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Abstract

It is shown that kink distortion of the magnetic axis, and as
a consequence a variation of the magnetic field along magnetic
surfaces in the toroidal direction, leads to a new type of
"superbanana" particle orbits and can change drastically the
classical particle and heat transport in the central core. The
phenomena discussed below have a time scale of =10-3 s. and
seem to be too slow to affect the sawtooth crash process (which is
an order of magnitude faster) but can dominate in evolution of
the plasma parameters between crashes, "snakes" formation [1,
2] and other phenomena in the central plasma inside q = 1
magnetic surface.

The experimental observations in tokamaks [1, 3] show that under certain
conditions a kink equilibrium can exist in the central core (q < 1), not only
during sawtooth crash but in between crashes during rather long time of Teq=1s.
It is clear illuminated by "snakes" phenomena [1, 2] and sometimes can be seen
on the 2D poloidal pattern of soft X-rays which shows in these cases slow rotation
of a displaced central hot core in the poloidal direction with period of about
10 ms. One can expect that the stellarator-type kink equilibrium is a natural state
of the central plasma with q < 1 at the magnetic axis and therefore it is
worthwhile to study the plasma confinement in the kink distorted central core.
It should be mentioned that in the large tokamaks with an elongated plasma the
sawtooth inverse radius (q = 1) can be a substantial part of the plasma minor
radius (up to 60% at JET) and plasma transport in the central core can affect the
global plasma confinement.

The main effect of the kink perturbation on the plasma confinement is a
toroidal variation of the magnetic field along the distorted magnetic surfaces.
The effect is.similar to the traditional toroidal field ripple transport, which has
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been investigated in detail [4]. The MHD induced ripple transport has been
studied before [5], but for high energy alpha-particles. It was shown that the
threshold amplitude of the MHD perturbations for the stochastic diffusion is
rather high especially for low mode numbers. Here we shall concentrate on the
"ripple well trapped" diffusion of the thermal plasma.

We shall start with the magnetic field model for the central kink core.
There are many papers devoted to the nonlinear kink equilibrium for m = 1,
n =1 instability [6 - 10] aimed to find self consistent island width. We assume
that the kink equilibrium with magnetic axis,

Ra =Ry, + & cos(p), (1)
Za =§ Sin((p)r

does exist and consider the amplitude of the displacement, &, to be an input
parameter. In Eq. (1) Ry is the major radius of unperturbed axis, ¢ - toroidal
angle. The formalism can be simplified taking into account that the new
magnetic axis (1) is actually a plane circuit (of the same radius Ry), tilted and
displaced from the original tokamak axis. Using the new toroidal coordinate
system p, v, ¢ where p is distance from the new magnetic axis and the procedure
developed in [11], one can easily obtain the solution of the equilibrium
equations in series of small parameters € = p/Ro and A =&/R,. The leading terms
essential for analytical estimations presented below are:

By =Bo (1-Acos(e) — ecos(d)) + ...,
By =B°%(1—Acos(<p) - gcos(V®)) + ..., (2)

B, =B, & sin(g) + ...,

Bgezﬁp _
pos (1—Acos(9)) +....

P=Po-

Here € = p/Ro, A = §/Ro, qlp) is the safety factor, po, plasma pressure at the
magnetic axis, Bp ~ d2p/dp2. Numerical calculations of particle orbit has been
performed for magnetic field included higher order terms up to €3, A3.

Because of the toroidal variation of the magnetic field, |Bl =~ By, toroidally
trapped (banana) particles undergo a superbanana motion. The trajectory of the
. ..banana centre.can be.found from.conservation of .the invariant..
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Jy =4 vy di=2Ryv, Igr';:qudﬁ = const, 3)

where X = v||/ Vo, ¥min, ¥max - coordinates of the turning points (x = 0) and
integration over ¥ in (3) is performed along the field line ¢ = ¢, + q¥, where @y, is
the toroidal coordinate of the banana centre, 9 = 0. Small variation of the minor
radius of the magnetic surfaces, p~ (1 - Acos(¢))1/2, can be neglected in (3). Using
particle energy and magnetic moment conservations and Eq. 2, x can be expressed
in terms of ¥ and ¢p:

x* =5~ (1-x5) A (1-cos (gp + qO))-(1-x5)Eo ~€COSD).  (4)

The subscript "0" in (4) corresponds to the initial values of variables (¢ =0, © = 0).
Integration in (3) can be fulfilled analytically only for deeply trapped particles
xg << € for which (3) gives the following relationship between radial and

toroidal coordinate of the banana center:
€ = o + A(1-cos (¢p)). (5)

Using Eq. 2 we find that for deeply trapped particles that are bouncing near the

minimum of the magnetic field B V |B| = 0,

oy =-2 sin (gp). 6)

Projection of the trajectories (5), (6) on the poloidal plane are slightly elongated
(@ < 1) ellipses.

Fig. 1 shows poloidal projections of particle orbits obtained by direct
numerical integration of guiding center equations. The new "pineapple" orbits
consist of particle bouncing over banana orbit and drift of the banana center. It
was found that Eq. 5, 6 are good approximation for banana center orbit not only
for deeply trapped particles but for all toroidally trapped particles x2 < 2e. On the
contrary, all transit particles orbits are very close to the magnetic surfaces. It can
be seen easily from (Eq. 3 for x =1 1).

The remarkable feature of the new orbits is that the width of the banana
- ~center orbit 8¢ = 2A;, does not depend-on partiele energy, charge or mass, and
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therefore ions and electrons have the same deviation from the starting magnetic
surface. The period of particle motion over the superbanana can be estimated as

follows:

2nR, (eo+A) )
QVar

Torbit = 2%/ Pp =
Here Vg is the toroidal drift velocity. For typical JET plasma parameters Ry = 3m,
B = 3T and particle energy E; = 5-10 keV the period Torbit = 1 - 2 ms.

