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This report presents the first compiling bringing together all the critical heat flux (CHF) ex-
perimental results of the test campaigns carried out by JAERI for the design of high heat flux
components for tokamaks or for the International Thermonuclear Experimental Reactor, ITER.
Experiments have been performed in the Particle Beam Engineering test Facility of JAERI in the
specific thermal hydraulic conditions of plasma facing components: high heat flux and one-side
heating. Test sections were cooled by subcooled pressurized water-flow. Tests are presented in a
tabular form in order to provide an efficient tool to get the evolution of the CHF versus thermal
hydraulic conditions for different geometries of cooling channel. Additional new calculations about

the latest CIIF experimental results of smooth and swirl tubes are also included.
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1. Comments on the Database

This report presents the first compiling bringing together all the critical heat flux
(CHF) experimental results of the test campaigns carried out by JAERI for the design
of high heat flux components and points out the important invest of this mstitute n
this research field. It is introduced a new international presentation in tabular format
to describe CHF. Additional new calculations about the latest CHF experimental
results (Ref. 3) are also presented. The purpose of this report is to provide an efficient
tool for the design of plasma facing components, especially in the frame of the
International Thermonuclear Experimental Reactor (ITER) design. It is proposed a
simple way to know the evolution of CHF versus thermal hydraulic conditions for
different tested geometries of cooling channel.

Experiments have been performed under typical thermal hydraulic conditions of
fusion machines such as tokamaks or ITER: high heat fluxes of several tens of
MW/m?, one-side heating conditions. Experiments were carried out in the ion beam
facility PBEF, or Particle Beam Engineering test Facility, of JAERI located at Naka.
Test sections were cooled by subcooled and pressurized water-flow. Detailed
descriptions of these tests can be found from Ref. 1 to Ref. 4.

So far, JAERI performed a total of 128 CHF tests. Test sections were made of two
different materials: Cu (0.2%Ag) and OFHC-Cu. In order to develop a high
performance cooling device, various concepts were proposed and tested: smooth tube,
swirl tube, internally finned tube, externally finned smooth tube, externally finned
swirl tube, screw tube and hypervapotron. A swirl tube is a tube equipped with a
twisted tape made of Inconel 625 inserted in the circular cooling channel as a
turbulence promoter. This tube is characterized by the twist ratio, which is the number
of inner diameter in a 180° twist. A screw tube is a tube manufactured according to
the ISO-261 standard (the ISO general-purpose screw thread-general plan) with a
thread at the inner wall of the cooling channel. The distribution of the test number
performed according to the different geometries is presented in Fig. 1 Example of
mesh model for FE calculations: half part of a smooth tube

Fig. 2. Test conditions and the range of experimental parameters is listed in Table
1: laboratory facility, geometry and material of the test section, thermal hydraulic
conditions.

Experimental results are presented from Table 2 to Table 8 in tabular form. For
each CHF test, following information and parameters are provided:

e date of the test and name of the laboratory, test section and facility

e cross section with geometrical characteristics and material of the test section

e transversal and longitudinal profiles of the incident heat flux

e heated length Ly,

e hydraulic characteristics:
CHF was detected by means of thermocouples inserted into the material close to
the heated surface: the temperature suddenly quickly increased within 200 ms to
reach the value of the trigger-setting used to avoid burn-out. According to the
experimental test campaigns, CHF location is 10mm downstream the maximum

_.1_




JAERI-Data/Code 97-033

of the gaussian profile and does not correspond to the end of the heated length.
Therefore, the subscripts 'local' is used for hydraulic parameters at CHF
location.

pressure: local pressure Py,
temperature: inlet temperature T;,

local temperature Tocq

local subcooling Ty - Tioeas

T is the saturation temperature related to the local pressure
mass flux G and axial velocity Vuya

lineic pressure drop APy, The pressure drop was not measured during
experiments but on testing bench at room temperature.

* heat fluxes:
The incident CHF, ICHF, is an experimental value. One-side heating conditions
induce the concentration of the heat flux at the inner wall. It may be reasonably
expected that the dry-out responsible for CHF occurrence is partly related to the
maximum flux at the inner wall, WCHF.
A first evaluation of this value is the geometrical WCHEF:

Geom. WCHF = ICHF * Geom. Peaking factor

The geometﬁcal peaking factor is indicated in the first column of the table. The
geometrical peaking factor characterizes the difference between the section
directly heated by the beam and the water-cooled section. For hypervapotron, it
is the ratio between the width of the test section and the width of the channel.
For smooth and swirl tubes, it is the ratio between the outer and inner diameter
of the tube.

