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The characteristics of liquid lithium (Li) plane jet target flowing with free
surface along a concave wall were studied using a multi-dimensional thermal-
hydraulic code, FLOW-3D, as part of the design activity of the International
Fusion Materials Irradiation Facility (IFMIF) that started in February 1995.
The IFMIF will provide high flux, high energy (~14MeV) neutron irradiation
field for testing and development of low-activation and damage-resistant fusion
materials by deuteron-Li reaction in the target. The Li target flows at high
velocity ( <_ 20m/s) in vacuum, and should adequately remove the intense
deuteron beam power ( <. 10MW). The two-dimensional hydraulic analyses of
the flows around the exit of contraction nozzle to form the jet clearly showed
the mechanism how the depth-wise velocity profile develops in the jet. The
pressure distribution in the nozzle was found to be influenced by a depth-wise
static pressure distribution developed in the jet on the concave back-wall, and
to accelerate the flow near the free surface but decelerate near the back-wall.
The results agreed well with the data obtained from water simulation experi-
ments. Furthermore, effects of three-dimensional convection due to high-
temperature region after beam irradiation in centrifugal force field was clari-
fied by means of two-dimensional calculations. The temperature rise at the jet
free surface was found too small to cause any thermal instability in the target
flow.
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1. Introduction

1. 1 Outline of IFMIF

Intense neutron flux at the energy 14MeV in a D-T fusion reactor will damage and

activate reactor materials because of the displacement of atoms and the nuclear reactions

including the generation of gaseous elements. A neutron source to provide an intense neutron

irradiation field simulating the fusion reactor condition has been required for the development of

the low-activation and damage-resistant fusion reactor materials.

The design activity of the International Fusion Materials Irradiation Facility (IFMF) to

provide such a neutron irradiation field has started in February 1995 under the auspices of the

International Energy Agency (IEA).') Figure 1 -1 shows the schematic layout of the IFMIF.

Two deuteron (D+) beams at 30 to 40MeV with the total current 250 mA are focused onto a

high-velocity liquid lithium (Li) target that flows in vacuum. Neutrons are generated by D-Li

stripping reaction within the Li target flow. Candidate materials will be placed in the test cell

behind a concave back-wall and irradiated in the intense neutron field.

1. 2 Proposed Requirements for the IFMIF Target Flow

The IFMIF target design has been based on the pioneering work for the Fusion Materials

Irradiation Test (FMIT) Facility^) which was designed for the US Department of Energy. The

schematic of the IFMIF target assembly is shown in Fig. 1-2. The two D+ beams will be

focused onto a rectangular region (50 mm-high x 200 mm-wide) of Li target. The most of

kinetic energy of the D+ beam power (> 95%), is deposited and turned into heat within the Li

target flow.

The liquid Li target should remove the generated heat to keep the stability and the integrity

of the target flow itself. The heat generation spectrum has a peak near the end of the beam

penetration range. Furthermore, the Li target flows in high vacuum which should be better

than 10~3 Pa to assure the D+ beam stability. The temperature increase in the Li target should

thus be well suppressed to avoid both the voiding in the target and the significant vaporization at

the free surface. To meet these conditions, the Li target flows at high speed 10-20 m/s along a

concave wall. Depth-wise static pressure distribution due to the centrifugal force results in a

significant increase in the saturation temperature along with the depth.

1 -



JAERI-Research 98-022

The requirements to such IFMIF target flow have been proposed in the IFMIF-

CDA1) (Conceptual Design Activity) and are summarized in Table 1-1. In the IFMIF-CDA,

a contraction nozzle to provide the Li jet flow was requested to located at a distance of -150 mm

from the edge of the deuteron beams to minimize the deformation due to the neutron irradiation.

The Li jet with free surface is required to be stable along the whole length of about 350 mm.

Table 1-1 Target Parameters

Jet thickness (mm)

Jet width (mm)

Jet velocity (m/s)

Inlet temperature (XI)

Beam footprint size (mm)

25 ( for 40 MeV D+ )

22 ( for 36 MeV D+ )

19 ( for 32 MeV D+)

260

15 (10<u a v e<20)

250

200 (wide) x 50 (high)

1 . 3 Analyses for IFMIF Target

In JAERI, the characteristics of the IFMIF target flows have been studied

experimentally2) and analytically3) as part of the IFMIF-CDA. This report summarizes the

results of two analyses; "Jet Behavior around Nozzle Exit" and 'Three Dimensional

Convection", on the target flows using a multi-dimensional thermal-hydraulic computer code

FLOW-3D.4) The FLOW-3D code was employed because the code can deal with turbulent

flows with a free surface using the VOF (volume of fluid) model.

The two- and three- dimensional analyses of the jet flows were performed to clarify the

characteristics of the Li target flow on the following 2 topics;

- 2 -
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Jet Behavior around Nozzle Exit :

In the design work for the FMIT, the Li jet flowing on a concave wall was found to have

a specific depth-wise velocity profile, being close to that of free-vortex flow u r r = constant,

where ur is the local velocity at the radius r. This velocity profile is beneficial to increase

temperature margin at the free surface to suppress the vaporization of Li in vacuum. This

velocity profile, however, was not well simulated by the two-dimensional numerical analyses

for the FMIT.6) The transition of this velocity profile was not simulated either in the recent

analytical work for IFMIF in FzK which employed two-dimensional models consisting of a

contraction nozzle (contraction ratio : 4), a straight part as nozzle exit (40mm-long), a free

surface jet (about lOOmm-long) along concave / straight / no back wall, and a straight

downstream section.8) The same phenomena was observed also in water simulation

experiments in JAERI using a symmetric nozzle which was expected to provide a depth-wise

uniform velocity profile.2) The transitional behavior of the jet flow around the exit of the

contraction nozzle was thus studied by means of two-dimensional hydraulic analyses to clarify

the mechanisms to cause such a velocity profile. The results are described in Section 2.

