

¢) The heat transfer data of liquid sodium (with
Pe, 40~100; temperature, 240~270°C; oxide impurity
content, 100~300 pg-g"') in an annulus are given in
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Ref. [7]. The heat transfer curve 3 with Pe of 40~80 is
shown in Fig. 3.

d) Curve 4 in Fig. 3 (Eq. (16)) is better than curve
3 although it is a little lower as compared with curve 2
in Fig. 3.

(2) Eq. (16) (curve 1 in Fig. 4) has been proved
by the heat-transfer experiments with low temperature
and high Pe number. For high Pe number heat transfer
to liquid sodium in an annulus, there are a lot of ex-
perimental data which may be decentralized, but most
of the investigators believe that Egs. (17) and (18) are
acceptable although they show a little larger Nu num-
ber in the high Pe number. As shown above, according
to Eq. (16), the Nu number is only 8% (max.) lower
than that in accordance with Eq. (18) as shown in Fig.
4 (curve 3).

28

24
20
32 16

12

200 400 600 800 1000

Fig.4 Nu vs. Pe for heat transfer with low temperature and
high Pe number.

(3) Fig. 3 shows that the Nu number given by Eq.
(26) and expressed by curve 2 is medium among all
the curves shown in the figure. Ignoring the difference
in experimental regimes among the curves in Fig. 3,
even for the condition they represent, will also cause
errors in different degrees because of the neglect of
natural convection, axial heat transfer (which cannot
be ignored for liquid metal laminar flow heat transfer),
oxide impurity content, and so on, when they are de-
rived or obtained. It is a typical example that the Nu
number given by curve 3 in Fig. 3 is on the low side.
The research shows that the inert gas on the heating
wall may have a bad effect on heat transfer and espe-
cially on the velocity of laminar flow.

Eq. (26) is a sole correlation of heat transfer to
liquid sodium with high temperature and low Pe

number. However, it is not applicable to liquid sodium

with low temperature and high Pe number as shown in
Fig. 4 (curve 2).

4 Research on incipient boiling wall super-
heat

It has been shown that the incipient boiling wall
superheat of liquid sodium is six times higher than the
steady boiling wall superheat, and is about five times
higher than that of water, which are attributed to the
following facts: (1) within the range of general pres-
sure and temperature, the pressure gradient OP /0T
of liquid sodium saturation pressure curve is compara-
tively small; (2) besides the active chemical feature of
liquid sodium that has considerable effect on its
self-cleaning for the heating surface, the high wet-
tability makes surface activation nucleating difficult;
(3) the detained inert gas on wall cavities helps bub-
bles nucleate, and the high temperature of sodium is
apt for the removal of gas. Due to the complexity of
the mechanism of liquid sodium incipient boiling, up
to now the researches on this subject are just in the
initial stage.

4.1 Experimental research

The experiments were carried out in the sodium
heat transfer test facility of Xi’an Jiaotong University
(8] The test section in structure is the same as that used
in the research on heat transfer with high temperature
and low Pe number. The inlet flow rate is measured by
a permanent magnetic flowmeter. The inlet and outlet
pressures of the test section are measured by pressure
sensors. A function recorder is used to follow up and
record flow rate, pressure, and temperature fluctuating
signals under boiling condition.

The main experimental parameters are: heat flux,
80~130 kW-m™; system pressure 1.09 x 10° ~ 1.26 %
10° Pa; incipient boiling velocity, 0.02~0.14m-s";
wall superheat, 8~35°C; oxide impurities 20~50 pg-g™.
The heat balances were no less than 95%. On the basis
of experimental data, the following conclusions can be
drawn:

(1) 30 sets of experimental data have been ob-
tained. Incipient boiling wall superheat is as follows:

To—Te=
0.921[q—8348.1-31( ¥Pe)""71*3?p 027pe 0% (27)
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(2) Decentralization degree of experimental data
are within +19%.

