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Abstract

A high-teac-flux zarget has baen developed for
intercepting multimegawatt, multisecond neutral beam
power at the Oczk Ridge Nacional Laboratory (ORNL).
Water-cooled copper swirl tubes ars used for the heat
transier medium; these tubes exhibit an enhancement in
burnout heat flux over conventional axial-flow tubes.
The target consiscs of 126 swirl tubes (each 0.93 ca in
outside diamecer with 0.lé~ca=-chick walls and ®1 n
long) arvanged in a V-shape. Two arrays of parallel
tubas inclined at aa angle a to the beam axis form the
v-ghape, and this geometry reduces the surface heat
flux by a factor of 1/sin a (for che present design,

2 = 13% and 21%). 1In tests wich che ORNL long-pulse
ion source (13- by 43-cm grid), the targer has handled
u3 to 3=MW, 30-g beam pulses with no deleterious
effects. The peak power density was estimated at

w15 kiW/ca~ normal to the baam axis (5.4 kW/ca? maximum
on tube surfaces). The water flow rate through the
target was 21.6 L/s (660 gpm) or 0.33 L/s (5.2 gpm) per
tube (axial flow velocity = 11.6 mw/s). The correg-
ponding pressure drop across the target was l.l4 MPa
(165 pai) with aa inlet pressure of 1.43 MPa (210 psia).
Data are also presenced from backup experimencs in
which individual :qges were heated by a small iocn
source (lO0-cm=diam grid) to characterize tube per=~
formance. These results suggest that che target should
handle peak power densities in the range 25-30 kil/cm?
normal co the beam axis (™10 kW/cwm? maximum on tube
surfaces) with the prasent flow parameters. This
translates to beam power levels of 5-6 MW for equiva-
Lent heam optics.

Incroducsion

Ajong with the technology advances it neurral beam
injection systa2ms, it has been necessary to improve the
power handling capabilicy of the targers (or beam
stops). The new zenzration of injectors is producing
lon beams in the multimegawatt and multisecond regime.
The ORNL long-pulse ion source- was designed to operate
st high power (= MW) for long sulses {30 s). For this
application a steadv-stata target was redquired; the
axpected peak power densitiasg normal to the beam axis
were a faw tens of kiiowatts per square centimeter.
Copper swirl tubes were chosen as the hear transfer
surface since zney appeared to be the most attraccive
candidaze for enhnancing che buzmouc neac flux. This
2npancement is acecributed to the vortex f[low generated
oy a cwistaed tape swaged inside che tube (centrifugal
Iorces displace the vapor blanket from the heated wall
through buoyancy effects). Burpout axperimeats coa-
ducted by Gambill et al.?®~™ indicaced a burnout heat
lux a factor of 2 higher for swiri flow rhan for the
axial-flow case. For beam stops, where the heat traans—
fer is nonuniform azimuthally, the enhancement of
Surnout heat {lux i3 expected zo be even greater.

A target using swirl tubes has been fabricated ac
ORNL and tested with the ORNL loag-pulse icn source.
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Soma background information on swirl-flow haac transfer
is discussed; design features and parformance of the
target are presanced; and results froa backup experi-
ments in which individual test tubas ware heated by a
small iou sgource are described.

Background Swirl-Flow Heat Transfer

Gambill st al.>™ reported datailed scudies on
swirl flow, including experimanczl determinations of
burnout heat fluxes, heat transfer coefficients, and
Eriction factors for water flowing through electrically
heated tubes containing Inconel twiacted tapes. Burnout
heat fluxes up to 4.4 kW/ew” for copper tubas and up to
12 kW/cm® for aickel ctubes ware mesured, depending upon
the tube size, the pressure drop (or water velocitcy),
the heated iangch, and che tape-twist ratio y. The
ratio y is defined as the number of internal tube
diameters per 180" ctwist for the tapes. The highest
burnout fluxes were achleved i{n short test sections at
very nlgh pressure drops (or water ve}oci:ies); for
example, the burnout flux of 11 kW/cm* was obtained
a J.3-cm-long nickel tube at a pressure drop of
2.92 MPa (423 psi) and an axial flow velocity of 43
In general, tha burnout heat fluxes for swirl-flow
tubes were found to be twice as large as those for
straight axial flow cthrough identical cubes without a
twisted tape (compared at the same overall pumping
power). Also, the burnour heat fluxes were found to be
independent of both pressure level and degree of sub-
cooling.

For forced convection 1an swirl tubes with twisted
tapes (nonboiling flow regime), Gambill et ai.3»*
obtained the following simplified correldation for the
average swirl-flow heat transfar coefficient h_ in
terms of the tape-twist ratio y: °

for

als.

; a ) 2.1
b i, 1.187y

where ha is che axial-flow heat transfer coefficienc.
Values of y ia
Similarly, che
be represented

the study ranged from =2 to ll.
correlation of Lopina ard Berglzs-
as

cdn

a_ /b = 2.
s’ a

Alchough the dependence on y differed in these investi-
gations, boch correlations indicate that the heat
transfer coefficient for swirl flow is about a facroi

+ of 2 higher than that for axial flow. Several investi-
ga:ors3“ have presented correlacions for swirl-flow
friction factors that allow pressure drop estimates.