For example, let us consider the smooth tube presented in Table 5. The outer
diameter is 10 mm and the inner diameter is 7 mm. The geometrical peaking
factor of this tube is the ratio 10/7, that is to say, 1.43. For the shot number E54,
the geometrical WCHF is obtained by multiplying the incident CHF, which is
30.7 MW/m?, by 1.43.

The maximum heat flux at the inner wall can be directly obtained from the
incident CHF, which is experimentally determined, by solving the heat
conduction in the solid, provided that boundary conditions at the inner wall are
known. The heat transfer correlations in the convective and in the subcooled
boiling regimes have been determined for smpoth and swirl tubes by JAERI
(Ref. 4). For these geometries, it is possible to calculate the heat flux at the
inner wall by a 2D finite element (FE) method. In this report, FE WCHF is
newly calculated using ABAQUS code and PATRAN code for the mesh with
QUAD4 clements. A typical mesh model used for present calculations is shown
in Fig. 1. For other geometries as screw tubes and hypervapotron, this
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calculation is not possible because the heat transfer correlations are not yet
available.

From the FE WCHF, the FE peaking factor is calculated:

FE peaking factor = FE WCHF/ICHF

For example, let us consider the externally finned swirl tube and the shot
number B52, which is presented in Table 6. The incident CHF is determined
from experiments, that is to say 39.6 MW/m?. From thermal hydraulic
conditions, the heat transfer coefficient in the forced convective and in the
subcooled boiling regimes is calculated. FE calculation provides the maximum
heat flux at the inner wall, FE WCHF, which 1s 52.3 MW/m’. Thus, FE peaking
factor is deduced by the ratio 52.3/39.6, that is to say 1.32.
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calculation is not possible because the heat transfer correlations are not yet
available.

From the FE WCHF, the FE peaking factor is calculated:

FE peaking factor = FE WCHF/ICHF

For example, let us consider the externally finned swirl tube and the shot
number B52, which is presented in Table 6. The incident CHF is determined
from experiments, that is to say 39.6 MW/m®. From thermal hydraulic
conditions, the heat transfer coefficient in the forced convective and in the
subcooled boiling regimes is calculated. FE calculation provides the maximum
beat flux at the inner wall, FE WCHF, which is 52.3 MW/m?. Thus, FE peaking
factor is deduced by the ratio 52.3/39.6, that is to say 1.32.
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Nomenclature
Dh [mm] Hydraulic diameter T [°C] Temperature
G [Mg.m?.s'] Mass flux V [m/s] Velocity
ICHF [MW/m?] Incident CHF WCHF [MW/m?] Wall CHF
ID [mm)] Inner diameter
L, [mm]} Heated length Subscripts
OD [mm] Outer diameter in inlet
P [MPa] Pressure sat saturation
APjineic [MPa/m] Lineic pressure drop out outlet
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Experiments on heat transfer of smooth and swirl tubes under one-side heating
conditions, Int. J. Heat Mass Transfer 39(14) 3045-3055.



JAERI-Data/Code  97-033
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Fig. 1 Example of mesh model for FE calculations: half part of a smooth tube
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Fig. 2 Distribution of test number according to the geometry



Table 1 Range of thermal hydraulic experimental parameters
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Laboratory Geometry Dh G Plocat T; Tioca  Tsa-Teewn ICHF ~ FE WCHF
Facility Material (mm) Mgm?s") (MPa) (°C) (°C) (°C) MW/m) (MW/m)
JAERI Smooth 7 6-13 1 50-145 60-160 20-120 15-65 19-90
OFHC-Cu
SNL-EBTS
JAERI Smooth 7 4-14 0509 20 14-21
Cu (0.2%Ag)
PBEF Internal fins 415 0509 20 10-30
Cu (0.2%Ag)
External fin smooth 7 4-13 0.5-0.9 20 23-31
Cu (0.2%Ag)
External fin swirl 4 4-13 0509 20 25-42
Cu (0.2%Ag)
JAERI Smooth 7 6-25 1 28-30 35-40 140-145  15-33 19-41
OFHC-Cu
PBEF External fin swirl 4 4-20 .15 2126 35-60 120-155 20-46  28-59
OFHC-Cu
Hypervapotron g 2-10 0.7-1 2631 30-50 115-145  7-24 8-32
OFHC-Cu
Screw 6-15 4-20 1-1.5  25-31 30-65 110-150 1742 22-60
OFHC-Cu
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