4.2 Liquid sodium boiling fluctuation curve

When subcooling fluid flows upward in a vertical
annulus, according to the heat transfer characteristics
of forced convective boiling, several regions can be
specified as follows: (1) single-phase region; (2) tran-
sition region from single phase to subcooling boiling;
(3) unsteady subcooling boiling region; (4) steady
subcooling boiling region; (5) saturation boiling re-
gion; and (6) liquid-deficient region. For unsteady
subcooling boiling region, the subcooling of bulk fluid
is large and the bubbles that are formed on the wall do
not get the required supply of energy to grow, and
hence cannot overcome the wall adhesive force to
separate from the wall. The flow rate may be reduced
because of the increased frictional pressure drop
caused by numerous bubbles. For steady subcooling
boiling region, the subcooling of bulk fluid decreases
to approach zero, the bubbles on the wall get the re-
quired supply of energy to grow and to separate from
the wall, and then enter the bulk fluid region. When
the wall temperature, liquid temperature, and the flow
rate decrease in various degrees, fluctuation occurs.
The steady incipient boiling just starts. In other words,
the place of the maximum wall temperature of the
heating elements means the starting point of incipient
boiling before the parameters fluctuate. Generally
speaking, with the help of temperature, pressure, and
flow fluctuation signals, the occurrence of incipient
boiling can be determined effectively. The key sign of
saturation boiling is that the bulk temperature reaches
the saturation temperature. Figs. 5 and 6 show the
fluctuation curves of subcooling boiling and saturation
boiling, respectively. When subcooling boiling occurs
under low velocity, outlet pressure of the test section
fluctuates slightly, in connection with the process of
bubble formation, growth, and breaking on the top part
of the heating elements. When saturation boiling oc-
curs under low velocity, the inlet pressure fluctuates
more than the outlet pressure, which is associated with
the pressure compensation of the expansion tank. For
both regimes, the velocity fluctuations are very obvi-
ous, and frequencies and amplitudes of the fluctuation

are quite different.
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Fig. 5 Fluctuating curves of subcooling boiling.
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Fig. 6 Fluctuating curves of saturated boiling.

5 Conclusions

On the basis of experimental data and theoretical
research on heat transfer to liquid sodium and its in-
cipient boiling wall superheat in an annulus, the fol-
lowing conclusions can be drawn:

(1) The formula of heat transfer with high tem-
perature and low Pe number is obtained. Relative er-
rors of experimental data are less than +10%, with a
decentralization degree of less than +12%.

(2) The present results on heat transfer with low
temperature and high Pe number coincide with the
theoretical research. Relative errors of experimental
data are less than +14%, with a decentralization de-
gree of less than +7%.

(3) Incipient boiling wall superheat is obtained.
The decentralization degree of experimental data is
within £19%.

Nomenclature

a Molecular thermal diffusivity (m*s™)
B Dimensionless width of annulus

b Width of annulus channel (m)

De Hydraulic equivalent diameter (m)

dy, d, Inner and outer diameters (m)
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F., S. Correction factor

h, Pool boiling heat transfer coefficient (W-m2-°C™)

K Thermal conductivity (W-m=-°C™")
M, N, C Parameters defined by experiment
m,n Coefficients
Nu, Nu, Nusselt number
PL Pressure (Pa)
Pe Peclet number
Pr Prandtl number
Heating flux (W-cm™)

Single-phase forced convection heat flux (W-cm™)

q
dc
0, Pool boiling heat flux (W-cm™)
R Dimensionless width variable of annulus

'R Dimensionless radius

r Annular radius (r;<r<r,, m)

r, r, Inner and outer radii of annulus (m)

r’  Radius ratio (ry/r,)

Re Reynolds number

tin, Loy Inlet and outlet temperatures (°C)
Temperature of liquid sodium (°C)
Saturation temperature of liquid sodium (°C)
Wall temperature of heating element (°C)
Liquid temperature (°C)

Dimensionless axial velocity

l=lc ~lA A A

Axial velocity (m-s™)

w  Inlet velocity (m-s™)

|<_C

Dimensionless radial velocity

v Radial velocity (m-s™)

X Axial coordinate (m)
X Dimensionless axial coordinate relative to Pe
Y,z Coordinate ( m)

Z Dimensionless axial coordinate relative to Re

Greek symbols

£ Ratio of overall eddy diffusivity for momentum to kine-
matic viscosity

0 Temperature modification factor due to grooving wall of
the heating element (°C)

&n  Eddy diffusivity for heat transfer (m?-s™")

&m Eddy diffusivity for momentum transfer (m”s™)

v Kinematic viscosity (m*s™)

p  Density of sodium (kg:m™)

71, 7, Shear stress of inner and outer walls of channel
(N-m™)

¢ Dimensionless temperature
Ratio of eddy diffusivity of heat to eddy diffusivity of
momentum
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