Three Dimensional Convection :

Heat generation due to irradiation of the intense deuteron beams results in the formation of

a high-temperature region in the jet where temperature increases with the depth. Previous two-

dimensional analyses3) were performed assuming that the temperature distribution in the heated

region is laterally uniform at the same depth. However, convection is expected to occur at the

edge of the irradiation region where the high-temperature region faces to the low-temperature

region with the initial temperature, causing the high temperature region to migrate towards the

free surface in a large centrifugal force field. To keep the high subcooling in the jet flow,

downstream channel to the quench tank should be concave walls, on which the convection

continues in the jet.

The centrifugal force should act on the jet flow until the downstream quench tank to keep

the high subcooling. The influence of the flow convection on the temperature in the jet flow

was thus analyzed to predict an exact surface temperature and to obtain an optimum downstream

channel geometry. The calculation was performed two-dimensionally for the component on a

cross section perpendicular to the flow axis to simulate the three-dimensional phenomena. The

employed two-dimensional calculation method was verified by comparing with a three-

dimensional calculation for a typical case. This method greatly reduced the computational time.

The results are described in Section 3.

- 3 -
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2. Jet Behavior around Nozzle Exit

In the IFMTF target, the Li plane jet is generated using a contraction nozzle, from which

the jet flow smoothly discharges onto the downstream concave wall as shown in Fig. 1-2.

In the jet flow, the depth-wise velocity profile becomes slanted such that the velocity decreases

with the depth from the free surface. Such free-vortex-like velocity profile encontered first at

the FMIT water simulation experiments.6> The same phenomena was also observed in the

JAERI water simulation experiments for the IFMIF using a symmetric nozzle which provides a

flat velocity profile over the nozzle exit cross-section.2) Two-dimensional hydraulic analyses,

however, have failed to predict such a change in the velocity profile properly.6)

This phenomenon takes place according to the static pressure distribution around the

nozzle exit when the jet flow exits the nozzle onto a concave wall, as the depth-wise static

pressure distribution starts to develop in the jet due to a centrifugal force. In the two-

dimensional hydraulic analyses, the flows on the concave wall and in the upstream nozzle have

been calculated separately using different coordinate system : cylindrical coordinate for the jet,

a boundary-fitted coordinate (BFC) or a Cartesian coordinate for the upstream nozzle flow.

Since the above phenomena occurs only at the connection of these two parts of the flow channel,

such approach for the prediction should fail to represent the real flow conditions.

In JAERI, two-dimensional analyses have been performed to predict the jet behavior

around the nozzle exit using a single model in Cartesian coordinate which covers both the

upstream nozzle and the jet flow on a concave wall. The change in the jet thickness around the

nozzle exit was calculated further using a cylindrical coordinate, by passing several major

parameters calculated in the upstream Cartesian coordinate mesh to the downstream model.

The commercial code FLOW-3D4) was employed for these calculations, because the code can

deal with flows with free surface using the Volume of Fluid (VOF) model.

- 5 -
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2. 1 Calculation Condition

A two-dimensional Cartesian coordinate shown in Fig. 2-1 was employed for the six

cases VI through V6, to study the jet behavior around the nozzle exit. For the four cases V7

through VI0, a two-dimensional cylindrical coordinate was used to separately evaluate the

change in the jet thickness along the length of the flow. This method was employed because

the jet shapes were found to be greatly distorted around the downstream boundary when the

Cartesian coordinate was used to cover both the nozzle and the jet. For the latter case,

velocities (U, V), pressures (P) and fractions of fluid (F) calculated from the nozzle flow using

a Cartesian coordinate were passed as the inlet conditions to the jet flow calculations using a

cylindrical coordinate. The calculation conditions are summarized in Table 2-1.

Two cases VI and V7, are the base cases for each of the two types of simulations. In

six cases V2 through V4, and V8 through VI0, the effects of the nozzle exit location relative to

the inlet of concave wall upon the jet thickness were studied, by inserting a short straight

section between the nozzle exit and the concave wall or by starting a curved but parallel channel

in the nozzle.

To simplify calculation conditions, upstream nozzle was assumed to be a 20mm-width

straight channel with an uniform inlet velocity distribution. Walls to confine the flow channel

was modeled using the fractional area/volume obstacle representation (FAVOR) model of the

FLOW-3D code. All the walls were assumed to be slip. The effect of this assumption on the

velocity distribution change was expected to be negligible.

The mesh sizes (in mm) were AX = AY = 0.5 (Cartesian) and AR = 0.5,

AL ~ 0.5(cylindrical). The time step (< 0.005 ms) and the mesh size (0.5 mm) were

confirmed to be fine enough by comparing with the results calculated using more finer time

steps and mesh sizes. Every calculation was performed within enough long time to be

regarded as a steady state. The inner radius of the concave back-wall (R) was 250 mm.

The average jet velocity was lOm/s to compare with the results of the JAERI water

simulation experiments. The downstream boundary was assumed to be continuative.

The momentum equation approximation was second-order (monotonicity-preserving).

However, turbulent models such as the K-e model were not used, because the K-e model with

turbulent viscosity had not given significant difference to the results.

Fluid physical properties were assumed to be those of water at 293 K.

No gravity acceleration was assumed to limit the study for the effect of back-wall shape

and nozzle exit location. The gravity acceleration would have caused the average velocity to

become higher and the jet thickness to become thinner.

