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Summar}_/

This paper reveals a new high-power beam dump
concept developed at SLAC. Its principal features are
relatively low production costs, simple assembly pro-
cedures, compactness, and rather high power absorp-
tion capacity. The main power absorption medium is a
water-cooled bed of 1 cm diameter aluminum spheres
contained in a tube. This '"Sphere Beam Dump" is rated
at 500 kW and its production costs are compatible with
other designs at powers as low as 50 kW. The main
features of the dump are discussed with emphasis on
heat transfer in the bed of spheres, detection of burn-
out, and flow and mixing of the coolant. A prototype of
such a dump was successfully tested in the electron
beam at powers up to 495 kW and at an energy of 18 GeV.
The experimental results are discussed and potential
applications for other high-power absorbers are indi-
cated,

A catalytic hydrogen-oxygen recombiner for re~
moval of radiolytically produced hydrogen from such a
dump and other water-cooled power absorbers is de-
scribed in the second part of the paper. Such topics as
operational parameters, instrumentation, safety, and
performance are stressed.

The Sphere Beam Dump

With the achievement of the Stage 1 design peak cur-
rent of 50 mA the SLAC linac can now potentially de-
liver average beam powers up to approximately 600 kW
at E, = 20 GeV. The result is an increasing need for
beam dumps at intermediate power levels (600 =P__ =
100 kW). av

High power beam dumps for P__= 2.2 MW are in
operation and were previously desc¢ribed.+ Unfortu-
nately, application of these dumps is economically fea-
sible only if the experiments are carried out in a perma-
nent beam transport system containing such dumps.
These units are bulky and require elaborate radioactive
water loops. In the case of temporary beam transport
systems, space is usually limited and individual compo-
nents must be quickly adaptable to various experimental
situations. This requires a beam dump that is light and

compact, that will be inexpensive, and that can easily ac-

commodate to varying beam configurations. The basic
physical requirement for such a dump is adequate shower
attenuation in the radial and axial directions, It must
allow for certain deviations of the particle beam from its
nominal trajectory as might occur from either sudden
momentum changes or accidental mis-steering of the
beam,

It can be shown that for average incident beam pow-
ers significantly in excess of 100 kW, only aluminum or
materials with even lower Z are suitable at the shower
maximum, Power deposition increases strongly as Z
increases and can cause melting or vaporization of the
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material. However, the length of the dump is minimized
by introducing higher Z materials at appropriate distances
after the shower maximum.

The Power Absorption Medium

To optimize power absorption and preserve compact-
ness, it is desirable to have a high volume-to-surface
area ratio of the power absorption medium.

A sphere is unique in that it has the largest such
ratio of any geometry. On the other hand, from a heat
transfer point of view, a high surface area-to~volume
ratio is most suitable. This ratio varies as 6/D for a
sphere, where D is the sphere diameter. Thus, the
ratio increases as the sphere becomes smaller. The
minimum sphere diameter is determined by the maxi-
mum allowable pressure drop through an array or bed
of spheres. The pressure drop varies inversely with
the sphere diameter, The cooling fluid mass velocity
should be high enough to result only in a modest bulk
temperature rise and therefore preserve a large sub-
cooling, The latter helps to prevent burnout at rela -
tively low velocities., A bed of spheres is unique in the
predictability of the minimum flow volume, and also in
the guarantee that the contact of adjacent bodies is a’
point-contact only. Since there can be no heat transfer
to water where surfaces are in contact, the latter have
to be minimized.

Another unique feature of the spherical geometry is
that the heat flux paths are all essentially radial; and as
the heat flux increases as a function of radius from the
center to the surface of the sphere (assuming uniformly
distributed heat sources), the heat flow area increases
also. This keeps temperature gradients, and, there-
fore, thermal stresses in the material, low. Moreover,
a sphere cooled on the outside surface has its highest
temperature and stress in the center. The hot center is
fully restrained by colder material close to the surface.
The sphere can therefore tolerate (without sustaining
damage) thermal stresses which are in excess of the
material yield or fatigue strength.