The banana centre orbit width is sensitive to electric field. In the presence

of electric field with electric potential ¢ =¢4 (1- p2 /p12), where p1 is the radius of
the q = 1 surface, Eq. 5 takes the form

e L2002 -€d) _ .
£ 8°+__—rm)§e12 A (1-cos (¢p)). (8)

The orbit width as function of electric field for particles started from the magnetic
axis (€p = 0) is shown in Fig. 2. The maximum amplitude € = 8A corresponds to

the negative charge of the plasma center, 2e¢c,/m\)g= - p12/2R°§, above
which, ¢4 < ¢cr, the banana center orbit becomes toroidally trapped.

At a large axis displacement

P1/3; ¢o=0

9
P1/9 6o =0cr ®

§>§cr={

the orbit width is larger than the minor radius of the central core and the banana
particles are not confined at all.

At small amplitude of displacement, § < &, pineapple orbits lead to
enhanced transport in the central region. We shall estimate the diffusion rate at
two limiting cases assuming l¢o! << I¢cr!. At the large effective scattering time
Teff = Tse (€ + A) > Torbit, Where Tsc is 90° - Coulomb scattering time, the diffusion
rate can be estimated as follows:

4A%R2

- 1o (e+4) V2 (10)



At the low particle energy, Torbit >> Teff, particle free path is defined by effective
scattering time

A = pett = RoAQpTert = AQVgrTse

and diffusion rate is equal to

A2q2v§ T
D=—-°%¢ 11
(e+A)¥? (1)

The diffusion rate as function of plasma temperature is shown in Fig. 3. The

maximum diffusion rates occurs at Torbit = Tsc (€ + A) or QETge = 2nR§a)cm, when

E is particle energy.

For ions tsc = Ti; and critical particle energy which corresponds to the
transition from (10) to (11) is equal to

Eg =(175m9 R2B)%/S

Here [E] = xeV, n19 = n/1019, [B] = T. For JET plasma parameters R = 3m, B = 3T,
nig = 3, the last estimation gives Ecr =~ 10keV and Dj (E¢r) = 104 A2. Ata
reasonable displacement of A =0.03, D; (E¢r) =10 m2/s.

The critical energy for the electron is very high (40 keV for JET parameters)
and at the typical plasma temperature the electron diffusivity is described by
Eq. 10 with tsc = Tej. Because the electron diffusion rate is significantly less than
the ion diffusion rate, the kinked plasma core will be charged negatively | ¢o!| =
T/e with respect to the outer plasma. The resulting ambipolar diffusion rate is
small

_ 2D; Dg
Da - Di+De

= 2Dg << b, (12)

but the ion heat conduction, i = Dj, remains large. Using Eq. 10, 11, one can
estimate ion energy confinement time in the JET central region, as
T = p12 /D; = 10 ms, which is much smaller than the sawtooth period
Tst = 100 ms. Therefore if there is a residual kink distortion of the magnetic
axis, the ion temperature profile is expected to be flat inside q = 1 surface.



The estimations of the plasma transport coefficients, Eq. 10-12, are valid
only for a small axis displacement §/p1 << p1/Ro, when l¢o ! <<l¢cr|. At the
large displacement picture is much more compicated and needs a special

analysis.

Finally, we can summarize that even small kink perturbations of the
central core can change drastically particle orbits and the plasma transport inside
the inversion radius. Although we have only considered the effect of m = 1,
n =1 mode on the plasma confinement in the central core region, the results are
qualitatively valid for islands m, n # 1 as well.
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Fig. 1 Poloidal porojection of particle orbits starting from magnetic axis, V| « 0,
pL/p1=0.05,p1/Ro =0.15.

a - A = 003 b - A = 004 c - A = 005
d - A = 006 e - A = 0.08;

Sign "X" marks the position of undistorted magnetic axis R = R,.
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Fig. 2 Orbit width vs electric field, ¢y =4€¢oA/ mvzef, for deply trapped
particles, V|| << (e + A)1/2Y/

Fig. 3 Diffusion rate vs particle energy.



Calorimeter
Strip

Fig. 7: Test set-up in the Beryllium test rig: The outer
vertical edges of the elements are shielded by
scrapers. The sections are ngidly mounted against a
strong back. A calonmeter is installed behing the gap
belween the two elements.

section having the same external dimensions and
using parallel connection for the coolant flow. The swirl
tube section had two drillings of 10mm each with a
twisted tape of twist ratio 2. Thermocouples where
installed in the side wall, 3mm from the exposed
surface. Fig 6 shows a schematic of both test sections.

4.4.2. Be Test Rig

The test sections are rigidly fixed against a strong
back. The exposed area is 200 x 48mm? The outer
edges of both vapotrons are behind the scrapers (Fig.
7).

