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ABSTRACT

A hypervapotron is a water cooled device which combines the advantages of
finned surfaces with the large heat transfer rates possible during boiling heat
transfer. Hypervapotrons have been used as beam dumps in the past and plans
are under way to use them for the divertor in the Joint European Tokamak (JET).
Experiments at JET have shown that a surface heat flux of 25MW/m? can be
achieved in hypervapotrons. This performance makes this device very attractive
for cooling of divertor of the International Thermonuclear Experimental Reactor
(ITER). This paper presents an analytical method to predict the thermal
performance of the hypervapotron made of materials other than copper. After
further development and verification, the analytical method could be used for
optimising designs and performance prediction.

1. INTRODUCTION

A hypervapotron consists of a finned surface made of high conductivity material
such as copper (Fig.1). The coolant is subcooled water, at a high velocity and high
pressure and flows perpendicular to the fins. Miller (ref.1) has discussed the
types of possible flows in such a geometry. Experiments (ref.2-3) have shown
that the ideal geometry consists of fins with a height to pitch ratio of about 0.5.
A recent paper (ref.4) discusses resonant heat transfer in a geometry similar to
hypervapotron. However, this study is limited to forced convection flow.

Hypervapotrons have been used at JET as beam dumps in the Neutral Injection
Systems to remove large heat fluxes under steady-state conditions. On-going
developments are directed towards using these devices with beryllium tiles
brazed onto the front surface as divertor target plates. Extensive experiments
have been carried out on hypervapotrons at the 1I0MW JET Neutral Beam Test
Bed [refs.2-3]. The test parameters cover a wide range of geometry, pressure,
velocity and subcooling. Peak heat fluxes of about 25MW/m?2 have been
obtained in these tests.



At low heat fluxes the heat transfer is by forced convection. As the heat flux is
increased, some of the surface reaches incipient boiling temperature. With
further increase in incident heat flux, critical heat flux conditions will be
applicable to a least part of the heat transfer surface. Ultimately, part of the
surface will melt. The maximum temperature is a function of water pressure,
hypervapotron geometry, velocity of flow, length of hypervapotron, heat flux
and coolant inlet temperature.

In this paper an attempt is made to predict the thermal performance of
hypervapotrons by combination of heat transfer correlations and finite element
analysis. If such an analytical prediction is feasible, designs could be optimised
and the performance predicted for untested conditions, materials and
geometries.

2. ANALYSIS
2.1 Heat transfer correlations
The heat transfer is in three different regions:

a) Forced convection

The following Modified Dittus Boelter correlation [5] was used for
temperatures less than incipient boiling temperature.

Nu = 0.023 (ff) (Re)0-8 (Pr)0.33 (1)

The factor ff = 1.35 to account for the re-circulating flow (indicated
schematically in Fig.1) which occurs in the channels formed by the
fins [3]. This factor was obtained by comparing calculated results with
measured results at a variety of flow velocities and geometries at low
values of incident heat flux. The hydraulic diameter used in Re and
Nu was hydraulic diameter of the channel between the fins (Fig.1).



b)

c)

d)

Transition from forced convection to Nucleate boiling

The incipient boiling temperature is the intersection of eq.(1) and

Bergles Rosenhow correlation [6].
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Nucleate boiling
The nucleate boiling heat flux was calculated by Thom's [7] correlation:

P
q'B = 106 [(e87%10° )(Tyy — Tear)/22.6512 3)

The heat flux for temperatures greater than incipient boiling
temperature was calculated by [8].
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Critical heat flux was calculated using the Macbeth correlation [9-12];

10-6)(Aigyp )i
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The constants are listed in ref. 7. This particular correlation was chosen
because it takes into consideration effects of geometry and pressure.
This correlation is applicable at the relatively low pressures and high
velocities in the hypervapotron.

All above correlations require calculation of heat flux as a function of
local surface temperature for each set of conditions (Geometry,



Pressure, Coolant bulk temperature and flow rate). Hence all above
equations were programmed in a computer code which created the
input for the finite element code TOPAZ2D [13]. Figure 2 shows a
typical variation of heat transfer co-efficient as a function of local
surface temperature in the cooling channel.