The maximum sphere diameter is determined by
the maximum heat flux that can be safely transferred
by forced convection and nucleate boiling from the
sphere surface. Since each sphere is in point-contact
with other spheres, the effective heat transfer area is
less than the actual sphere surface area. This results
in an increase of the effective heat transfer rate off the
surface compared to that of a sphere which is uniformly
submersed in the cooling fluid,

Important Design Features

A schematic cross section through a sphere dump
was published® and is shown in Fig. 1, The beam enters
the dump through a & = 0,47 cm thick, dished aluminum
head. This window is cooled by the inlet manifold, which
discharges part of the water directly onto it. The power
deposited for Eg = 20 GeV and Pyy = 500 kW is P =
(dE /dx) ®, /Eq) p& =52 Watts and no problem exists for
any incident beam size.
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FIG. 1--Schematic of sphere beam dump.

The diameter of the dump was selected to be in ac-
cordance with radial shower attenuation in the bed of
spheres with an allowance for radial excursions of the
beam. High thermal conductivity, low-strength type
1100 aluminum alloy was chosen as the material for the
spheres. It exhibits very good corrosion resistance and
can be forged easily. The maximum sphere diameter was
obtained from heat transfer considerations at the shower
maximum, Assuming the same incident beam parame-
ters as for the window, a standard deviationof 0.1 =
03, = 0.3 cm, and using existing shower values, 3 it can
beé shown that the total power deposited in a 1 em diam-
eter sphere located on the beam centerline and at the
shower maximum is P, = 1.45 kW. The volume heat
source is then s = 2.6 ?{W/cm3 for an assumed uniform
power deposition, and the heat flux off the surface and
into the water becomes q'"= 0.45 kW/cm2, The effec-
tive heat flux is somewhat higher because adjacent
spheres are in contact with each other, thus reducing
the effective surface area.

Local nucleate boiling heat fluxes of 2 kW/cm2 were
found to be safe for flow parallel to a spot-heated flat
plate and for high subcooling. 1 1na bedof spheres this
value is expected to be lower due to average rather than
local heat fluxes and the particular geometry of the flow
passages. The temperature difference from the surface
to the center of the sphere can be shown? to be AT ~430C
for s = 2.6 kW/cm3,

The proposed depth of the bed of spheres is 13 radi-
ation lengths (r.£.). This is adequate to partially at-
tenuate the electromagnetic cascade of a 20 GeV, 500kW
beam such that higher Z materials can be employed and
water-cooling close to the core of the shower is not an
absolute necessity. The maximum density of packing
spheres is achieved with the hexagonal close-packed
(HCP) structure. The density of packing or packing
factor for this case can be shown to be € =(m/2) /6 % 0. 74,
The actual packing factor calculated from the measured
volume of a prototype dump was only 0,583, This is due
in particular to imperfect packing at the interface be-
tween spheres and the interior surfaces of the container
and, to a lesser degree, to imperfect packing throughout
the volume (due to friction). It is estimated that € %0, 65
in the dump center, One radiation length in this medium
of aluminum and water is then equivalent to 12,2 cm.

The bed of spheres is followed by a solid aluminum
cylinder, It is peripherally cooled by the water which
exits from the bed, The dump is finally terminated with
a solid copper cylinder. The copper is used to clean up
the remainder of the cascade shower. The amount of

power is small enough that the resulting heat can be con-
ducted through the copper cylinder, across a thermal
joint into the aluminum cylinder, and through the latter
into the water. The thermal joint consists of concentric
rings that cause a weak metallic gasket (annealed copper;
indium could be used too) to yield due to the clamping
force of bolted flanges. The total length of the dump is 40
r.{. (=230 cm).

