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1. Introduction
For the development of innovative fusion reactors, we examine the film flow along the first

wall to simplify blanket and reduce the cost. The film flow serves as the first wall that protects

the vacuum vessel wall and remove heat. Internal heating inside the film flow should be

removed properly to prevent evaporation and nucleation, which requires the estimate of

turbulent thermal diffusion.

A lithium film flow appears at the target of 14 MeV neutron source. Inside the film, output

power of beam produces internal heating. If its temperature rises and a bubble is produced,

deuteron beam directly runs through the bubble into the backwall, which leads to the melt of

the backwall. Thus, it is necessary to keep away from local temperature rising beyond the

saturation temperature to prevent the bubble formation, which requires the estimate of

turbulent thermal diffusion.

A film flow is formed in primary cooling circuits of the light water reactors (LWR) when the

loss of coolant accident (LOCA) occurs and a cold water is injected into the primary systems.

In order to estimate the interfacial condensation rate at the developing region, it is required to

have the knowledge about interfacial turbulent thermal diffusion of a thick film flow.

Therefore, these systems have the same problem of heat transfer and transport inside the

film flows. It is necessary to investigate the velocity and turbulence characteristics that have a

close relation to the heat transfer and transport. Although there have been performed various

studies on turbulence structure having free surface in a fully developed flow region, the

turbulence properties of the film flows in a developing flow region has not been investigated
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sufficiently. Thus, we measure the velocity profiles and velocity fluctuations in a developing

flow region using Laser Doppler Velocimeter (LDV). Then, experimental data are compared

with analytical result that is obtained using the k-t model of turbulence.

2. Nomenclature
b : Thickness of channel inlet (m)

Ci : Model constant =1.55 (-)

C2 : Model constant =2.0 (-)

C^ : Model constant =0.09 (-)
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fn : Coefficient f̂  = expj rriTTTti')

Gravity acceleration (m/s2)

Turbulence energy (m/s )

Mixing length (m)

Pressure (Pa)

Channel dimension (m)

Axial velocity (m/s)

Friction velocity (m/s)

Velocity in y-direction (m/s)

Axial coordinate (m)

Distance from wall surface (m)

Nondimensional distance from wall surface (-)

Film thickness (m)

Dissipation rate (m7s3)

Eddy diffusivity (m7s)

Inclination angle (rad)

Kinematic viscosity (m7s)

Density (kg/m )

Turbulent Prandtl number of k (-)

Turbulent Prandtl number of e (-)

3. Experimental Apparatus
3.1 Circulation Loop
Experimental apparatus is shown in Fig.1. A working fluid is a water supplied through a

ion-exchanger and a filter. A small amount of aqueous paint was added to the water as seeds

of the LDV measurement. The water was pumped from the tank through the orifice flow meter
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and the cooler to the test section through the cooler by the circulation pump, and a film flow

was formed inside the test section. The water cooler was used to keep the water at the room

temperature, and the temperature was measured with the thermocouple at the outlet of the

cooler. The vacuum pump is connected to the tank to decrease the cover gas pressure in

order to have a free surface condition in the film flow.

Therm o-coupleermo

Cooler
Test
Section

Orific

Pressure
Gauge

Pump Vacuum
Pump

Fig.1 Experimental apparatus

3.2 Test Section
The detail of test section is shown in Fig.2. The cross sectional shape of the entrance

channel is rectangular. The width of the entrance channel is 150mm, the thickness 15mm,

and the length 824mm. The length is 30.2 times as long as hydraulic equivalent diameter,

which provides a fully developed turbulent flow at the outlet of the entrance channel. The

cross sectional shape of the test channel is also rectangular, and its width is 150mm, its

thickness 60mm, and its length 300mm. The entrance and test channels consist of an unit

structure made of acrylic resin to have a smooth wall surface from the entrance channel to

the test channel. A fully developed turbulent flow was confirmed by measuring velocity

profiles at the position 10mm and 20mm upstream from the entrance of the test channel.
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4. Experimental Procedure and Condition
Using the LDV with the laser light irradiated through the back wall, downward axial velocity

was measured at the positions x=10, 30, 50, 70,100mm from the entrance of the test channel

along the spanwise centerline of the channel. Experimental conditions are shown in Table 1.