2.2 Finite Element Model

The finite element model for the TOPAZ2D code was of half a fin. The
incident heat flux, the coolant bulk temperature and heat transfer co-
efficients calculated from above procedure were the boundary conditions.
The coolant temperature was set equal to coolant temperature at half way
along the length of the hypervapotron. A steady-state calculation was
performed. The aim was to calculate the temperature distribution in the
hypervapotron and to compare experimentally measured surface
temperature with analysis.

3. RESULTS

Figures 3 to 5 shows the comparison of this analysis with experiments done at
the JET Test Bed on narrow channel (3mm channel height) and wide channel
(6mm) hypervapotrons. As seen in Fig.3, the heat transfer has three regions. In
the first region, the heat transfer is by forced convection. In the second region,
part of the heat transfer surface reaches incipient boiling temperature and hence
the heat transfer co-efficient is higher than the forced convection region, thus the
slope dTs/dq" is less than in the pure forced convection region. With further
increase in heat transfer surface temperature, some of the surface reaches critical
heat flux condition described by eq.(4). The heat flux does not increase with
further increase in temperature (Fig.2). Thus the heat transfer co-efficient
actually decreases with temperature. Due to this, the surface temperature
increases rapidly with increasing heat flux. If it was not for the finned surface
and large thermal conductivity of the copper, burn-out would have occurred at
this time. Increasing heat flux will finally make local heat flux at all locations on

the heat transfer surface to the coolant greater than the critical heat flux and
burn-out will occur.



Figures 3 to 5 show an excellent agreement between this analysis and
experimental results. This analysis covered a wide range of pressures, flow
velocities and sub-cooling and two different geometries. In future, an analysis
will be performed to see if this model can predict performance of other
geometries for which experimental data is available. An attempt could then be
made to optimise the design of hypervapotrons for applications to the ITER
design.

Figures 6 to 8 show the isotherms in the hypervapotron for three flow regimes.
Figure 6 is for a heat flux of 2MW/m2 and represents the forced convection
regime because the temperatures over the entire heat transfer surface are below
incipient boiling temperature. As the surface heat flux is increased to 8MW/m?
(Fig.7), part of the surface has nucleate boiling and part of the surface has forced
convection. As the heat flux on the surface of the hypervapotron is further
increased to 25MW/m?2, some part of the heat transfer surface reaches the critical
heat flux condition (Fig.8). However, burn-out is prevented due to conduction
heat transfer to the colder surface. This is the important feature of the
hypervapotron where considerably higher heat flux on the surface than the
critical heat flux in the coolant channel can be achieved.

The method presented above was used to analyse the performance of
hypervapotron for materials other than copper. Figure 9 shows the effect of
thermal conductivity of peak surface temperature at a surface heat flux of
25MW /m2. The result shows that the surface temperature for a hypervapotron
made of materials other than copper will be considerably higher.

4. DISCUSSION

A method has been presented which predicts the thermal performance of
hypervapotron. Further work is planned to extend the method to more general
geometry. Two specific extensions of the method are envisaged: inclusion of
three dimensional effects and calculation of pressure oscillations during boiling,.
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NOMENCLATURE

D = hydraulic diameter of the flow channel without fins, m
ff = factor, Eq.(1)

G = mass flux, kg/m2-sec

h = heat transfer co-efficient, W/m2-°C
i = enthalpy, kJ/kg

K =  thermal conductivity, W/m-°C
Nu =  Nusselt number = hD/K

p = pressure, Pa

Pr = Prandtl number

4" = heat flux in cooling channel, MW /m?
Q" = incident heat flux, MW/m?2

Re = Reynolds number

T = temperature °C

V = velocity, m/sec

Z = length, m

AT =  temperature difference, °C

Ai =  enthalpy difference, kJ/kg
Subscripts

b =  bulk

B =  Dboiling

Bi =  incipient boiling

CRIT =  critical

FC = forced convection

ONB = onset of boiling

SAT = saturated

w = wall
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