A Safety Feature

All existing beam dumps have one shortcoming in
common. It is not possible to readily detect a burnout
which may have occurred inside the vessel unless it also
affects the window or the shell. This could in some in-
stances have serious consequences for personnel and
equipment.

In the sphere dump an attempt was made to remedy
this situation and provide more safety. The solid alu-
minum cylinder actually consists of two cylinders with
a vacuum cavity in between them. This cavity communi-
cates with a vacuum connection. In case the water flow
is off, or too much power is deposited and dissipated in
the dump and this leads to destruction of the bed of
spheres by either melting or vaporizing, a low-density,
low-Z path can be formed. This would shift the shower
maximum downbeam and it would cause excessive power
deposition in the aluminum cylinder. The result would
be formation of a communication hole between the bed
of spheres and the vacuum cavity. If the vacuum cavity
were, for example, connected to the beam transport
vacuum system (which is interlocked it would provide
an immediate external indication of a burnout condition.
At this point the cavity is followed by an additional 25r. 4.
of material that offers some short term protection,

Some Flow Considerations

For an HCP structure, the flow cross-~sectional area
for a unit triangle (whose three corners coincide with the
geometrical centers of %hree spheres) becomes Aqg =
r2(y3 - 7/2) = 0,04 cm*?, which is 9.25%. The total
open area in a 25 cm diameter tube assuming perfect
packing and a perfect fit at the interface with the tube is
then Ag tot = 45 cm?, The velocity over a sphere for a
flow rate of w = 100 gpm becomes then Vg ® 4.5 ft/sec.
The bulk temperature rise for P,y = 500 kW assuming
no losses is ATy, = 19°C. The pressure loss for w=100
gpm was measured to be Ap = 16 psig.

A simple flow visualization test was conducted to
gain insight into the mixing and flow patterns in the bed
of spheres. The apparatus consisted of a section of
lucite tubing filled with spheres and placed into a closed-
loop water system. An injection nozzle comparable in
size to the expected beam diameter and located at the up-
stream end of the bed served to introduce air bubbles and
a dye. The air bubbles were easily swept through at the
design mass velocity and no vapor-locking is expected
for nucleate boiling heat transfer. The spread-angle of
the dye was a little less than the 60° cone angle ex-
pected for an HCP structure and seemed to vary but
little with velocity and depth of the bed.

It is interesting to mention that at water velocities
well below the design level, whole groups of neighboring
spheres started to rotate and move within localized
pockets of the bed, although originally the bed was rather
carefully packed. Imperfect packing, flow turbulence
and drag on the spheres as well as reduced friction are
responsible. After some period of time the spheres
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had rearranged themselves in a closer packing and voids
appeared close to the interface with the vessel. Figure2
shows the front end of the dump used for the experiment
described below. The window is removed and the portion
of the dump shown on the left hand side was at the bottom
during the experiment, The close packing mentioned
above as well as imperfect packing on the top (right hand
side) and close to the periphery are evident.

Fig. 2--Front view of sphere beam dump

Power Test of a Prototype Sphere Dump

A prototype of a sphere beam dump was tested inthe
SLAC beam switchyard on 9-19-68 to gain some under-
standing of its maximum power absorption capacity and
dynamic behavior, and to detect onset of transient con-
ditions which eventually would lead to burnout and de-
struction of the apparatus. The dump was instrumented
with thermocouples to monitor the longitudinal temper-
ature distribution along the nominal beam centerline as
a function of beam power delivered by the accelerator.
At each measuring location both the temperature of a
sphere and the temperature of the cooling water in its
vicinity were recorded.

Unfortunately, the Z of the thermocouples (24 gage)
was relatively high, particularly compared to that of
water and aluminum. Thus, power deposition was sig-
nificant in the thermocouples and a net heat transfer
from them to the water and aluminum occurred. The film
temperature drop from the surface of the water thermo-
couples to the bulk water temperature was substantial
for the higher beam powers. The data recorded were
therefore higher than the actual local bulk water temper-
atures that prevailed and should be used only quantita-
tively.