- 6 -
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2. 2 Results and Discussions

2. 2. 1 Transition of Pressure and Velocity

(1) Base Case
Figure 2-2 shows the static pressure distribution around the nozzle exit calculated in

Case-Vl. The uniform pressure had been given at the upstream boundary (nozzle inlet at

Y = 30 mm). However, the result clearly indicates that the depth-wise static pressure

developed in the jet (Y < 0 mm) because of centrifugal force on concave back-wall somehow

penetrates into the nozzle. The pressure, therefore, increased with the length along the back-

wall (X = 250 mm), but decreased along the front-wall (X = 230 mm) in the nozzle

(Y > 0 mm). Along the back-wall, the pressure continued to increase after the flow exited the

nozzle (R = 250 mm at Y < 0 mm) until the static pressure on the wall reaches the maximum.

The pressure change rate was maximum around Y = 0 mm where the back-wall becomes to be

concaved.

Figures 2-3 and 2-4 respectively compare the depth-wise pressure in the nozzle

(Y = 0, 10, 20, 30 mm) and in the jet (6 = -40, -80, -120mrad : L = -10, -20, -30 mm).

In the nozzle, the pressure changed gradually around the upstream boundary but steeply around

the nozzle exit. In the jet, depth-wise pressure distribution nearly settled within a small angle

8 > -80mrad.

Figures 2-5 and 2-6 compare the profiles V-velocity component, being related to the

depth-wise pressure distributions shown in Figs. 2-3 and 2-4. At the upstream boundary

(nozzle inlet), the given velocity profile was uniform. In the nozzle, the velocity changed

gradually around the upstream boundary but steeply around the nozzle exit, according to the

pressure distribution. In the jet, the depth-wise velocity profile nearly settled within a small

angle 0 > -80 mrad.

The pressure and corresponded velocity transition around the nozzle exit clearly indicate

that fluid flowing near the front-wall is accelerated, but is decelerated near the back-wall.

Consequently, the velocity of the jet free surface becomes higher, and the velocity on back wall

becomes lower, than the jet average velocity. As such, the results obtained in the base case

clearly explained the mechanism for the velocity profile transition around the nozzle exit.

(2) Effects of Upstream and Downstream Boundary Conditions

The effects of length of nozzle or concave wall onto the transitional behavior around the

nozzle exit were studied in this section. Figure 2-7 compares all the pressure contours

around the nozzle exit obtained in the six Cartesian coordinate cases VI through V6. Contents

of this figure cover discussions in the two sections (2.2.1 (2) and 2.2.1 (3)).

- 7 -



JAERI-Research 98-022

Figures 2-8 through 2-11 compare the pressures and velocities in Case-V5 with a long

nozzle 100 mm > 30 mm in Case-Vl. The results obtained in Case-V5 were nearly equal to

those in Case-Vl.

Figures 2-12 through 2-13 show the pressures and velocities in Case-V6 with a long

free surface region 70mm > 50mm in Case-Vl. The pressures and velocities in Case-V6

were again nearly equal to those in Case-Vl.

These results indicate that the pressure and velocity transient around the nozzle exit is

limited to occur in a small region, and is hardly affected by the distance from upstream nor

downstream boundary. The influences of upstream and downstream boundary (inlet and

outlet) conditions were thus confirmed negligible onto the calculated phenomena around the

nozzle exit in the base case.

(3) Effect of Nozzle Exit Location
In three cases V2, V3 and V4, the location where a free surface region starts was changed

to Y = 5, -5 and -10mm from Y = 0mm in Case-Vl. Figures 2-14 through 2-17, and

2-18 through 2-21 respectively compare the depth-wise pressure and velocity distributions

obtained in the cases VI through V4. The pressure gradient, thus the velocity gradient, on the

front- and back-walls were found to be largest at around 0 = Omrad as shown in Fig. 2-7.

In Case-V2 where a short (5 mm) straight free surface region was added between the

nozzle exit and the concave wall, magnitude of the penetration of pressure distribution in the jet

into the nozzle decreased in comparison with that in Case-Vl, causing a decrease in the

acceleration effect along the nozzle front-wall, and an increase in the deceleration effect along

the back-wall. Meanwhile, the jet average velocity decreased, and the jet thickness increased.

The influences of the distance between the nozzle exit and the inlet of the concave back-wall on

the jet thickness will be studied further in the section 2.2.2.

In Case-V3 and V4 where the nozzle lengthened towards concave wall by keeping the exit

width, the pressure in the nozzle increased a little, causing an increase in the acceleration effect

along the front-wall, contrary to the Case-V2 result. This is advantageous for the target flow

since the free surface velocity increase, resulting in the decrease in the free surface temperature

during the beam irradiation. The pressure (or velocity) distribution at a location 0 = -40 mrad

was about the same as that at 0 = -80 mrad, and their profiles were close to each other between

the two cases as shown in Figs. 2-16 and 2-17, and Figs. 2-20 and 2-21 respectively.

This result indicates that a short region in the extended nozzle beyond the straight section results

in the increase in the flow acceleration in the nozzle.
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(4) Theoretical Velocity Distribution
The depth-wise velocity in the jet flowing on a concave wall becomes to be slanted such

that the velocity on free surface side is higher than that on back wall side. This section shows

such velocity distributions can be obtained by the Bernoulli's theorem considering the static

pressure distribution around the nozzle exit.

For the target jet flows of interest, following relation holds between hydrostatic pressure

(P) and velocity (V) along a stream line that goes through the upstream nozzle and the jet

flowing on a concave back-wall, according to the Bernoulli's theorem, under assumptions of

steady incompressible inviscid flow with no gravity.

P + y p V 2 = K (2.1)

where p is the fluid density, K a constant. The upstream nozzle is assumed to provide an

uniform velocity distribution over the cross-section near the nozzle exit.

