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Thermal Analysis on Mono-Block Type Divertor Based on
Subcooled Flow Boiling Critical Heat Flux Data against
Inlet Subcooling in Short Vertical Tube
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The subcooled flow boiling critical heat fluxes (CHFs) and the heat transfer coefficients (HTCs) data for
the tube length, L, of 49, 99 and 149 mm with 9-mm inner diameter were applied to thermal analysis on the
Mono-block type divertor of LHD. Incident CHFs for the divertor with the cooling tube diameter, d, of 10 mm
and the carbon armor outer diameter, D, of 26 and 33 mm were numerically analyzed based on the measured
CHFs and HTCs at the inlet pressure of around 800 kPa. The numerical solutions were also compared with those
for the Flat-plate type divertor, which were numerically analyzed for the divertor with the cooling tube diameter
d=10mm and the divertor width, w, ranging from 16 to 30 mm. It is confirmed that the ratio of the one-side
heating CHF data, g inc, to the uniform heating CHF data, g sy, can be represented as the simple equation
based on the numerical solutions. The values of the gc; jnc for L=50, 100 and 150 mm were estimated with various
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D/d and w/d at higher pressures.
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1. Introduction

The understanding of the critical heat flux (CHF) on
vertical tube inner surface in subcooled water flowing up-
ward is important as a database for the design of a divertor
plate in a nuclear fusion facility.

Various studies have been conducted on the CHF in
water for high heat flux heat removal. For example, the ex-
perimental investigation for CHF on tubes with and with-
out a twisted tape or a coiled wire has been presented.
Heat transfer coefficient and critical heat flux for water in
swirl flow through tubes with internal twisted tapes was
conducted by Gambill et al. [1]. The correlation of the
non-boiling heat transfer coefficient was presented and it
was demonstrated that CHF with swirl flow was twice as
large as with straight flow through an identical tube with-
out a twisted tape. The swirl tube with the effect of two-
phase heat transfer and asymmetric heating of tubular ele-
ments was numerically analyzed to study the performance
of swirl-flow-based neutral particle beam targets by Milora
et al. [2]. CHF of subcooled flow boiling with water in
tubes under peripherally non-uniform heating conditions
was investigated by Nariai and Inasaka [3]. Divavin et
al. [4] carried out the high heat flux experiments on rectan-
gular samples with cylindrical cooling ducts with one-side
heating to the effect of a porous coating deposed on inner
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cooled surface on the Incident Critical Heat Flux (ICHF)
performance at water subcooled boiling regime. They de-
fined the empirical correlation between ICHF at one-side
heating condition and geometrical parameters of elements
of cooling design. The critical heat flux (CHF) exper-
iments for the different geometries (smooth tube, finned
swirl tube, screw tube and hypervapotron) were performed
in the thermal hydraulic conditions of fusion reactors: one-
side heating, high heat flux and water-cooled by JAERI
(Japan Atomic Energy Research Institute) [5]. Recently,
three-dimensional thermal measurements for a one-side-
heated mono-block were made for the robust design of
one-side-heated plasma-facing components and other high
heat flux components by Boyd et al. [6].

The heat load tests have been under way by the elec-
tron beam heating on a divertor element which consists of
the carbon armors joined to the copper heat-sink with a
cooling tube. A helical type fusion experimental device
which is Large Helical Device (LHD) located in the Na-
tional Institute for Fusion Science, Japan, has two types
of divertor element. One is Mono-block type (Cylindri-
cal one), the other is Flat-plate type (Rectangular one).
Figure 1 shows a typical photograph of the LHD diver-
tor, Mono-block type. It is important to clarify the rela-
tion between the uniform heating CHF data, g sup, On the
test tube heated by a steadily increasing current and the

© 2006 The Japan Society of Plasma
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Fig. 1 Typical photograph of the LHD divertor, Mono-block type.

one-side heating CHF data, g inc, On the divertor element
heated by an electron beam facility with the effect of the
cooling tube length.

The purpose of this study is first to make the ther-
mal analysis of the Mono-block type divertor based on the
CHFs and the HTCs data for the tube length, L, of 49, 99
and 149 mm with 9-mm inner diameter, and secondly to
give the ratio of the gcrinc to the gerqup and establish the
database for the high heat flux thermal management at the
divertor.