The dump diameter was only 20 cm since lateral
beam excursion could be closely controlled in this ex-
periment. The length was 12,5 r.4. The water flow
rate was w = 66 gpm; this resulted in a velocity over the
surface of the spheres of V& 4.5 ft/sec. Tigure 2shows
the experimental dump after the test.

The nominal electron beam energy was E, = 18 GeV.
At a pulse repetition rate of 360 pps, the maximum aver-
age power delivered by the accelerator and deposited in-
to the dump was P, = 496 kW (this was also a new power
record for the acceYerator) . The shower maximum of the

electromagnetic cascade occurs at a depth of4

7 _ :
1) = 1,01 [ (Ey/ep) -1] .
For Ey = 18 GeV and a material critical energy3 of

€y = 40 MeV for aluminum, T, = 5.16 r.f. TFor water,
€)= 72.8 MeV and Tp,, = 4.55 7. L. With €= 0.65 the
shower maximum in the bed of spheres becomes

Tmax ®5.1r.4 This is also the area of peak power
deposition and thus the area where highest temperatures
prevail,

Figure 3 shows the longitudinal temperature distri-
bution of the spheres in the dump for several incident
beam powers. As expected, the shape of the curves is
similar to shower curves. The major deviation occurs
in the attenuation region of the shower, where shower
curves exponentially approach zero and the test curves
flatten out and asymptotically approach the bulk water
temperature after complete mixing has taken place. The
highest temperature recorded for each power level oc-
curred at a depth of about 4 r.£. This is in disagree -
ment to the 5.1 r.{. as predicted above., The difference
is probably due to a combination of two factors, namely
errors in the radial position of the thermocouples lo-
cated at a depth of 5 and 6 r.{., and a higher than as-
sumed packing factor in the center of the dump.
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Fig 3--Longitudinal temperature distribution inthe spheres

The longitudinal temperature distribution in water
parallel to the beam centerline at a distance of about 1cm
is presented in Fig. 4. These curves distinguish them-
selves for the ones in Fig. 3 by their much broader peaks,
particularly at the higher temperatures. The broadness
of the peaks and their depth are easily explained by the
fact that a significant amount of power is deposited inthe
region of exponential shower attenuation. This showsup
as a continual temperature rise to a depth wherelateral
flow and mixing of the water remove more heat from the
core of the shower than is deposited by it.

The broken line marked by T}, gives the boiling
temperature of water at the local pressure for comparison.
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Fig. 4--Longitudinal temperature distribution inthe water

It is a function of the pressure drop through the system
and thus a function of depth. Heat transfer by nucleate
boiling occurred over a wide range of depths for P,y =
496 kW as shown by the broad peak approaching T),. The
maximum temperature recorded anywhere in the dump
was 170°C. Apart from small (~10°C) fluctuations re-
sulting from the nucleate boiling, temperatures in the
dump were stable, and no transients were detected, A
detailed analysis of the experiment was published.

Visual inspection of the spheres after the experi-
ment showed no apparent damage. The discoloration
visible in Fig. 2 is thought to be a deposit of cupric
oxide from the water system,

One beam dump and two high-power protection col-
limators using beds of spheres are presently in opera-
tion at SLAC and a high-power slit is in the designstage.
This equipment can safely absorb 500 kW and with a
somewhat higher water velocity Pyy & 600 kW might be
possible.