The depth-wise pressure distribution develops in the jet by centrifugal force and reaches

an equilibrium at a distance from the nozzle exit. The local static pressure at radius r in the jet

is given by

2m2
P(r)= r 2 m 2

 dr
J Rs r

where Rs is the radius of free surface.

Substitution of Eq.(2.2) into (2.1), and the derivative of the resulted equation with respect

to r gives

^ L > 2 f ) O (2.3)

and then the depth-wise velocity distribution in the jet is obtained as

V(r )=— (2.4)
r

where c is a constant. Assumption of steady flow gives

/•Rb
J D V(r) dr = Vo (Rb-Rf) = Vo • wn (2.5)

Rs

- 9 -
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where Rf is the radius of the front-wall-side nozzle exit edge, Vo the average velocity at the

nozzle exit and wn the nozzle exit width. The constant c in Eq.(2.4) is obtained by

substitution of Eq.(2.4) into Eq.(2.5). Then, the depth-wise distribution of velocity V(r) and

pressure P(r) in the jet are obtained as follows.

Vo(Rb-Rf)
r • ln(Rb/Rs)

P(r) = (J-) pVo2 [ Rb'Rf ] 2 [ ( J - ) 2 - ( J - ) 2 ] (2.7)
K2JW L ln(Rb/Rs) J V Rs ' V r }

Equation (2.6) has been used to discuss the change in the jet thickness in terms of average

velocity inRef. 2).

(5) Comparison of Calculated results with Theory and Experiment

Figures 2-22 and 2-23 respectively compare the depth-wise distribution of pressure

and velocity in Case-V6 with the corresponding values obtained fromEqs.(2.7) and (2.6) at a

location 8 = -120mrad in the jet. The value of Rs in Eqs.(2.7) and (2.6) was assumed to be

the same as that calculated in Case-V6 (229.84 mm). The pressure and velocity distributions

calculated in Case-V6 agreed well with those obtained by the theory, though the calculated

gradients were slightly smaller than those expected. In the calculation V7, the jet flow

condition at 9 = -120mrad may have not reached an equilibrium yet. At 9 = -200mrad, the

comparison was improved as shown in Fig.2-24.

Figure 2-25 compares the calculated velocities (average velocity is lOm/s) and the

measured velocities in a water experiment (9.65 m/s) at location L = -49 mm, both performed

with the nozzle exit width 24 mm. The velocities are normalized to the average velocity for the

comparison. They agreed each other in the bulk flow region of 227 mm < R < 245 mm. The

velocities around free surface and back-wall in the experiment were lower than those in the

calculation, because of boundary layers which developed along front and back-wall in the

nozzle.

- 1 0 -
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2. 2. 2 Jet Thickness

The jet thickness change along the length of the concave back-wall was studied by

modeling the jet flow only using a cylindrical coordinate shown in Fig. 2 -1 . Major parameter

was the offset distance between the concave back-wall inlet and the upstream nozzle exit. This

parameter study was performed because the jet flows simulated using a Cartesian coordinate

became somehow unstable near the outlet the jet flow, especially around the free surface.

Flow parameters such as pressures, X and Y components of velocities and fraction of volume

obtained in the Cartesian model calculations were transferred to the present simulations as inlet

conditions.

(1) Base Case

The increments in the jet thickness along the length of the jet are shown in Fig. 2-26 for

the four cases V7 through V1O. In the base case V7, the jet thickness increased by ~0.2 mm at

a distance from the nozzle exit. Figures 2-27 and 2-28 respectively show transverse

velocity component of the velocity over the cross-sections in the nozzle (Case-VI) and in the jet

(Case-V7). According to the hydrostatic pressure distribution shown in Figs. 2-2 and 2-7,

the velocity component toward the front-wall (-U) in the jet increased with the length from the

inlet, having a maximum value around the flow centerline. In the jet on concave wall, the

transverse velocity component (-Vr) decreased with the distance (-0) from the nozzle exit. The

location of the maximum value moved to the jet free surface. The velocity component

decreased as the jet thickness increased, with a decrease rate of ~0.5 at every 40mrad

advancement along the jet flow. The oscillation in the velocity components in Fig. 2-28 is

due to the flow instability, probably due to numerical instability around the flow outlet.

(2) Effect of Nozzle Exit Location

Figure 2-29 compares Vr in Case-VIO where the nozzle was extended by 10mm

towards concave wall by keeping the nozzle width of 20 mm. The obtained Vr were much

smaller than those in Case-V7 shown in Fig. 2-28, because the increase in the pressure in the

nozzle accelerated the flow more effectively than in the base case, as discussed in 2.2.1 (3). In

Case-V8 with a short (5 mm) straight section between the nozzle exit and the concave wall inlet,

the increment in the jet thickness greatly increased as shown in Fig. 2-26.

These results indicate that the offset distance between the nozzle exit and the concave wall

is one of parameters controlling the generated jet thickness. The jet thickness, at any rate,

reached an equilibrium at a relatively short distance from the nozzle exit.

- 1 1 -
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2. 3 Summary

The behaviors of jet around nozzle exit were studied by means of two-dimensional

hydrodynamic analyses in this section. Major results are summarized.

The analyses revealed that a depth-wise hydrostatic pressure distribution which develops

in the jet flowing on concave walls penetrates upstream, even into the contraction nozzle. This

penetration of the pressure distribution has an effect to accelerate fluid in the nozzle on the front

wall side, while to decelerate on the back wall side. Consequently, the depth-wise velocity

distribution in the jet becomes to be slanted, being close to that of an irrotational free-vortex

flow.

It took some distance (0 ~ 200 mrad for the calculated flow conditions) from the nozzle

exit for the calculations to reach an equilibrium condition. The Bernoulli's theorem well

predicted the pressure, thus the velocity, distribution in the jet after the transient around the

nozzle exit.