Table 1 Experimental Condition

Fluid

Inlet temperature

Inlet velocity

Reynolds number

Cover air pressure

Water

293 K

0.7 - 1.2 m/s

1.9x104 - 3.3x104

0.01 - 0.1 MPa

5. Analysis
5.1 Flow System
Analytical conditions are shown in Table.2. Two dimensional single phase and film flows

shown in Fig.3 was dealt with in the analysis. At first, a fully developed rectangle channel flow

was calculated, and the result was used as the entrance boundary condition. Then

downstream film flow was calculated with the k-e model of turbulence at low Reynolds number

given by Jones and Launder (1972).
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Table2 Analytical condition

fluid

temperature (K)

pressure (MPa)

density (kg/m3)

kinematic viscosity(m2/s)

Reynolds number

Entrance cross-section average velocity(m/s)

Water

293

0.1

998.2

1.00x106

1.90x104-4.43x104

0.68, 1.21

Water

Single Phase Flow
(Rectangular Channel)

Downward Film Flow
with Free Surface

(Test Section)

Y

Fig.3 Flow system

5.2 Assumptions

The following assumptions were provided for the derivation of the fundamental equations:

1) boundary layer approximation;

2) two-dimensional flow;

3) steady-flow;

4) constant physical properties in the whole flow region ;

5) no heat of joule ; and

6) no shear stress on the film surface.
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5.3 Fundamental Equations

The fundamental conservation equations are as follows:

continuity equation

du dv
0

momentum equation

du du 1 dP d
u—- + v—- = — — + —

3x 3y p 3x 3y

turbulence energy equation

du—--
dy

g s i n 8 ,

dissipation rate equation

9e _a_
3y

where the dissipation rate is given by

_1E \^L\ _ c f —-
1 k M 3y 2 2 k

(2)

and the eddy diffusivity is expressed by

(6)

The model constants, coefficient and the turbulent Prandtl numbers are given by

( ^ = 1 . 5 5 , C 2 = 2 . 0 , 0 ^ = 0 . 0 9 , o k = 1 . 0 , o k = 1 . 3 ,

[ 2.5 1 (7)

5.4 /n/f/a/ Conditions for Calculation of Inlet Fully Developed Turbulent Flow
In order to obtain faster convergence in the calculation of the inlet fully developed flow

prior to the film flow calculation, the initial profiles of the velocity, the turbulence energy and

the dissipation rate were reasonably specified. The von Karman's universal velocity profiles

given by

u+=y+ (0<y+<5)

u+=5.0+5.0ln y+/5 (5<y+<30), (8)

u+=5.5+2.5ln y+ (30<y+)

are used for the specification of the initial velocity profile.

The turbulence energy is derived from the eddy diffusivity eM and the mixing length lm as

/f=8M
2/c;/2/m

2. (9)
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The turbulent dissipation rate e is derived from eM and kas

e = C ^ . (10)

For the specification of the eddy diffusivity in Eqs. (9) and (10), the Reichardt's equation

s)["~[ s
is adopted, and for the specification of the mixing length in Eq.(9), the Nikuradse's equation

lm=RJ0.14-O.o/i-^j -oWi- jO (12)

is used. Eq.(10) is implicit for e, so that e is derived from numerical method.