The Catalytic Hydrogen-Oxygen Recombiner

All high-power absorption devices such as slits,
collimators, and beam dumps are water-cooled, In
some instances water is used as the primary energy
absorbant, The presence of ionizing radiation in water
causes radiolysis with subsequent evolution of free hy-
drogen. Average rates of Hy evolution of 0. 3 liters/
(MW sec) were measured and reported. 3,6 The Hy pro-
duced evolves in the gas space on top of the surgetanks
of the radioactive water loops and unless removed, the
concentrations will build up to the lower explosive
limit (LEL = 4% in air at 8. T.P.) in rather shortorder.
Dilution and venting is prohibitive due to the amount of
radioactivity that would be released into the atmosphere
in connection with other (radioactive) gases present. A
catalytic hydrogen-oxygen recombiner was developed
to solve this problem. The apparatus is directly con-
nected to the closed-loop radioactive water system,

It recombines hydrogen and oxygen to form water and
all radioactivity is contained in the system.,

The Catalyst

The heart of the recombiner is the catalyst. The
search for a catalyst was governed by a large number
of criteria, the most important being: The catalyst
should be efficient in removing Hs; it should not be
poisoned by other materials present in the system;

operating temperatures should be low to minimize the
danger of the catalyst acting as a source of ignition; the
catalytic agent should not be lost as a result of operation;
the presence of moisture in the gases up to saturation
levels should not impair proper functioning; rapid
changes of the catalyst surface temperature should not
cause either spallation of the catalytic agent from the
host material nor shall the latter's integrity be im-
paired in any way; and finally, it is desirable that the
catalyst have a large specific surface area, i.e., a
large surface area-to-bed volume ratio.

The catalysts commonly used in commercial appli-
cations are of the platinum group of metals., Alumina
is frequently used as the catalyst supporting material.
This combination was rejected since alumina has a very
high modulus of elasticity; sudden temperature changes
on the catalyst surface as function of fluctuations in the
Hg concentration can cause spallation of the catalyst
coating. A high-nickel stainless steel ribbon compacted
into uniformly dense matts was selected. It has been
described’ and is commercially available.* Theribbon
dimensions are 0,15 x 0, 12 cm and the thickness of the
platinum-palladium coating is 3.3 x 10™% cm. In this
application two 15 cm diameter by 3. 15 cm thick matts
in series and housed in a basket form the catalyst bed.

Description of the Recombiner

An isometric view of a recombiner assembly
mounted on top of a surge tank is shown in Fig. 5.
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Fig. 5--Artist's concept of the hydrogen recombiner

Water and entrained gases such as H, coming from the
power absorbers enter tangentially into the surge tank
from the left., As the water drips down through the per-
forated plate the entrained and dissolved gases are
partially liberated and collect in the gas space above.

The motive power for the gas flow through the recombiner

is supplied by a water spray nozzle located inside the
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Greenwich, Connecticut.



central tube. It was found that the viscous drag of the
high-velocity water droplets in the gas column would in-
duce a head of 2.5 cm of water (static-no-delivery) at
low pump speed and 5 cm at high speed. The water for
the nozzle is supplied from the discharge side of the
pump which serves the main radioactive water loop.
Approximately 10 gpm are bypassed, There are no
valves and the apparatus is automatically interlocked,
i.e., when there is water flow to deliver gases to the
surge tank, there is also gas flow in the recombiner.

The gases enter into the annular space formed by
two concentric tubes and flow upward. The flow then
splits into two horizontal streams and proceeds outward
in the lower half of two annuli, Two electrical heaters
are housed in the inner tube of these arms. The gas
stream must be heated to keep the catalyst temper-
ature above the dew-point. Furthermore, the effi-
ciency of the catalyst increases with increasing tem-
perature; gas inlet temperatures of 65 to 90°C were
found to give good results. The heaters are on the air-
side of the recombiner, thus, no gaskets are required
and the heaters can easily be replaced, The heat is
uniformly transmitted to the inside of the cylinder by
thermal radiation and a small amount by natural con-
vection, It is then conducted through the wall and by
forced convection to the process gas. Note, the hori-
zontal arrangement of the two heater arms is due to
vertical space limitations. At the end of the arms the
partially heated gases flow into the upper half of the
flow annuli, back to the center annulus, and then into
the top of the catalyst basket. As the gases flow over
the catalyst surface, hydrogen and oxygen are re-
combined to form water and heat is liberated. Approxi-
mately 1 kW of heat is released for each 0, 1 liter Hy
recombined per second. The gases then flow past the
spray nozzle and down into the surge tank. The nozzle
serves not only as an aspirator, but is also a very ef-
ficient heat exchanger. The water vapor generated dur-
ing recombination condenses in the water spray andthe
cycle is completed.