5. Experimental results

5.1. Vapotron Heat Transfer

Power scans have been done with a vapotron and
a swirl tube section installed side by side. The surface
temperature of the test sections are shown in Fig.'s 8
and 9 as a function of the power density for two flow
rates. The main effect of the higher flow rate is, in both
cases, the extension of the operating range to higher
power densities without excessive rise of the surface

temperature. At power densities below 20MW/m?, the surface temperature is the same for both flow rates. If
anything, both panels are marginally colder at a given power density with the lower flow rate, indicating, that
the gain in heat transfer with velocity is compensated by the higher viscosity due to the lower water
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Fig.. 8: VVapotron surface temperature for water flow
rates of 1.94 & 2.64 m’/h (8.5 & 11.6 m/s velocity)
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Fig. 9: Swirl tube surface temperature for water flow
rates of 3.64 & 4.23 n°/h (7.4 & 8.6 n/s velocity)



temperature. In the case of the vapotron, the flow rates of
1.94 and 2.64m%h correspond to a bulk water velocity of

8.4 and 11.5 m/s. The range of interest for the JET 700
divertor is for a surface temperature up to 350 °C. This O
corresponds to a power density of approximately > 600 " j‘l
17MW/m2. At the low flow rate the highest absorbed 5 . &
energy was 0.509 MW with a pulse length of 4.86s. g 500 /%e
§
5.2. Comparison Vapotron - swirl tube ia'?; 400 R
The surface temperatures of the vapotron and the § 300 ,,.‘
swirl tube section are almost identical (Fig. 10). The swirl § y
tube has a slightly higher surface temperature up to g ry
20MW/m?. Above this power density the situation is £ 200
reversed. The total power absorbed by both sections was )
almost identical. The higher temperature of the swirl tube 100
section could again be explained (at least partially) by the /
higher flow rate and therefore lower water temperature. 0
In the case of the swirl tube section we actually achieved 0 5 10 15 20 25 30 35
the critical heat flux of 30MW/m? at the lower flow rate. i '
—vap1.94 L swirl 3.64
Table 3: Comparison of vapotron and swirl tube Fig. 10: Comparison vapotron (line) & swirl tube
symbols) for flow rates of 1.94 tron) and
data: Ap: pressure drop at the quoted flow rate, AT, (symbois) 36417 (swirltub(ev)apo )
water temp. rise in °C, pump factor: flow x pressure (in
Watt).
Vap out Common in Swirl out
flow | Ap |_POwer |\t pump e
#40958 | m*h | bar | Mwim2 W' factor ok
in Watt
vapotron 1.94 2.2 25.5 46.3 119
swirl tube | 3.64 | 3.9 26.9 26 395 570
°
3
2
5.2.1.Pressure L
Under operating conditions, vapotron and swirl tube
compare as shown in table 3: The swirl tube needs
nearly twice the flow and requires more than three times

CGOC TN

the pumping power. The vapotron produces twice the 3L . L ' 1 ”
noise level at the water outlet compared to the swirl tube 20 30 20 30 20 30
(Fig. 11) (actually, the noise levels at the in- and outlet of Time (s)

the swirl tube are roughly of the same magnitude and

might both be created by the vapotron). Fig. 11. Noise on the water pressure signals in bar

for a high power pulse (data in table 3). Left:
vapotron outlet pressure, middle: common inlet
5.2.2. Surface temperature pressure, right: swirl tube outlet pressure
Fig. 12 shows vertical profiles of the vapotron surface
temperature for two pulses with 25.5 and 25.8MW/m?. The water is flowing from top to bottom. The centre is
clearly overheating in both cases and the profile is unsymmetrical, shifted in the direction of the water flow.




IR SURFACE TEMPERATURE [C]

This indicates insufficient subcooling. Increasing the
flow rate from 1.9 to 2.6 m%h reduces mainly the
overheating in the centre and at the downstream end.
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Fig. 12: Vertical profile of the vapotron surface
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Fig. 13: Peak surface temperalure from the IR
camera, a) for the swirl section at cntical heat flux
(29.5MW/n?), and b) for the highest heat flux on the
vapotron at 1.94m’/h for the pulse in table 3

This explains, why the vapotron shows higher surface

temperatures with the low flow rate at high power densities in Fig. 8. The overheating is of the order of 100°C,
as indicated by the dashed line in Fig. 12. In the case of the swirl tube we had two cases, where the
temperature was running away. Fig. 13a shows the temperature rise measured with the IR camera at the
hottest section of each element. The power density was 29.5 MW/m?, the flow rate 3.58m>h for the swirl tube
and 27.5MW/m? and 2.64m>/ for the vapotron. The temperature rise at the surface of the swirl section is of the
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Fig. 14: Temperature difference in the vapotron

across the heat exchange surface (wall - bulk

water) for a flow of 1.94 n°/h

order of 230°C/s. Fig. 13b shows the vapotron surface
temperature for the highest power density with the lower flow
rate (25.5MW/m? and 1.94m°h) together with the surface
temperature of the swirl tube (26.9MW/m? and 3.68m%h). The
vapotron is clearly hotter, but still stable.

5.3. Vapotron at critical heat flux

As mentioned in 5.1, we did not take the vapotron to
burnout, as the surface temperature at the high power level is
well above that which is acceptable to us for other reasons.
At power densities above 17MW/m? we can clearly see an
excessive temperature rise in Fig. 14 of up to 100°C at the
highest power density. This excessive temperature only
occurs in the area with the peak power density (Fig. 12). The
amount of overheating derived from Fig. 12 and 14 is
identical. It is assumed, that the overheating is due to a
locally over-critical heat flux which is stabilised by heat
conduction into the fins. We have tested vapotrons to the
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Fig. 16: Surface melting on a vapotron. Melting is
between the fins, the fin periodicity of 6mm is dlearly
visible

critical heat flux in earlier scans. Fig. 15 shows a TC
temperature trace at the critical heat flux of 14MW/m2,
The flow velocity was much lower (3m/s) with two
elements in serial connection. The water temperature
rise was 50°C in the second element, which suffered
burnout. The temperature derivative in the copper is of
the order of 125°C/s and it takes more than 3s between
the loss of cooling and surface melting. Fig. 16 shows the
melting after the burn-out. The periodicity of the fin

structure and the local melting between the fins are
clearly visible.