The extension of the contraction nozzle onto the concave wall by keeping the nozzle width

was found to increase the free surface velocity more than that without offset distance between

the nozzle exit and the concave wall. The resulted velocity profile with higher free surface

velocity is preferable for the target flows of interest.

The jet thickness was found to depend on the magnitude of the penetration of the pressure

distribution into the upstream nozzle. The extension of the nozzle front-wall onto the back-

wall results in a decrease in the increment in the thickness, while the offset (straight section)

between the nozzle exit and the concave wall causes an increase in the increment.

- 1 2 -
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Table 2-1 Calculation Conditions

Case

VI

V2

V3

V4

V5

V6

V7

V8

V9

V10

Coordinate

Cartesian (X,Y)

Cartesian (X,Y)

Cartesian (X,Y)

Cartesian (X,Y)

Cartesian (X,Y)

Cartesian (X,Y)

Cylindrical (R,L)

Cylindrical (R,L)

Cylindrical (R,L)

Cylindrical (R,L)

Nozzle region

(mm)

0<Y<30

5<Y<30

-5<Y<30

-10< Y<30

0<Y<100

0<Y<30

Free surface region
(mm)

-50<Y<0

-50<Y<5

-50<Y<-5

-50 < Y<-10

-50<Y<0

-70 < Y < 0

-100<L<0

-100<L<0

-100<L<-5

-110.5<L<-10.5

Conditions at inlet

Uniform V( lOm/s)

UniformV( lOm/s)

UniformV( lOm/s)

Uniform V( lOm/s)

Uniform V ( lOm/s )

Uniform V ( lOm/s )

Case-Vl results (U.V.P.F)

Case-V2 results (U,V,P,F)

Case-V3 results (U.V.P.F)

Case-V4 results (U,V,P,F)

Conditions common to all the cases

Time range : 50 ms

Time step : < 0.005 ms

Mesh size : 0.5 mm (Cartesian)

Nozzle width : 20 mm

Momentum equation approximation:

Second-order (monotonicity-preserving)

None

Slip

Continuative boundary

Based on water at 293 K

0

Turbulence model

Wall shear

Exit condition

Fluid Pysical Properties

Gravity

- 1 3 -
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Uniform Velocity

Cancjian
CoonjinaK

Calculated U, V, P, F in Case-Vl
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3. Three Dimensional Convection

The width of the IFMIF target jet flow will be 260 mm to cover the 200mm-wide

deuteron beam irradiation region, according to the design requirements shown in Table 1-1.

The length of the jet along the target flow with free surface (-350 mm) is specified only for the

upstream portion until the beam irradiation region from the contraction nozzle, to avoid the

nozzle to be damaged in a tail of deuteron beam. For the downstream portion down to quench

tank, however, no criterion has been defined yet, though the flow is thermally unstable with a

significant depth-wise temperature distribution. In the quench tank, the temperature

distribution is vanished by mixing in a Li pool with free surface. The elevation difference

between the beam irradiation region and the quench tank free surface would be more than 1 m.

Three-dimensional density distribution in the target flow should cause convection under

the centrifugal force field by a concave back-wall to prevent voiding in the high-temperature

region to occur. The concave wall configuration will then be applied on the whole

downstream portion of the target flow, probably with a variation in the curvature. The high

temperature Li in the target flow is expected to move gradually towards free surface by the

convection especially near the side edge of the elevated temperature region which faces to the

inlet temperature region.

In the FMIT designing work, the maximum velocity in the convection was estimated to be

~0.12 m/s when the target flow traveled on the concave back wall (R = 110 mm) by -800 mrad

after beam irradiation, by means of three-dimensional numerical analyses assuming no swirl at

the upstream boundary.6) Both the beam current density, thus volumetrical heat generation

rate, and the centrifugal force in the IFMIF are much smaller than in the FMIT. Therefore, the

convection in the IFMIF should be milder than in the FMIT,3) while the IFMIF would have

much longer downstream channel. The temperature transient in the target downstream channel

was thus studied to clarify the multi-dimensional thermal-hydraulic behavior in the target flow,

under several extreme flow conditions.
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3. 1 Calculation Conditions

A two-dimensional Cartesian coordinate model shown in Fig. 3-1 was employed to

study convections in a cross section (X, Y) perpendicular to the flow axis (Z). The model

consisted of 325 x 50 staggered grids with 0.4 mm square meshes for the region of 130 mm-

wide x 20 mm-thick which covers a half of the jet width, and was surrounded by adiabatic slip

walls except a symmetric boundary at the center of the jet (X = 0 mm).

To confirm the two-dimensional calculation method, a three-dimensional calculation was

performed as Case-T3 for a limited region around the edge of the deuteron beam irradiation

region. The Case-T3 result was compared with a two-dimensional calculation Case-T4 which

simulated the phenomena using a cross section of the three-dimensional model used for Case-

T3. Figure 3-2 shows the three-dimensional model for Case-T3 which modeled a flow-wise

region of A0 = 400mrad (L -100 mm) beneath the downstream end of the deuteron beam

irradiation region. The width of the calculation model was 8 mm covering a region

96 < X (mm) < 104, ±4 mm on both sides of the beam side edge (X = 100 mm). The jet

thickness and the back-wall radius were assumed to be the same as those for Case-Tl and T2.