2. Divertor Types

The cross-sectional views of Mono-block type diver-
tor and Flat-plate type are shown in Figs.2(a) and (b),
respectively. The Mono-block type divertor is made of
the oxygen-free copper cooling tube with 10 mm inner
diameter and 1.5mm thickness, and the carbon armor
(CX2002U) with 33 mm outer diameter and 10 mm thick-
ness. The cooling tube is located in the center of the car-
bon armor. The carbon armor is brazed to the cooling tube.
On the other hand, the Flat-plate type one is made of the
oxygen-free copper block of 30 mm wide by 25 mm high
and the carbon tile (CX2002U) of 30 mm wide by 10 mm
high. The carbon tile is brazed to the copper block. The
cooling tube with the inner diameter of 10 mm is horizon-
tally located at the height of 17 mm from the lower surface
on the central line of the copper block. The heated lengths
of the divertors are given as 49, 99 and 149 mm in this
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Fig. 2 Cross-sectional views of LHD divertors, (a) Mono-block
type and (b) Flat-plate type.

work, which are equal to the heated lengths of the test tubes
in the former CHF experiments [7-16]. The high heat flux
heat removal is achieved by the following way; the heat
induced by collecting the high heat flux flow and the high
energy particles on the carbon armor upper surface is trans-
ferred to the highly subcooled and pressurized water due to
the forced convection and nucleate boiling heat transfer on
the inner surface of the cooling tube. It was supposed that
the lower surface for the Mono-block type diverter and the
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right, left and lower surfaces for the Flat-plate type one
are under the adiabatic conditions because the divertor is
equipped in the plasma vessel which will be normally op-
erated under ultra-high vacuum (107> Pa for hydrogen).

3. Numerical Analysis of the Mono-
Block Type Divertor
3.1 Fundamental equations
The unsteady two-dimensional heat conduction equa-
tion for the Mono-block type divertor in the coordinate sys-
tem shown in Fig. 3 is described as follows. The Flat-plate
type one is shown in Appendix.
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where p, ¢ and A are density (kg/m?), specific heat (J/kg
K) and thermal conductivity (W/mK), respectively and the
carbon armor outer diameter, D, and the cooling tube di-
ameter, d, are in (m). The z-direction thickness of the con-
trol volume is assumed to be unity. The numerical analysis
is performed within 0 < 6 < 7 as the symmetrical prob-
lem. The boundary conditions are expressed in the follow-
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Fig. 3 Coordinates of Mono-block type divertor.
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where the outer surface heat flux of carbon armor, (gwan);,
and the inner surface heat flux of the cooling tube, gg, are
in (W/m?). The (gwan); are given as the values calculated
from the incident heat flux, ginc, at every mr/18 for 6 ranging
from 7r/2 to . The gg are given with the aid of the relation
between the heat flux, ¢, and the surface temperature, T,
previously obtained based on the surface temperature of
the cooling tube numerically analyzed at every n/18 for 6
ranging from O to 7.

3.2 Calculation method

Boiling curves measured by three different heated
lengths of the test tubes under the same experimental con-
dition (pressure at inlet of heated section, Pj,, in (kPa),
flow velocity, u, in (m/s) and inlet liquid temperature,
Tin, in (K) = constant) are used for the numerical anal-
ysis. Figure 4 shows the heat transfer characteristics for
d=9mm tube with L=149 mm for the inlet condition of
Pin=T75kPa, u=9.9m/s and T;,=306.76 K as a typical ex-
ample. The heat flux gradually becomes higher with an
increase in (T — Tj,) on the forced convection heat trans-
fer derived from Nusselt correlation [17] up to the point
where the slope begins to increase with heat flux following
the onset of nucleate boiling, and increases up to a value
called CHF where the heater surface temperature rapidly
jumps from the nucleate boiling heat transfer regime (N-
B) to the film boiling one (F-B). The film boiling curve
in the figure is given by the values derived from Shiotsu
and Hama’s correlation [18, 19]. It is assumed that the
film boiling exists for the heater surface temperature, T,
higher than the homogeneous spontaneous nucleation tem-
perature, Ty. The transition boiling curve is given as the
straight line drawn between the point for (75 — Ti,) 20K
higher than that at CHF and that at the minimum heat flux.
The plateau was adopted based on the experimental study
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Fig. 4 Relationship between ¢ and (7\—Tj,) with L=149 mm at