5.4. Velocity dependence of the heat
transfer

A global heat transfer coefficient, defined as

h giobar=(power density)/(T yay—T water)

"32 can be used to describe the velocity dependences

vapotrons with 4 mm fin height
6007 : : ‘
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in the heat transfer as a function of the bulk water
velocity. Data taken with test sections with a water

Fig. 18: Heat transfer in a vapotron with a waterinlst ~ ¢hannel height of 3, 6, and 8mm show that the heat

temperature of 15, 40 and 50°C and 7.5 bar.

transfer scales with the square root of the velocity,
however, the scatter of the data is considerable. This
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Fig. 19: Heat transfer in a vapotron with a water iniet
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o

could indicate that resonant effects exist for the heat
transfer at specific velocities.

5.5. Water pressure and subcooling

Power scans with 15. 40, and 50°C water inlet
temperature and with 4 and 8 bar average pressure show
(Fig. 18 & 19), that the heat transfer increases with water
temperature at lower power densities and decreases with
increasing water temperature at higher power densities.
This again indicates, that the heat transfer deteriorates at
higher power densities, when the water gets too hot. It
appears that this wall temperature rise is correlated to
water temperature rather than subcooling, as there is little
influence from the water pressure.

Discussion of the heat transfer results

Fig. 14 shows clearly 3 different heat transfer regimes:

1 turbulent non boiling heat transfer up to 9 MW/m*

2 boiling heat transfer between 9 and 16 MW/m’. In this range there is no noise on the water
pressure signal and

3 boiling heat transfer range with reduced heat transfer and noise on the water pressure signal.

A finite element analysis shows that we have to use an amplification factor ff of 1.35 in the modified Dittus
Boelter correlation

-Nu=0.023 x () x Re0-8 x Pr0-33

to describe the heat transfer before the onset of boiling. The bulk water velocity and the hydraulic diameter of
the grooves between the fins are used in the Reynolds number Re. This suggests, that the vortices, created in
the grooves between the fins, produce an average heat transfer similar to that in a pipe with the same

hydraulic diameter but with 1.45

70 450 _ times the bulk water velocity . This is
soo k- Fo Analysis V4 aook Fe Analysis not unreasonable,_ as the
o Expt / o Expt ‘momentum change in the vortex
€ soo Bl (circular flow) will reduce the width
3 3 0ot ° of the boundary layer and hence
g 400 & 2501
E o
% a0k 2 ok
S 300 . E 200
b
oo )
100 - " soF 2 i
1 I 1 I i JE / 1 ] §
o 0
0 5 10 15 20 25 30 0 B 12 16 ] -
Heat flux (MW/m?2) Heat flux (MW/m'?) Fig. 20: Schematic
Fig. 21: Finite element analysis for bulk water flow velocities of 4 m/s, and 6.4 bar vortex flow

(left) and 11.5m/s and 5.7 bar (nght).



improve the heat transfer (Reynold, Prandti, and Karman analogy’). There must also be a sufficiently large
exchange of cold water between the bulk flow and the water in the vortex. With this vortex picture in mind it is
also not unreasonable to assume that we will get resonant effects at certain flow velocities, which would
explain, why the heat transfer coefficient is not a monotonic function of the velocity.

With Thom's correlation in the nucleate boiling range and the Bergles Rosenhow correlation for
temperatures above incipient boiling, we get the fits in Fig. 21 for a flow velocity of 4 and 11.5 m/s®. The
agreement with the experimental data is quite good and demonstrates, that we do not have to assume a novel
heat transfer mechanism to explain the heat transfer in a finned structure at higher velocities ( >>3m/s).

This leads to the following basic model for a vapotron:

* The classical vapotron effect is only dominant at low flow velocities, where the ejection of steam
from the grooves between the fins drives the heat transfer. In this range we see 10 — 20Hz
oscillations in the water pressure which correspond to the ejection frequency.

* At high flow velocity the vortices are sufficiently violent to supply cold water into the grooves and
the heat transfer is sufficiently large to avoid the formation of larger steam bubbles.

The advantages of a finned structure are:
¢ the increase of the heat transfer surface by the fins,
* the thermal inertia, which the cold fins provide in the case of a local burnout,
* turbulence is only created where it is needed to improve the heat transfer

* the water flow rate can be adjusted to the
requirements by the width of the water
channel.

7. Test Results from Beryllium tiles
brazed onto CuCrZr Copper

Beryllium tiles have been brazed onto our standard
vapotron element with a cross section of 500 x 27 mm?2 The
beryllium tiles were 2 and 3 mm thick with different
castellations. Sheer tests showed a strength of the brazed
joint of 170 — 200 N/mm?2. The elements were, as foreseen
in the divertor, rigidly fixed to a strong back which prevents
movement due to thermal expansion. The test was carried
out using modulated beams with on/off periods of equal
lllength. The tiles were castellated into 6 x 6 mm?, or 27 x 6
mm?, or 27 x 27 mm? sections with the castellations
penetrating either the full or half the thickness. Independent
of the degree of castellation the tiles became detached e A
when the power density exceeded 16 MW/m?3 This can be Fig. 22: Be tiles after the test
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clearly seen in Fig. 23. The faults are shown in Fig.
22, a photograph taken after the test.