Calculation conditions are shown in Table 3-1. Since convection is controlled by the

temperature increment due to the deuteron beam irradiation and the acceleration due to

centrifugal force, major parameters to be defined to realize the maximum free surface

temperature should be the flow velocity and the wall radius. The back-wall radius was

assumed to be 250 mm to keep consistency with other types of numerical simulations3) and the

water experiments.2)

Two extreme velocities 10 and 20m/s shown in Table 1-1, were selected to apply for

Cases Tl and T2. The lowest velocity, lOm/s, for Case-Tl results in the largest increment of

temperature in the deuteron beam irradiation region. The largest velocity, 20m/s, for Case-T2

results in the largest acceleration field.

The acceleration G because of centrifugal force is given by G = V(r)2/r, where r is the

radius of curved stream line in jet flow and V(r) the velocity. The previous section indicated

the target jet flow should have a depth-wide slanted velocity distribution. In the present

simulations, however, the flow was assumed to be subjected to constant acceleration 400 m/s2

for Case-Tl and 1600 m/s2 for Case-T2 and T4. A flat velocity distribution over the cross

section was thus assumed in these three cases. For the three-dimensional simulation

(Case-T3), depth-wise velocity profile shown in Fig. 3-5 was used for a rigorous

representation of the acceleration profile in the jet thickness.
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Time ranges which is employed to the present analyses are shown in Table 3-1.

Within the time ranges, Li jet flows 2 m in Case-Tl and T2, and 0.2 m in T4. For the former

Tl and T2 cases, the travel length is too long to flow on a 250mm-radius concave wall as target

jet flow. Practically, the radius of the concave wall will be increased in downstream channel

that enters the quench tank. The convection in the jet, thus temperature increment at the jet free

surface, then becomes milder than expected in this report.

Fluid physical properties such as viscosity and thermal conductivity were assumed to be

those of lithium (Li) at temperature of 500 K, while the density was assumed to be temperature

dependent to simulate the convection well. The turbulent models such as the K—e model were

not used in this analysis for simplicity.

In the previous analyses,3) thickness of boundary layer on the back-wall was obtained to

be an order of 3 mm. Since the deuteron beam irradiation depth in the target flow does not

reach the boundary layer, the highest temperature region is not affected by the boundary layer,

though the highest temperature region exists near the beam irradiation range. The influence of

the heat conduction across the jet thickness was confirmed to be negligible in the previous

analyses.3)

Figure 3-3 shows the contours of initial temperature distribution in Case-Tl. The

temperature gradient at the heated region side edge by the power profile with Gaussian tail of

about 10mm1) was not taken into account for simplicity. Figure 3-4 compares the depth-

wise initial temperature profiles for the all four cases. For the three-dimensional simulation

(Case-T3), the temperature profile was provided as an inlet temperature condition.

The temperature profiles shown in Fig. 3-4 were obtained by assuming that the deuteron

beams (35 MeV, 2 x 125 mA) are irradiated onto the rectangular region (200 mm x 50 mm) on

the Li jet target which is flowing at average velocities Wo = 10 m/s, 20 m/s with the depth-wise

velocity profile W(r) = c/r, where c is a constant and r the radius. Effects of convection

and thermal conductivity in the irradiation region were assumed to be negligible. The depth-

wise energy deposition profile used for this estimation is compared in Fig. 3-4 by open circles

which was obtained using the modified EDEP-1 code.7)
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3. 2 Results and Discussions

3. 2. 1 Validity of Two-dimensional Calculation Method
In this section, the applicability of the two-dimensional calculation method used in the

present analyses was tested by comparing the results with a three-dimensional simulation. The

convection phenomena that takes place in a short flow length of 400 mrad was calculated for

20ms in the three-dimensional calculation model shown in Fig. 3-2 as Case-T3. The result

was compared with that obtained from the two-dimensional calculation (Case-T4) performed

with a two-dimensional calculation model, the mesh of which is the same as that of cross

section of the three-dimensional mesh for Case-T3. The results obtained in the flow-wise

length of 9 = -320 mrad in Case-T3 are compared with those obtained by 4 ms in Case-T4 in

F igs .3 -6and3-7 . Note that 80 mrad * 250mm = l m s * 20m/s.

Figure 3-6 compares the velocity vectors. The two-case results are nearly equal to

each other. An incipient swirl formed around a point of X = 100 mm (beam edge) and

Y = 5 mm (peak temperature location). Figure 3-7 compares the isotherms. The two-case

results are nearly equal to each other again, because the velocity fields shown in Fig. 3-6 are

equivalent each other.

The above comparisons show that the two-dimensional calculation represent the three-

dimensional simulations excellently. However, there is possibility that small differences

because of differences in depth-wise velocity and acceleration profile would grow largely in the

course of long-term calculations, as fluid velocities induced by convection increase with time as

shown in Fig. 3-6. The results obtained here should thus be treated with care. Note that

the calculated velocities for two-dimensional models are the velocity components on the X-Y

plane (cross section) perpendicular to the flow-wise Z axis.

Figures 3-8 and 3-9 show the velocity component V in Y-direction. The behaviors of

swirl development were nearly equal to each other. The velocities at Y = 5.6 mm increased in

proportion to 8 or t. This result roughly shows that the buoyancies depended on only the

location (X,Y) and the accelerations to fluid were constant at any time (at any 0 in T3), because

the temperature distributions would hardly change within this short time. The rotations of the

swirl appear to be clockwise with signs of V in Figs. 3-8 and 3-9. Figures 3-10 and

3-11 show the temperatures at X = 100 mm where the temperatures were expected to change

most remarkably. Consequently, it is verified that the 2-D calculation with constant

acceleration can enough simulate the 3-D calculation. While the velocity vectors were parallel

to given boundaries X = 96 mm and X = 104 mm, this can not lower the validity of 2-D

simulation.
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3. 2. 2 Convection

Figures 3-12 and 3-13 respectively show the temperature distributions as isotherms

obtained at the final calculation times for two cases 200 ms (Case-Tl) and 100 ms (Case-T2).