an inlet pressure of 775 kPa.
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on transient boiling heat transfer including transition to
film boiling on a heated horizontal cylinder in a pool of
water caused by a rapid pressure reduction from an ini-
tial pressure [20,21]. Minimum film boiling temperature
or heat flux on inner surface of a vertical tube with wa-
ter flowing upward is neither clearly understood at present
experimentally nor theoretically. On the other hand, Saku-
rai et al. [22] performed systematic experiments of mini-
mum film boiling states on horizontal cylinders in a pool of
liquids at various pressures. They observed that the min-
imum film boiling temperature, Ty, in each liquid was
lower than the homogeneous spontaneous nucleation tem-
perature, Ty, at atmospheric pressure, and it increased and
approached Ty with the increase in the pressure. In case of
water, T, almost agreed with Ty for the pressures higher
than around 1 MPa. They also reported that the minimum
film boiling state seemed to be characterized by the surface
temperature rather than the heat flux. It was because Ty,
on different diameter cylinders under the same condition
agreed with each other, although the heat flux at the point
was lower for larger diameter cylinder due to the depen-
dence of film boiling heat transfer coefficients on cylinder
diameter. It is assumed based on these facts that 7', for
the forced convection film boiling of water at high pres-
sures would be around Ty.

The gy value for each control volume is given from
the boiling curve shown in Fig.4 as the heat flux at the
surface temperature numerically obtained for each control
volume. The boiling curve shown in Fig. 4 was formulated
to give the surface heat flux on the cooling tube in the CFD
(Computational Fluid Dynamics) code as follows:

g = CAT", 5)

AT =T, — T, (6)

where all constants, C and n, are given in Table 1. The
surface heat flux, go, and the surface temperature, T, on

Table 1 Constants of Eq. (5)

P, L Boil.ir?g C " (7:-T;,) Range
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the cooling tube was calculated from the analyzed temper-
ature, T, at the central point of the first control volume on
the cooling tube, by the 50-times iteration on the thermal
conduction in the control volume as follows:

Aa(T1) = f(T), @)

gsi = C(T\ — Tin)", 8)
_ . In(L+Ar/d)

L= =g o ©

gs = C(Ts — Tin)", (10)
. In(1+Ar/d)

L=t ey (b

4o = Gss (12)

where the thermal conductivity of the oxygen-free copper,
Aey 1s in (W/mK) and the depth of the first control volume
on the cooling tube, 4r, is in (m). Equations (10) and (11)
were iterated 50 times in the code. All the calculations
were made by using the PHOENICS code [23].

4. Results and Discussion
4.1 Conditions for calculation
The heat characteristic of Mono-block type divertors
are numerically analyzed under the following conditions:
Mono-block Type Divertors
Material : Oxygen free copper tube and cylindrical

CX2002U
Outer diameter (D) : 26 and 33 mm
Heated Length (L) : 49,99 and 149 mm
Incident Heat Flux (giyc) : 11-16 MW/m?
Cooling Tube Diameter (d) : 10 mm
Cooling Water
Inlet Pressure (Piy) : 775-792kPa
Flow Velocity (u) : 9.9m/s

306.76-308.65 K
(33.61-35.5°C)

Inlet Liquid Temperature (T3,) :

4.2 Incident critical heat flux

Figure 5 shows the numerically obtained time varia-
tions in the surface temperature of the carbon armor on the
central line of the divertor, Ty.y, the inner temperature of
the carbon armor, T, the outer temperature of the copper
cooling tube, T,, and the inner surface temperature of the
copper cooling tube, T, for gie=11 MW/m? for the carbon
armor outer diameter, D, of 33 mm with the cooling tube
diameter, d, of 10 mm, which is cooled with highly sub-
cooled and pressurized water for the inlet liquid tempera-
ture, Ti,, of 306.76 K at the inlet pressure, Py,, of 775kPa
with the flow velocity, u, of 9.9 m/s. The surface tempera-
ture of the carbon armor (CX2002U) rapidly increases up
to 1199 K within 5 seconds of the heating and gradually
approaches the constant value of about 1218 K with the
elapse of time.