Micrographs of the tiles after the test show (Fig.
24 ) that cracks develop in the inter-metallic layer
between the braze and the Beryllium. This
inter-metallic layer is very bridle (hardness 400 -
700 Vickers). Although the braze can withstand the
average design loading of 12 MW/m? the safety
margin is considered inadequate for an oscillating
load. Alternative brazing procedures, which reduce
the diffusion of Beryllium into the braze, are under
investigation together with alternative bonding
techniques such as plasma spaying, explosive
bonding, or HIP-ing. Our tests confirmed, that it is
indeed possible for the copper alloy to withstand
the stresses generated by thermal expansion when

the test element is rigidly supported.
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ABSTRACT

| b
is

The actively cooled version of the JET divertor plates use a finned structure as heat exchange surface
between the copper alloy base plate and the cooling water (hypervapotron). The turbulence created by the
fin structure gives a remarkably good heat transfer even before the onset of boiling. The boiling heat
transfer is stabilised by the colder fin structure. Finite element calculations confirm that the heat transfer
can be explained by turbulent boiling heat transfer.

Power densities of up to 25MW/m? can be removed with a pressure drop of 4bar per meter. Beryllium
tiles brazed to the CuCrZr base plate can withstand a pulsed power loading of up to 16 MW/m2. Limiting in
strength is the intermatallic layer between the braze and the Beryllium tile. The test sections, mounted
rigidly against a strong back, withstood the stress caused by thermal expansion.

2. INTRODUCTION.

The JET Joint European Torus' in Culham U.K. operates in a pulsed mode with a pulse duration of up to
60s. The plasma is confined by magnetic fields and heated by the current in the plasma (up to 7 MA). Up to
40 MW of additional power can be supplied by the plasma heating systems. The energy confinement time is of
the order of 1s. The exhausted power is absorbed in specially designed dumps. impurities, released from the
dump can lead to radiative losses and to dilution of the plasma. Both effects increase with the atomic number Z
of the impurity. To minimise plasma contamination, low surface temperatures of the dump plates and a dump
surface material with a low atomic number, such as Beryllium or Graphite, are beneficial. Any misalignment of
the dump plates will cause localised hot spots and must be avoided.

A so-called "divertor", which separates the dump area from the plasma, is at present being installed into
the JET machine. The strike area between the plasma exhaust flux and the dump plates will be swept with a
frequency of 4 Hz, thus reducing the peak heat flux of 60 MW/m? to a time average heat flux of 12 MW/m?. In
this paper we report on thermal tests of the water cooled base plates made from CuCrZr with finned internal
surfaces (Vapotron)? and on tests of base plates with Be tiles brazed onto the exposed surface. In a previous
paper [4]* we have reported the results of experimental studies of the heat transfer of vapotron structures. It
was found that the detailed geometric structure has little influence but the velocity of the cooling water was of
major importance. The classical vapotron effect, where the steam formation in the grooves and its ejection



provides the driving force of the heat
exchange, is only seen at low velocities.
With increasing velocity, the turbulence
created by the fin structure appears to
dominate the heat transfer. This
observation led to the development of a test
section with a reduced water channel width
and reduced fin height. The heat transfer
characteristics of this element is covered in
this report.

3. Divertor Dump Plates

The divertor dump is made up from 48
modules to form a complete toroidal ring.
The bottom section is the actual dump and
will, in a second operation phase, consist of
8 individual 900 mm long actively cooled
dump plates per module (Fig. 1). The tiles
at the sides and initially at the bottom are
made from solid beryllium with inter
pulse cooling*. The actively cooled
dump plates are rigidly connected to
a strong back to prevent movement
and distortion due to thermal
expansion. The cross section of each
dump plate increases along the
length from 27 x 19 mm to 36 x 19
mm (toroidal dump). The water flow
rate is 0.5l/s per actively cooled
element. The heat transfer between
the dump plate and the water is via a
finned surface. The height of the

Fig. 1: Module assembly of the JET divertor. Initially all tiles
are inertial (interpuise cooled). Later the bottom tiles will be
actively cooled elements as descibed here.

/ 500 L/
-/

VAN

Incident power

Fig. 2: Vapotron schematic. The heat transtfer into the waler is

water channel defines the ratio through a finned surface. The water channel width can be designed to

between flow rate and velocity and
can be adjusted to the specific
requirements to optimise the
water circuit.  (Fig. 2) The
water channel in the JET
divertor plates is tapered to
maintain a constant flow
velocity of 7m/s.

4. Test Facility

All the tests in this report
have been performed in the
JET Neutral Beam Test Bed, a
10MW, 160 kV beam line set

maich the flow requirements.

2 ';’voy:pump iR camera Cryopump

Test bed
beam dump

NIB  Target tank Ports for thermal tests  {m
\ r
Vacuum enclosures

up initially to commission the g 3 Sohematic of the main beam line of 12m length. Tests are camied out in

JET neutral beam injectors

the Target Tank, 7 - 8 m from the beam source.



Table 1: TB specification (Fig. 3). “The main parameters of the Test Bed are shown in

Table 1. Heat transfer tests are carried out in the Target

hea Sonurce lon beam Tank. Samples with Beryllium are tested in a second smaller
pulse duration 20s beam line, the so called Beryllium test rig (Fig. 4), to avoid
max. power 2x4 MW z::ammatnon of the main beam line with toxic Beryllium
max. power density | 100MW/m? per beam
duty cycle 1:30
volume oom® 4.1, Tests with Beryllium

access ports up to 1500 mm i.d. The Beryllium test rig is a small beam line with a volume

vacuum pumping speed | 10°I/s for Hydrogen | ©f approximately 1 m®. The whole tank is operated at the

- - pressure required in the plasma source to produce an arc
Cooling loop capacity (0.2 - 0.3 Pascal). This reduces the requirement for vacuum
available for tests: pumping speed considerably to less than 1000l/s. The ion

water flow rate and 20 /s (8 bar) & 100 source used is a standard JET source with a reduced
pressure head {/s (4.5bar) extraction area. Power supplies, control & data acquisition,

return water pressure 2 bar and the cooling loop of the main test Bed are shared with the

main beam line.

i | R Camera

Q 4.2. Instrumentation

| 4.2.1. Surface temperature

~—L —_ The surface temperature of the test panel
= Q__/ BEAM e T is measured with an AGA IR camera®, Before

and after a test the camera is calibrated

against the CrAl thermocouples in the panels.
IR VL_ This is done by heating the uncooled panel

i ..ﬁ————\%m with the ion beam. The output of the IR

camera is then calibrated against the

thermocouple temperature. This procedure

o . . ) guarantees, that the panel is in thermal
Fig. 4. Side view of the beam line for tests with Beryllium equilibrium.

components. The distance between beam source and target is
2m, the volume of the beam line is 1 7.