In a region near the beam center X < 50 mm, isotherms were mostly parallel to X-axis

indicating that the convection in this region was insignificant. The depth-wise temperature

profile, however, became flattened with time because of the thermal conductivity. In a region

around the side wall temperature distribution became greatly distorted. A swirl was found to

arise around the beam edge.

The results atX =0 mm shown in Figs. 3-25 and 3-27 have a good consistency with

those obtained in the previous analyses3) using a cylindrical coordinate model to confirm the

temperature margin to start voiding in the target jet flow, though the temperature transient was a

little enhanced than previous probably because of lateral velocity component due to convection.

Velocity Distributions

Figures 3-14 through 3-19 show the velocity distributions by vectors around the beam

edge X =100mm. Figures 3-23 and 3-24 respectively show the depth-wise velocity

profiles at X ~ 100 mm for Case-Tl and T2. The maximum velocity components in X-Y

plane at X ~ 100 mm were 0.22m/s (Case-Tl) and 0.26m/s (Case-T2) when the jet traveled

400 mm along the length of the back-wall ( 40 ms in Tl, 20 ms in T2 ). The maximum

velocity components in the region of X < 50 mm were 2 x 10~3m/s, and 5 x 10"2m/s in

X > 110 mm, for Case-T 1 and T2 at this time being.

Figure 3-20 shows a velocity distribution calculated for the FMIT target at average

velocity of 17m/s.6) No velocity components were assumed at the upstream boundary as in

the present simulations. The beam current was 100 mA for energy of 35 MeV (3.5 MW) and

the current spatial distribution was bi-directional Gaussian for both horizontal and vertical

orientations. The full width at half maximum (FWHM) of the beam was 30mm-wide and

lOmm-high.9) Since the beam current density in the Li target of FMIT, 294 A/m2, was far

larger than 25 A/m2 for the IFMIF, the convection occurred more significantly. The maximum

velocity component on X-Y plane was ~0.12m/s at 0 = 46° ( only -65 mm below the beam

center level ), and was a little larger than 0.09m/s for the IFMIF shown in Fig. 3-19. The

temperature gradient because of the Gaussian current distribution in small region would have

enhanced convection in the whole target in FMIT. Predicted convection in the IFMIF target

flow occurred locally around the beam side edge when the jet at 20m/s travels 100 mm on the

back-wall in 5 ms as shown in F i g. 3 -19 because of wide (200 mm) beam foot print.
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Figures 3-21 and 3-22 show the transient of temperature distributions at X > 50mm

in isotherms. The distortion behavior of the temperature distribution over the cross section of

the target flow is clearly presented. The swirl around the beam side-edge developed faster in

Case-T2 than in Case-Tl because of the larger acceleration field associated with centrifugal

force. Since the magnitude of buoyancy force is in proportion to the acceleration due to

centrifugal force and the density difference between high and low temperature regions of

interest, Case-T2 with the average jet velocity twice larger than that in Case-Tl should have

twice larger buoyancy force.

Figures 3-23 and 3-24 respectively compare the depth-wise profile of the horizontal

velocity component along a line that goes through the center of swirl. The rotational direction

of the swirl was clockwise for the present simulation model. The center of the swirl gradually

moved towards the jet free surface. Diameter of the swirl (a distance between two points

where maximum velocities appeared with opposite direction, on the same X coordinate with that

of the center of the swirl) also increased with time. The maximum diameters in Case-Tl and

T2 were ~9 and ~8 mm, respectively. The velocity in the swirl was nearly in proportion to the

distance from the center of the swirl. Such a swirl was induced by a velocity field due to

convection such that two fluid layers along the free surface and the back wall flowing at almost

equivalent velocities, but in opposite directions. The observed phenomena is similar to that of

the Kelvin-Helmholtz billow. The velocity and thickness of the fluid layer along the back-wall

were mostly unchanged during the tested time range, while the velocity of the fluid layer along

the free surface gradually increased with time, decreasing the thickness.

Temperature Distributions

Figures 3-25 and 3-27, and Figs. 3-26 and 3-28 respectively show the transient of

depth-wise temperature profiles along the beam center (X = Omm) and the beam edge

(X = 100 mm) for Case-Tl and T2. Along the beam center, the temperature change took

place because of heat conduction. Convection effect in this region was small. The

temperature hardly changed near the free surface (Y = 20 mm). The temperature increments

near the back wall were insignificant also. Even when the boundary layer was taken into

account, the resulted temperature profile would not be much different under a steady operation

of IFMF. Note that the heat transfer to the back wall would cause decrease in the temperature

in the jet. Along the beam edge, convection played a great role onto the temperature transient,

as also has been shown in Figs. 3-21 and 3-22. The location of the peak temperature

moved toward the free surface and, according to the growth of the swirl, two peaks became to

appear. Increment of the free surface temperature in Case-Tl was notable, though the resulted

temperature at t = 200 ms was still well lower than 617 K, the saturation temperature for the

IFMIF-required vacuum pressure of 10~3 Pa.
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Figures 3-29 and 3-31 show the transient of the temperature profiles at the depth

where the initial temperature profile had a peak (Y = 5 mm) for Case-Tl and T2, respectively.

The results clearly indicate the effects of two heat migration mechanisms, heat conduction and

flow induced by convection, onto the temperature distributions. In the region X < 50 mm,

the temperature gradually decreased because of the heat conduction. The region where

convection became in effect gradually extended towards the center of the jet flow (X = 0 mm)

along the back wall from the beam edge at X = 100 mm.