The peripheral distributions of the surface heat flux,
gy, and the inner surface temperature, T, on the cooling
tube and the intersectional one of Ty,0n the carbon sur-
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Fig. 6 Peripheral distribution of gwan, g, Ts, Tcu, Ts—Tin and Tyan
for gine=11 MW/m?.

face after 12 seconds of the heating are shown in Fig. 6
with the experimental data point of CHF, g «ub. The line,
0=0°, is the central axis of the carbon armor. The ggvalues
on the cooling tube are widely distributed ranging from
4.86 MW/m? at 6=0° (the bottom of the cooling tube) to
18.95 MW/m? at 6=180° (the top of the one) which is
almost the CHF value. It is assumed the vapor behav-
ior on the cooling tube surface from this figure that the
heat transfer on the inner surface of the cooling tube for
Ginc=11 MW/m? will be in non-boiling forced convection
for the lower part of the tube and in nucleate boiling (N-B)
for the upper part of the tube.

The numerical solutions of the time variations in Ty,
Tex, Tew and T for qim:lZMW/m2 are shown in Fig.7.
After 3.4 seconds of the heating, the T,y value steeply in-
creases again because the top inner surface of the cooling
tube begins to be covered with vapor, the vapor spreads
downward the cooling tube surface and the surface tem-
perature of the cooling tube jumps to that of the film boil-
ing regime (F-B). The incident critical heat flux, gcr,inc, 1S
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defined as the maximum value of gj,. without the steep in-
crease of Ty, due to the surface temperature on the cool-
ing tube increasing to that of the film boiling regime (F-B).

The contours of the cross-section temperature of the
divertor which were numerically solved at 12 and 8 sec-
onds after the heating for gj,c of 11 and 12 MW/m? are
shown on Fig.8. The phenomena on the inner surface
of the cooling tube are observed to be in the non-boiling
forced convection and nucleate boiling regimes (N-B), and
the film boiling regime (F-B), respectively.

4.3 Influence of heated length

The numerical solutions of gi,. for the heated length,
L, of 49, 99 and 149 mm are shown in Fig. 9 with the cir-
cle, triangle and rectangle symbols. The gi,. values with
and without the transition to film boiling are shown as the
solid and open symbols, respectively. The gcinc value is
around 14 MW/m? at the L/d of 4.9. They become lower
with an increase in the L/d and finally arrive at the value of
about 12 MW/m? at L/d of 14.9. The {erinc Value becomes
14.3% lower with an increase in L/d from 4.9 to 14.9. The
critical heat fluxes, gcrsub, for uniformly heated tube are
also shown in this figure for comparison. Furthermore, the
values calculated from the CHF correlation against inlet
subcooling mentioned below, Eq. (13), are shown as a bro-
ken line. The g sy data are in good agreement with this
correlation. The ginc values show nearly the same trend
of dependence of g on L/d as g sub, although they are al-
most 38% lower than the latter. Based on these data un-
der the subcooled condition, it is supposed that the liquid
subcooling and the bubble boundary layer on the heated
surface become little by little lower and thicker along the
heated length of the test tube at the same inlet liquid sub-
cooling, ATy in, condition for the wide L/d range.

We derived the CHF correlation against inlet sub-
cooling for wide L/d range (4.08<L/d<74.85) as follows
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Fig. 8 Contour of cross-section temperature.
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where C;=0.082, C,=0.53 and C3=0.7 for L/d<around
40, and C;=0.092, C>=0.85 and C5=0.9 for L/d>around
40. Bo, Re, S ¢* and We are boiling number, (=¢./(Ghyg)),
Reynolds number, (=Gd/w;), non-dimensional
let subcooling, (=cpATsuw,in/ht) and Weber number,
(=G?d/(pi0)), respectively. Saturated thermo-physical
properties were evaluated at the outlet pressure.

in-
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This correlation can describe not only these CHF
data for P, of around 800kPa but also the authors’
published CHFs data (1805 points) for the wide ranges
of P,=159kPa to 1MPa, d=2 to 12mm, L=21.5 to
149.7mm, ATgpin=10 to 151K and u#=4.0 to 13.3m/s
within 15% difference for 40 K<AT b in<151 K.