Test Elements
Side view on Test Beam Line

4.2.2. Panel temperature

Bare wire CrAl thermocouples are percussion welded into 1.7 mm holes. The hot junction is normally 2mm
below the exposed surface. The thermocouple output is sampled with a rate of app. 40 Hz. Assuming one
dimensional heat conduction, we can calculate the surface temperature and the temperature of the water-wall
interfaces from the TC temperature.

4.2.3. Water flow calorimetry

Water flow is measured using Taylor turbine flowmeters® installed in the return line of each water channel.
The water exit temperature is measured by sheathed CrAl thermocouples sampled at a rate of 6 Hz. The
signal level before the pulse is used as a base line.

4.2.4. Beam profile

The horizontal ancl the vertical beam profiles are measured using drive-in inertial calorimeters. The vertical
profile is additionally measured using a calorimeter strip installed behind the gap between the test sections.




This latter diagnostics is used for relative
measurements only, because the width of the
gap between the elements is not well defined.

4.3. ion Beam

4.3.1. Parameters:

The JET Test Bed can be operated with
Hydrogen, Deuterium, or Helium Beams. In
Hydrogen or Deuterium, typically 60 - 80% of
the power is in the full energy component (ions
accelerated as H*) and the rest in the half and
third energy component (ions accelerated as
H; or as H3). Roughly 50% of the extracted ion
beam is converted into neutral atoms due to
charge-changing collisions after acceleration.
Deflection The beam can be 100% amplitude modulated
andvibration — \ith a minimum off period of 30ms and a
measurements .. . . .

minimum on period of approximately 3 ms. This
modulation has been used to simulate the
sweeping of the plasma strike point over the
dump plates.

Scraper
assembly

4.3.2. Beam profile

W= Water thermocouples The distance between the beam source and
V= Vapotron thermocouple the test section is 7m in the large test facility.
The beam has essentially a gaussian shape with

Fig. 5: Test setup in the Target Tank: two test sections are a small (30mm) fiat top in the vertical plane and

mqunteds:dqbyside with a 2mm gap and a vertical with scraped edges (£75mm) in the horizontal
calorimeter behind the gap. Thermocouples are grouped plane. The 1/e width is of the order of 100 mm.
around the centre position. In the Be test rig the distance between beam

source and test section is of the order of 2m and the

beam profile has a larger flat top area of approximately Table 2: vapotron dimensions

100 x 40 mm? (vertical x horizontal). fin height 4 mm
fin width 3mm

4.4. Test Rig and test samples groove betwaen fins 8mm
water channel height 3mm

4.4.1. Large test facility

Two elements of 27mm width each are instalied 2¢
side by side with a nominal gap of 2mm (Fig. 5). _
Water flow can be either serial, (as shown in Fig. 5), 4 ¢+
3

grrssss
LY OIS

or parallel. The vertical beam width is limited to 175
mm by two scrapers. The test sections were
vapotrons with 500 x 27 x 19 mm?®. The internal fin
structure was as detailed in Table 2. Thermocouples
are installed in the side walls with a distance of 2mm
from the surface exposed to the beam. Alongside a
vapotron test section we have also tested a swirl tube Fig. 6: Schematic of the test sections




Test Elements

Calorimeter
Strip

Fig. 7: Test set-up in the Beryllium test rig: The outer
vertical edges of the elements are shielded by
scrapers. The sections are ngidly mounted against a
strong back A calonimeter is installed behing the gap
between the two elements.

section having the same external dimensions and
using parallel connection for the coolant flow. The swirl
tube section had two drillings of 10mm each with a
twisted tape of twist ratio 2. Thermocouples where
installed in the side wall, 3mm from the exposed
surface. Fig 6 shows a schematic of both test sections.

4.4.2. Be Test Rig
The test sections are rigidly fixed against a strong
back. The exposed area is 200 x 48mm? The outer

edges of both vapotrons are behind the scrapers (Fig.
7).

5. Experimental results

5.1._Vapotron Heat Transfer

Power scans have been done with a vapotron and
a swirl tube section installed side by side. The surface
temperature of the test sections are shown in Fig.'s 8
and 9 as a function of the power density for two flow
rates. The main effect of the higher flow rate is, in both
cases, the extension of the operating range to higher
power densities without excessive rise of the surface

temperature. At power densities below 20MW/m?, the surface temperature is the same for both flow rates. If
anything, both panels are marginally colder at a given power density with the lower flow rate, indicating, that
the gain in heat transfer with velocity is compensated by the higher viscosity due to the lower water
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Fig.. 8: \Vapotron surtace temperature for water fiow
rates of 1.94 & 2.64 m°/h (8.5 & 11.6 nvs veloaity)
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Fig. 9: Swirl tube surface temperature for water flow
rates of 3.64 & 4.23 nr’/h (7.4 & 8.6 nvs velocity)



temperature. In the case of the vapotron, the flow rates of 700
1.94 and 2.64m*h correspond to a bulk water velocity of
8.4 and 11.5 m/s. The range of interest for the JET
divertor is for a surface temperature up to 350 °C. This
corresponds to a power density of approximately
17MW/m2. At the low flow rate the highest absorbed
energy was 0.509 MW with a pulse length of 4.86s.