Figures 3-30 and 3-32 show the transient of temperature profiles along the free surface

(Y = 20 mm) for Case-Tl and T2, respectively. Near the beam center, the final value of

temperature increments were only 5.0 and 1.5 K for Case-Tl and T2, respectively, due mostly

to the heat conductions. At the region between the beam edge and the target channel side wall,

the final value of temperature increments were 21.5 and 5.4 K for Case-Tl and T2, respectively,

due mostly to the convection. At any rate, the highest temperatures predicted under severest

conditions were well below 617 K. Since the wall radius for the downstream channel into the

quench tank will be larger than 250 mm, the heat migration due to the convection would thus be

greatly reduced.

3. 3 Summary

The temperature transient due to the three-dimensional convection in the IFMIF target was

studied by using a two-dimensional calculation method. The method was validated by

comparing the results with those obtained by a three-dimensional calculation.

The temperature transient was found to be controlled by two heat migration mechanisms;

heat conduction and convection. The peak temperature at a depth decreased greatly because of

the heat conduction, while the surface temperature increased due mostly to the convection.

The convection took place most significantly in the case with highest jet velocity of 20 m/s in

the velocity range required to IFMIF. The expected peak temperature at the free surface,

however, was well below the saturation temperature for the required vacuum pressure to attain

in the IFMIF target.
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Table 3-1 Calculation Condition

Case

Tl

T2

T3

T4

Dimension

2D

2D

3D

2D

Spatial range

X(mm), Y(mm), e(mrad)

0<X<130, 0<Y<20

0<X<130, 0<Y<20

96<X<104, 0<Y<20, -400<e<0

96<X<104, 0<Y<20

Inputted

acceleration

: Gy (m/s2)

-400

-1600

0

-1600

Average

velocity

: Wo (m/s)

(-10)*

(-20)*

-20

(-20)*

Time

range

(ms)

200

100

20

10

* Directly simulated with Gy

Common Condition

Mesh size

Time step

Jet thickness :

Jet width :

Backwall radius :

Velocity at inlet :

Turbulence model

Wall shear

Heat conduction at wall

Properties

Assumed heat distribution

Energy of deuteron

(Modulated to

Current of deuteron beam

Width of deuteron beam

Height of deuteron beam

0.4mm x 0.4mm x 8mrad( Case-T3)

4.0 x 10'5 s (Case-T1,T2)

5.0 x 10"6 s (Case-T3)

2.5 x 10"5 s (Case-T4)

20mm ( 0mm < Y < 20mm)

260mm (-130mm < X < 130mm)

250mm (Case-T3 )

Wo 20mm / [ r ln(250mm/230mm) ] ( Case-T3 )

( r = 250mm - Y)

None

Slip

Adiabatic
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Fig. 3-14 Velocity at t=20ms ( Case-Tl )



Fig. 3-16 Velocity at t=10ms ( Case-T2 )



Fig. 3-18 Velocity at t=2ms ( Case-T2 )
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4 . Conclusions

Two- and three-dimensional thermal- and/or fluid-dynamics numerical analyses were

performed for IFMIF plane jet target flows on a concave wall to clarify 1) mechanisms to give

a free-vortex-like depth-wise velocity distribution in the target flow at the exit of a straight

contraction nozzle designed to form the jet flow with a uniform velocity profile, and

2) temperature transients because of convection in a centrifugal force field downstream the

deuteron beam irradiation region. Both analyses were performed for the IFMIF steady

operation conditions using FLOW-3D code. Obtained results are summarized as follows.

4. 1 Jet Behavior around Nozzle Exit
The transient of static pressure around the nozzle exit was studied, as well as the

influences of the pressure distribution onto the jet thickness.

1) Depth-wise static pressure distribution in the jet on concave wall because of centrifugal

force was found to penetrate into the upstream straight channel irrespective of the presence

of nozzle front wall. The pressure, thus velocity, distribution changes gradually around

the location where the wall curvature changes from straight to arc. The decrease and

increase in the static pressure along the nozzle front and back wall respectively resulted in

the specific depth-wise velocity distribution in the jet, following the Bernoulli's theorem.

2) The distance between the nozzle exit and the inlet of the concave back-wall was found to

control the jet thickness such that a short straight section causes an increase in the jet

thickness. Magnitude of penetration of the jet depth-wise pressure distribution into the

nozzle decreases, mitigating the jet acceleration effect around the nozzle exit. The

extension of the nozzle front wall onto the concave back wall, by keeping the nozzle width,

results in the decrease in the jet thickness, because of the increase in the jet acceleration

effect in the nozzle .

4. 2 Three Dimensional Convection
The three-dimensional convection phenomena was studied by using a two-dimensional

model which reproduced the convection on a plane which is perpendicular to the flow axis and

moves at the jet average velocity. The extreme conditions were assumed such that a constant

radius (250 mm) remains through the long back-wall (2 m) for conservative results.

- 4 4 -



JAERI-Research 98-022

1) The free surface temperature increases most when the jet velocity is the lowest 10 m/s in the

velocity range required for the IFMF design, while the velocity field by convection

develops fast when the jet velocity is the highest 20m/s. The estimated maximum

temperature of -590 K, however, is well lower than the saturation temperature -617 K for

the required vacuum pressure of 10~3 Pa. The high-temperature region on the free surface

widens along the length of the target flow. The maximum temperature appears around the

edge of the high-temperature region. In practical conditions with shorter back wall and

larger radius, temperature increment should be much smaller than evaluated.

2) The heat conduction was found effective for the temperature transient around the center of

the target flow, while the convection is effective around the edge of the high-temperature

region. The peak temperature in the jet greatly decreases because of these two heat

migration mechanisms. The previously-obtained temperature transient using a two-

dimensional cylindrical coordinate3) agreed well with the present result. The decrease in

the peak temperature allows to use a large-radius back-wall near quench tank.*
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