4.4 Influence of carbon armor thickness

The divertor for the outer diameter, D, of 26 mm is nu-
merically analyzed to clarify the influence of the thickness
on the incident critical heat flux. The numerical solutions
of ginc With L=49, 99 and 149 mm are shown in Fig. 10
with the circle, triangle and rectangle symbols, respec-
tively. The numerical solutions of gj,. for D=33 mm are
also plotted in this figure for comparison. The gc.inc value
for L=149mm as a typical example is around 12 MW/m?
at the D/d of 3.3. They become larger with a decrease
in the D/d and arrive at the value of about 13 MW/m? at
D/d of 2.6. The gcrinc value becomes 8.3% larger with a
decrease in D/d from 3.3 to 2.6. It is supposed that the
incident critical heat flux becomes higher for smaller D/d
value because the heat induced by collecting on the car-
bon armor upper surface with the outer diameter, D, and
transfering to the cooling tube with 10 mm inner diame-
ter becomes smaller for smaller D/d value under the same
incident heat flux condition.

4.5 Influence of divertor shape

Figure 11 shows the influence of the divertor shape on
the incident critical heat flux. The numerical solutions of
@inc for the Mono-block type divertor with L=149 mm are
plotted on the gi,. vs. D/d graph as open and solid trian-
gles. Those for the Flat-plate type one are shown versus
w/d as open and solid circles in this figure for compari-
son [9,10]. The ginc value for the Flat-plate type one is
around 16 MW/m? at the w/d of 1.6. They become lower
with an increase in the w/d and finally arrive at the value
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of about 12 MW/m? at w/d of 3. The qerinc Values become
almost 4 MW/m? lower with an increase in the w/d from
1.6 to 3. These gcrinc values for the Mono-block type and
Flat-plate type divertors are approximately expressed by
the single curve on this figure with no influence of the di-
vertor shape on the incident critical heat flux.

4.6 Comparison with uniform heating data
The ratios of the calculated gj,. for the Mono-block
type divertor and the Flat-plate type one with the cool-
ing tube diameter of 10 mm at the pressures of 594 kPa to
1 MPa to the experimental data of g sy With the SUS304
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tube of 9 mm inner diameter at the same pressure condi-
tion, Ginc/qer.sub> are shown vs A(=D/d or w/d) in Fig. 12.
The calculated values of the ginc for the heated length of
49 to 149 mm with the flow velocity of 6.9 to 13.3m/s at
the inlet pressure of 594 kPa to 1 MPa are approximately
expressed by the following correlation:

QCr,inc

= 0.97¢74/64, (14)

qcr,sub
where A=D/d for Mono-block type divertor and A=w/d
for Flat-plate type one.

The curve derived from this correlation is independent
of the divertor shape, the flow velocity and the inlet pres-
sure for the entire calculated range. On the other hand,
the gersub value in Eq. (14) for AT in higher than around
40K is given by Eq. (13). The g inc value for higher pres-
sures can be predicted by using Egs. (13) and (14). The
{er.inc Value thus derived for the inlet pressures of 0.5, 1 and
2 MPa at the flow velocity of 10 m/s with the inlet liquid
temperature of 308.15 K are shown in Fig. 13 as a curve for
each value of the pressure. The g inc Value for L=50 mm
becomes higher than 20 MW/m? with the decrease in the
A smaller than 2 for the pressure of 2MPa. Those for
L = 100 and 150 mm becomes higher than 15 MW/m? with
the decrease in the A smaller than 3.3 and 2.6 for the pres-
sure of 2 MPa, respectively.