600

500 /ﬂg

400 A

5.2. Comparison Vapotron - swirl tube

300 >

The surface temperatures of the vapotron and the -
swirl tube section are almost identical (Fig. 10). The swirl 200
tube has a slightly higher surface temperature up to ]
20MW/m?. Above this power density the situation is 100
reversed. The total power absorbed by both sections was /
almost identical. The higher temperature of the swirl tube 0
seption could again be explained (at least partially) by the 0 S5 10 15 20 25 30 35
higher flow rate and therefore lower water temperature.
In the case of the swirl tube seczztion we actually achieved —~vap 1.94 « swirl 3.64
the critical heat fiux of 30MW/m?* at the lower flow rate. power density / (MW/m?)

Table 3: Comparison of vapotron and swirl tube Fig. 10: Comparison vapotron (line) & swirl tube
(symbols) for flow rates of 1.94 (vapotron) and
3.64 P/ (swirl tube)

(surface-water) temperature / 'C

>»

data: Ap: pressure drop at the quoted flow rate, AT,:
water temp. rise in °C, pump factor: flow x pressure {in
Watt).

Vap out Swirl out

flow | Ap | _POWeT |\ | pump
#40958 | m*h | bar | Mwim2 W | factor o
in Watt

vapotron 1.94 2.2 255 46.3 119
swirl tube | 3.64 3.9 26.9 26 395

Pressure (bar)

5.2.1.Pressure

Under operating conditions, vapotron and swirl tube
compare as shown in table 3. The swirl tube needs
nearly twice the flow and requires more than three times gl L |
the pumping power. The vapotron produces twice the 20 30 20 30
noise level at the water outlet compared to the swirl tube Time (s)
(Fig. 11) (actually, the noise levels at the in- and outlet of
the swirl tube are roughly of the same magnitude and
might both be created by the vapotron).

Fig. 11: Noise on the waler pressure signals in bar
for a high power pulse (data in table 3). Left:
vapotron outlet pressure, middle: common inlet
5.2.2. Surface temperature pressure, right. swirl tube outiet pressure
Fig. 12 shows vertical profiles of the vapotron surface
temperature for two pulses with 25.5 and 25.8MW/m?. The water is flowing from top to bottom. The centre is
clearly overheating in both cases and the profile is unsymmetrical, shifted in the direction of the water flow.
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temperature from the IR camera for a power density of Time (s) Time (s)

26MW/nt. The dashed line is an eye fit to estimate the

This indicates insufficient subcooling. Increasing the
fiow rate from 1.9 to 2.6 m*h reduces mainly the
overheating in the centre and at the downstream end.

overheating

Fig. 13: Peak surface temperature from the IR
camera, a) for the swirl section at critical heat fiux
(29.5MW/n’), and b) for the highest heat fiux on the
vapotron at 1.94m’/h for the puise in table 3

This explains, why the vapotron shows higher surface

temperatures with the low flow rate at high power densities in Fig. 8. The overheating is of the order of 100°C,
as indicated by the dashed line in Fig. 12. In the case of the swirl tube we had two cases, where the
temperature was running away. Fig. 13a shows the temperature rise measured with the IR camera at the
hottest section of each element. The power density was 29.5 MW/m?, the flow rate 3.58m>h for the swirl tube
and 27.5MW/m? and 2.64m>h for the vapotron. The temperature rise at the surface of the swirl section is of the
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Fig. 14: Temperature difference in the vapotron
across the heat exchange surface (wall - bulk

water) for a flow of 1.94 m’/h

order of 230°C/s. Fig. 13b shows the vapotron surface
temperature for the highest power density with the lower fiow
rate (25.5MW/m? and 1.94m*h) together with the surface
temperature of the swirl tube (26.9MW/m? and 3.68m°Mh). The
vapotron is clearly hotter, but still stable.

5.3. Vapotron at critical heat flux

As mentioned in 5.1, we did not take the vapotron to
burnout, as the surface temperature at the high power level is
well above that which is acceptable to us for other reasons.
At power densities above 17MW/m? we can clearly see an
excessive temperature rise in Fig. 14 of up to 100°C at the
highest power density. This excessive temperature only
occurs in the area with the peak power density (Fig. 12). The
amount of overheating derived from Fig. 12 and 14 is
identical. It is assumed, that the overheating is due to a
locally over-critical heat flux which is stabilised by heat
conduction into the fins. We have tested vapotrons to the
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g 002 temperature trace at the critical heat flux of 14MwW/m?.
3 001 The flow velocity was much lower (3m/s) with two
£ elements in serial connection. The water temperature
2 0 rise was 50°C in the second element, which suffered
S 0 5 ‘%eiodw / (m/s§5 burnout. The temperature derivative in the copper is of
, ) the order of 125°C/s and it takes more than 3s between
Fig. 17: Velocity dependence of the heat transferin  the loss of cooling and surface melting. Fig. 16 shows the
vapotrons with 4 mm fin height melting after the burn-out. The periodicity of the fin
6001 : : . structure and the local melting between the fins are
e e clearly vsibl.
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Fig. 18: Heat transfer in a vapotron with a water inlet
temperature of 15. 40 and 50°C and 7.5 bar.