Instrumentation and Controls

The most important recombiner informationisthe
amount of hydrogen present in the surge tank. High Hy
levels may result from low gas circulation velocity through
the catalyst, failure of the catalyst to recombine, lack of
oxygen, or low temperature. Because the information is
vital, two completely redundant hydrogen sensing sys-
tems are used, including two sensing heads, two local
relay amplifiers, and two remote amplifiers and read-
outs inthe Data Assembly Building (DAB). Four Hy de-
tection systems were investigated® for potential apflica-
tion in recombinersbefore a selection was made,™ The
systems are set togive an audible warning signal at 1% Hg
concentration and an alarm signal at 1.5% Hy. Thealarm
is interlocked with the electronbeam andturns it off.

The Hy sensing heads are shown at the bottom of the
two heater arms. They are located far enough from the
central column that the metal temperature is above the
dew-~point. A cavity is formedbytwo sintered discs lo-
cated just above the sensing heads. This cavity is con-
nected to calibration gasbottlesby means of a small tube
and two check valves. Remote calibration of the sensing
heads is thus possible, since the heat exchanger housing
andthe recombiner are not accessible during operationdue
to highradiation, A bottle of nitrogen serves to set the zero
andabottleof 1. 5% Ho inair isusedto checkthe alarm,

"Johnson and williams Model RHSP.

In addition to Hy, the oxygen level in the surge tank
is monitored, since proper functioning of the catalystand
the catalytically operating Hy sensors depends on the
presence of Op. The need for such a system is not yet
clearly established. On one hand, during beam start-up
only Hg evolves from the radiolytic decomposition of
water and the missing oxygen shows up as a net increase
in the HgOg concentration in the water. Only after equi-
librium concentration is reached, does Hy04 also decom-
pose and Ho and Oy evolve at approximately the stoichio-
metric mixture ratio. During this initial period a net re-
moval of oxygen occurs from the gas space of the surge
tank. On the other hand, the latter is vented by a thin
tube into the beam transport tunnel to allow for thermal
expansion of the water in the system and for filling, Bar-
ometric ""breathing' and diffusion will tend to keep the Oy
level in the surge tank gas space close to the natural con-
centration in air (s21%). The Og sensor is a small electro-
Iytic cell, in which Og diffuses through a porous membrane
into an electrolyte and causes a current to flow between
two electrodes proportional to the Oy concentration. The
cell and an amplifier are located outside the radiation
area and the gas sample is piped to the cell utilizing the
pressure drop across the catalystbedas driving force.
The Oy level is displayed locally and remotely. If it drops
below %.5%, a solenoid admits Oy to the surge tank below
the water level. This flow is turned off again after 21%is
indicated by the sensor. Should the Og level fall below 4%,
an audible warning signal is given in the DAB and nitrogen
is admitted into the surge tank.

Finally, thermocouples monitor the gas inlet andoutlet
temperatures at the catalyst bed. It was experimentally es-
tablished that at least 40°C are needed for successful oper-
ation of the catalyst. A low-temperature limit of 65°C was
arbitrarily set and if the gas inlet temperature falls below
that an audible warning signal is given in the DAB. The
normal operating inlet temperature is approximately 700C.
There is also a high-temperature warning at the outlet of
the catalyst bed, set at 1759C. The temperatures are dis-
played both locally and in the DAB, and heater controls
are also available at these locations.

Four such recombiner systems are now installed at
SLAC, one of which has already successfully operated over
a period of two years.
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