It is considered that the incident critical heat flux,
{er.inc, for the divertor will be larger than the value derived
from Eqgs. (13) and (14). Because the divertor is made of
copper tube or copper block whose thermal conductivity is
very high, and so the difference between the inlet and outlet
temperatures of the divertor will become smaller than that
of the experimental data by using the thin SUS304 tube.
It is assumed based on this fact that Eq. (14) will give the
lower limit for the ratio of the one side heating data to the
uniform heating data.
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Fig. 13 Relationship between ¢cinc and A(=D/d, w/d) at
P;,=0.5, 1 and 2 MPa.

5. Conclusions

The subcooled flow boiling critical heat fluxes (CHFs)
and the heat transfer coefficients (HTCs) for L=49, 99 and
149 mm with 9-mm inner diameter were applied to thermal
analysis of the Mono-block type divertor of LHD. Incident
CHFS, gcrinc, for the divertor with the cooling tube diame-
ter, d, of 10 mm and the carbon armor outer diameter, D,
of 26 and 33 mm were numerically analyzed.

The gcrinc values become 14.3% lower with an in-
crease in L/d from 4.9 to 14.9. They show nearly the same
trend of dependence of g sup On L/d, although they are
almost 38% lower than the values of g sub-

The gcrinc values become almost 8.3% larger with a
decrease in D/d from 3.3 to 2.6.

The gerinc values were also compared with those for
the Flat-plate type divertor with the cooling tube diameter
d=10mm and the divertor width, w, ranging from 16 to
30mm. These g inc values for the Mono-block type and
Flat-plate type divertors are approximately expressed by
the single curve with no influence of the divertor shape on
the incident critical heat flux.

The ratio of the one-side heating CHF data, g inc, to
the uniform heating CHF data, g b, can be represented
as the simple equation based on the numerical solutions.

The values of the ginc for the tube lengths of 50, 100
and 150 mm were estimated with various D/d and w/d at
higher pressures.
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Appendix
A.1 Numerical analysis of the Flat-plate type divertor
The unsteady two dimensional heat conduction equa-

tion in boundary fitted coordinate as shown in Fig. Al is
described as follows:

0 o0 (. 0T o (.0T

700 =55 5 1)

for0 < x <w/2,0 <y <0.035. (A1)
The numerical solution is performed within 0<x<w/2 as
the symmetrical problem. The boundary conditions are ex-
pressed in the following forms:

O o atx=o. (A2)
ox
oT
— =0 atx=w/2, (A3)
ox
oT
-0 aty=o0, (A4)
Ay
q = qinc aty=0.035, (AS)
22
g=-qy atx= i (y —0.017)2, (A6)

where the divertor width, w, and the cooling tube diameter,
d, are in (m) and the incident heat flux, gj,., and the surface
heat flux, gy, of the cooling tube are in (W/m?). All calcu-
lations were made by using the PHOENICS code [23].
A.2 Comparisons of our numerical solution with
other worker’s experimental data

The mock-up experiment has been performed by
Kubota et al. [24, 25] at the National Institute for Fu-
sion Science (NIFS). This is the high heat flux heat re-
moval experiment on the mock-up divertor plate heated
by electron beam facility. The cross-sectional view of
this divertor-plate is shown in Fig. A2. The hatched area
on the upper surface of the divertor shown in figure is

T

RN RRN

Fig. A1 Boundary fitted coordinates of Flat-plate type divertor.
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heated with the heat flux of 11.6MW/m?. The inci-
dent heat flux, ginc, within the heated length is equivalent
to 10.826 MW/m2. The cooling water for P;,=500kPa,
u=7m/s and Ti,=303.15K is circulated through the di-
vertor. The mock-up experimental results of time varia-
tions are shown in Fig. A3. The Tya.is measured by a
pyro-meter, and Tcx and T, by thermocouples. These
experimental data are numerically analyzed by the CFD
code developed in this work. Figure A4 shows the nu-
merically obtained time variations in the surface temper-
ature, Tyay, the inner temperature of the carbon tile, T,
and the inner temperature of the copper block, T¢,, for
Gine = 10.8 MW/m? with the divertor of 30 mm wide and
the cooling tube diameter, d, of 10 mm, which is cooled
with highly subcooled and pressurized water for the inlet
liquid temperature, Tj,, of 306.55 K at the inlet pressure,
Pin, of 594 kPa with the flow velocity, u, of 6.9m/s. The

. %

<104 o (=10826 MWnD)

| il

L [ [ ooz
o ] n Tcx
T
8 o

28— G

\ \ 2 :

1 W30

30

Fig. A2 Flat-plate type divertor used by the heat load test (Kub-
ota et al. [24,25]).