5.5Boundary Conditions
Calculation was done with the following boundary conditions:

at wall (y=0),

velocity u=0, (13)

turbulence energy k=0, (14)

dissipation rate e=0, (15)

(16)

(17)

(18)

6. Results and Discussion
The experimental and analytical results for the time-averaged velocity profiles at the inlet

mean velocity of 1.21 m/s are shown in Fig.4, where the horizontal axis is the

non-dimensional vertical distance from the backwall surface y/b, and b is the thickness of the

entrance channel. The data points at the maximum values of the curves indicate the values at

the free surfaces. It is found that the velocity profiles at the inlet x=0 mm are those of the fully

developed flows in the entrance channel both in the experimental result and the analytical

result. In the developing process of the film flow in the x-direction, it can be seen that the flow

is accelerated and the film thickness decreases due to the gravitational acceleration force,

and the velocity gradient near the free surface decreases gradually. The analytical result

at free surface (y=6),

velocity gradient

turbulence energy gradient

dissipation rate gradient

du
a y "
3k _

de

a y "

o,

= 0,

0.
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agree well with the experimental result particularly in the bulk and near the backwall. However,

the discrepancy between the experimental and analytical results becomes larger near the free

surface.

The experimental and analytical results for the time-averaged velocity profiles at the inlet

mean velocity of 0.68 m/s are shown in Fig.5. The agreement between the experimental and

analytical results is good at the inlet x=0 mm, and the acceleration the flow and the flattening

of the velocity profiles are more significant in this case compared with the result at the inlet

mean velocity of 1.21 m/s in the axial developing process of the film flow. The agreement

between the experimental and analytical results are good, although there are some

discrepancy between them.
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Fig.4 the time-averaged velocity profiles at the inlet mean velocity of 1.21 m/s
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Fig.5 the time-averaged velocity profiles at the inlet mean velocity of 0.68 m/s

Fig.6 shows the results for the measured turbulence intensities, or the RMS of the axial

velocity fluctuation, and the turbulence intensities estimated from the calculated turbulence

energy with the assumption of the isotropic turbulence at the inlet mean velocity of 1.21 m/s. It
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is not realistic to assume the isotropic turbulence in this case, but it is assumed just for the

comparison of the experimental and analytical results under the situation of no measured data

for the velocity fluctuations in the spanwise and the y-directions. It is found from the

experimental result that the turbulence intensity near the free surface quickly decreases in the

flow developing process, because the production effect of turbulence disappears due to no

shear stress on the free surface. It is also found that the minimum position of the turbulence

intensity in the bulk moves to the backwall in the flow direction due to the decrease in the film

thickness. The analytical results are qualitatively the same as the experimental ones, but the

analytical values are smaller than the experimental values. This suggests the necessity of the

modification of the turbulence model, the boundary conditions and the numerical scheme for

the free surface flow.

Fig.7 shows the results for the measured and calculated turbulence intensities at the

inlet mean velocity of 0.68 m/s. It is found that the decay of the turbulence near the free

surface is not so large both in the experimental and analytical results compared with the

results at the inlet mean velocity of 1.21 m/s. However, the analytical curves are lower than

the measured values in the same manner as those in Fig.6. This also suggests the necessity

of the improvement of the turbulence model and the numerical scheme.

I
0.2

0.1

-

,l
t

i\

o

m
•

^ 0

A Q ,

Uo'=

0

•

A
•

0
•

)

• * *

1

= 1.21
X

m/s

0 mm Omm
10
30
50
70
100

10
30
50
70 -
100 •

. v im •

Jmk 14MT° v̂

I . I .

0 0.2 0.4 0.6 0.8 1
y/b

Fig.6 the RMS of the axial velocity fluctuation at the inlet mean velocity of 1.21 m/s
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Fig.7 the RMS of the axial velocity fluctuation at the inlet mean velocity of 0.68 m/s

7. Conclusions

The turbulence characteristics of the developing downward water film flow were

investigated experimentally. The velocity and turbulence intensity profiles were calculated

using the k-e model of turbulence for the low Reynolds number flow proposed by Jones and

Launder and the assumption of no gradients of the time average axial velocity, the turbulence

energy and the dissipation rate on the free surface. The conclusions are as follows:

(1) The measured time-averaged axial velocity profiles are well simulated by the k-s

model of turbulence.

(2) The measured turbulence intensities are somewhat higher than the calculated

ones by the k-e model of turbulence. This suggests the necessity of the

modification of the turbulence model, the boundary conditions and the numerical

scheme for the free surface flow.