in the heat transfer as a function of the bulk water
velocity. Data taken with test sections with a water
channel height of 3, 6, and 8mm show that the heat
transfer scales with the square root of the velocity,

however, the scatter of the data is considerable. This



could indicate that resonant effects exist for the heat

8001 : z : r transfer at specific velocities.
4 |FLOW 1.08 mah
<1 {AV PRESSURE 3.5-3.0bar
50011 pAESSURE DROP 1.9 ber
SN ] oA S . 5.5. Water pressure and subcooling
] ¥ _
E 300] " po Power scans with 15. 40, and 50°C water inlet
é ] ot o8 temperature and with 4 and 8 bar average pressure show
+ 200] 1 (Fig. 18 & 19), that the heat transfer increases with water
wci ° temperature at lower power densities and decreases with
] f : increasing water temperature at higher power densities.
oy ISSNES TN EE—— e, This again indicates, that the heat transfer deteriorates at
0 4 8 Powgn DEN:,TY [sz/mz] higher power densities, when the water gets too hot. It
[[C WATERINi5C = WATERINSOC ] appears that this wall temperature rise is correlated to

water temperature rather than subcooling, as there is little

Fig. 19: Heat transfer in a vapotron with awater inlet  influence from the water pressure.
temperature of 15, and 50°C and 3.5 bar

6. Discussion of the heat transfer results

Fig. 14 shows clearly 3 different heat transfer regimes:

1 turbulent non boiling heat transfer up to 9 MW/n?
2 boiling heat transfer between 9 and 16 MW/m?. In this range there is no noise on the water
pressure signal and
3 Dboiling heat transfer range with reduced heat transfer and noise on the water pressure signal.
A finite element analysis shows that we have to use an amplification factor ff of 1.35 in the modified Dittus
Boelter correlation
-Nu=0.023 x(f) x Re®8 x Pr0-33

to describe the heat transfer before the onset of boiling. The bulk water velocity and the hydraulic diameter of
the grooves between the fins are used in the Reynolds number Re. This suggests, that the vortices, created in
the grooves between the fins, produce an average heat transfer similar to that in a pipe with the same
hydraulic diameter but with 1.45

times the bulk water velocity . This is

I not unreasonable, as the

A / momentum change in the vortex

a ’ {circular flow) will reduce the width

! of the boundary layer and hence

/////////
QL

A
Fig. 20: Schematic

Fig. 21: Finite element analysis for bulk water flow velocities of 4 m/s, and 6.4 bar vortex flow
(left) and 11.5 m/s and 5.7 bar (nght).

L] 0 15 20 25 0
Heat flux (MW/m?)

8 12
Heat flux (MW/m?)



improve the heat transfer (Reynold, Prandtl, and Karman analogy’). There must also be a sufficiently large
exchange of cold water between the bulk fiow and the water in the vortex. With this vortex picture in mind it is
also not unreasonable to assume that we will get resonant effects at certain flow velocities, which would
explain, why the heat transfer coefficient is not a monotonic function of the velocity.

With Thom's correlation in the nucleate boiling range and the Bergles Rosenhow correlation for
temperatures above incipient boiling, we get the fits in Fig. 21 for a flow velocity of 4 and 11.5 m/s®. The
agreement with the experimental data is quite good and demonstrates, that we do not have to assume a novel
heat transfer mechanism to explain the heat transfer in a finned structure at higher velocities ( >>3m/s).

This leads to the following basic model for a vapotron:

® The classical vapotron effect is only dominant at low flow velocities, where the ejection of steam
from the grooves between the fins drives the heat transfer. In this range we see 10 - 20Hz
oscillations in the water pressure which correspond to the ejection frequency.

o At high flow velocity the vortices are sufficiently violent to supply cold water into the grooves and
the heat transfer is sufficiently large to avoid the formation of larger steam bubbles.

The advantages of a finned structure are:
¢ the increase of the heat transfer surface by the fins,
e the thermal inertia, which the cold fins provide in the case of a local burnout,
¢ turbulence is only created where it is needed to improve the heat transfer

¢ the water flow rate can be adjusted to the
requirements by the width of the water
channel.

7. Test Results from Beryllium tiles
brazed onto CuCrZr Copper

Beryllium tiles have been brazed onto our standard
vapotron element with a cross section of 500 x 27 mm?. The
beryllium tiles were 2 and 3 mm thick with different
castellations. Sheer tests showed a strength of the brazed
joint of 170 — 200 N/mm?. The elements were, as foreseen
in the divertor, rigidly fixed to a strong back which prevents
movement due to thermal expansion. The test was carried
out using modulated beams with on/off periods of equal
lilength. The tiles were castellated into 6 x 6 mm?, or 27 x 6
mm?, or 27 x 27 mm? sections with the castellations
penetrating either the full or half the thickness. Independent
of the degree of castellation the tiles became detached
when the power density exceeded 16 MW/m2. This can be Fig. 22: Be tiles after the test




élearly seen in Fig. 23. The faults are shown in Fig.
22, a photograph taken after the test.

Micrographs of the tiles after the test show (Fig.
24 ) that cracks develop in the inter-metallic layer
between the braze and the Beryllum. This
inter-metallic layer is very bridle (hardness 400 -
700 Vickers). Although the braze can withstand the
average design loading of 12 MW/m? the safety
margin is considered inadequate for an oscillating
load. Alternative brazing procedures, which reduce
the diffusion of Beryllium into the braze, are under
investigation together with alternative bonding
techniques such as plasma spaying, explosive
MW Chs a2 4027 432 46 4o bonding, or HIP-ing. Our tests confirmed, that it is

arccurent/A

pulse number indeed possible for the copper alloy to withstand
the stresses generated by thermal expansion when
Fig. 23: Fault sequence for the B-Ag-18 braze. A fault the test element is rigidly supported.

develops, when the arc cument exceeds 320 A The arc
current is proportional to the initial power density

* -
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