73— T T T T T T T T T 7 15 _
B Experimental Data at NIFS - S
—_ - Flat-Plate Type (with a CX2002U Tile) | g
1500 Qinc=10.826 MW/m® | §
~ - Qinc
- d=10 mm ~
| w=30 mm | 10
L=30mm
i 1 £
1000 ] =
) 3 1
- Cooling Water _| 5
s P;,=500 kPa
- u=7 m/s 1
Ty Tip=303.15K -
500 \ 4
< S, |
273
0 10 20 30 40 50 60
time (s)

Fig. A3 Time variations in Ty., Tcx and T, for gin.=10.8
MW/m? in the heat load test (Kubota et al. [24,25]).
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experimental data in Fig. A3 are also shown in the figure
for comparison. From the comparison of the numerical re-
sults with the mock-up results, the Ty, Tcx and Ty in
the numerical results and those in the mock-up results at
maximum values are approximately same, respectively, al-
though their increasing rates for the experiment are a little
smaller than those for the numerical solution. This fact ver-
ified that numerical analyses are reliable. It is assumed that
the incident heat flux of the mock-up experiment might be
just below the maximum incident heat flux.

Figure A5 shows the comparison between Divavin et
al.’s one-side-heating CHF data [4] without porous coating
for d=6 mm, w=13mm, L=60 mm, ATy o=160K and
Pin=2 MPa. These incident critical heat flux, gcrinc, are nu-
merically solved by the CFD code developed in this work.
And the g inc values are also predicted by the CHF corre-
lation against inlet subcooling, Eq. (13), the g inc correla-
tion, Eq. (14) and the energy balance equation for the test

1773 T | T | T | T | T | T 15 -
g - i «Q
~ r Flat-plate Type E E
1500 4
o Qine . _ _ _ d=10 mm |
L | w=30 mm hd
T,y ap e i\ L=49mm 10
- \ 4
L I . o
= | | G108 A 2
1000 Iy I N MW/m? =
- 2 | N
// / | Cooling Water |
B P;,=594 kPa _]
N I Tex ' uZ69 s S
I <= = 7\ T,,=306.55 K |
- / A i
500 Y ‘N
| /oy a " Cu VN
s/ \ \\ 1
273 ezl TR A TR A it R w1 I}
20 -10 0 10 20 30 40
time (s)
Fig. A4 Comparison of Kubota et al. data with the numerical
solution.
4
ST T TT | T 11T | T 11T | T 11T | T 11T | 1T 1T 177
[ Divavin et al. One-side Heating
35 Copper without Porous Coating =
& [ d=6 mm ]
g 30 w=13mm 4
N F wd=2.17 J
L L=60 mm 3
§ 2% Lad=10 E
~ r 3
g 20 ¢ o E
& o ]
B *e 3
E —4— Uniform Heating CHF E
10— calculated from Eq. (13) -
I Cooling Water —O— Numerical solution 3
§~ o P,,=2MPa —0— One-side Heating CHF calculated 3
F AT gyp,0u=160 K from Eqs. (13), (14) and (A-7) J
Foov o b b bo v b b3
0 10 5

u (m/s)

Fig. A5 Comparison of Divavin et al. data with the values calcu-
lated from Eqs. (13), (14) and (A7) (Divavin et al. [4]).
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tube given as

ATsub,out = Tsat,out - (Toul)cal = Tsal,out - (Ti +

4Lgcrsun )
ucpiprd )’
(A7)

where AT gubouts Tsatout and (Tout)car are outlet liquid sub-
cooling (K), outlet saturation temperature (K) and cal-
culated outlet liquid temperature (K). Thermo-physical
properties were evaluated at the temperature of {Ti, +
(Tou)car}/2. The average values of their experimental data
show nearly same trends of dependence on u. And fur-
thermore, those are also within 25% of the values obtained
from the values calculated from Eqgs. (13), (14) and (A7)
and the numerical solutions.
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