The relerenced correlations were found to be useful in
design of che targec. -

Previously, Kim et al.”*? discussed heat transfer
as applicable to neutral béam cargecs (papers presented
at the sixth and seventh svmposia in chis series, 1275
and 1977). Ia Ref. 8, che authors concentrated uvn
swirl-tube heat transfer and presented performance
results of several swirl-tube targets used on neucral
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beam development facilities up to that time. In a
_raceat exparimearal investigation by Thompsen et al.,?
advanced cooling concepcs for neutral beam calorimerers
are discussed. Burnout data are presented for tewts on
tubas equipped wich different enhancement mechaunisms,
including swirl flov (generated by tangencial injec-
tion) and intaxnally finned cubes (about a 5° helix).
In thera experiments, 3 laser was used to direct puwer
onto a tust spot (size ¥ tube cuter diamater). Signii-
icant jmprovements in the burunout heat flux were
obgserved, wich reported burmou:s fluxes uyp to almost
14 kﬂlcui for both a solybdenum tuba with swirl flow
and an intaernally finned copper tube. For copper tubes
with swirl flow, burnout fluxes up to *3.5 ki/cm? were
measured; for smooth copper tubes, burnouc fluxes as
high as 7 ki/cm? were obcainad. These higher burmout
fluzas were obacrved at the higher water velocities
(cest range = 5-21 p/s). It should be pointed out that
the investigators memsured higher buruouct fluxss for
the finned tubes when the hot spot was centered over
the base of the fins as oppasad to betwesan fins.
Differences in buruout heat fluxes of up to 50% vere
found becrween adjacent points.

Targetr Design

A schematic of the water—ooled target {s shown in
Fig. 1, and che device itselr 13 pictured ir Fig. 2.
Swirl tubes coanstructed at OBRNL of OFHC copper
(0.95-cm OD and 0.l6~cm wall chickness) are used for
the neat transfer surface. The thin walls and high
thermal conductivicy of these tubes minimize the
thermal gradient acress che heared wall, which results
in reduced chermal streases. The tubes are equipped
with twigted Inconal tapes {0.038-cm thick) oo a zight
tape-twigt racio (y ® 2). The target consists of 126
swirl tubes, sach *! m lcng, arvanged in a Ve-shape.
Each half of the V-gshape is formed by an array of 63
parallel tubes inclined at an angle a to the beam axis.
As i1lluscrated in Fig. 1, a is z constant 21° for cne
array of tubas; however, for che ocher z2rray a changes
abruprly from 21° go 13° near the apex of the targect.
These angles were chosen to facilitate fabrication and
inscallation In the ORNL Medium Znergy Test Facilicy.
The bends in the tubing, especially at the ends, he'n
to prevent the twisted tapes from breaking loose anu
moving inside the tubes, which caused problems in
some previous targets.

In fabrication each swirl tube was hand brazed at
the ands to copper plates using the staggered arrange-
meat shown {n Fig, 3. The copper plates were then
bolced to &=in. Sch 40 stainless steel pipes, which
serve as the water manifolds (Figs. L and 2); neoprene
O~rings provide for che water/vacuum seal. This design
offers some discinct advancages: (1) tubes overlap
eacii other with respect to the beam, thus creating a
shadowing effect thac minimizes the possibility of the
beam shining through: (2) individual tubes or entire
tube arrays can be replaced wirh relacive ease; and
(3) tubes are physically isolated from =2ach other. The
cthird icem is particularly important due to cthe high
surface-hear fluxes experienced by che tubes during
neutral beam pulsing. The corresponding thermal
gradiencs result in differencial longitudinal growch,
winich causes cthe tubes to bend; if the tubes are
sechanically rastrained (a.g., by atcaching :hem to a
backup support scructure), high stresses result. Tube
stresses are lowest when the tubes are not physically
joined along their langth. The presant design allows
relative movemant becween the supply and collectioa
manifolds, which regults in significant bending relief
and reduction in tube stresses. (The copper bars shown
in Fig. I were ilnadvertently added in the fabrication
phase but were melted away in early operacion.)

The water supply and return lines (4-in. Sch 40
stainless scieel pipe) were sized to minimize the
prassure drop relarive to that through the ctube arrays.
The correlation pregsented by Gambill et al. [Eq. (21)
of Ref. 1] was used to estimate pressure drops in swirl
tubes and found te bhe very adequate for design purposes.
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Photograph of swirl-tube targer.



- OaG 83-3%489  FED Tube arrays were ilso construcced using incernally
finned OFHC copper ctubas (supplied by !‘ctgg Fin
Division of Norauda Metal Indusctries, Inc. ). Thase

i'—z"z—ﬂ tubas also had a 0.95-cm outside diamecer with a
Yy —t | 0.076-ca wall chickness, and concained 16 fins, each
he 1

|

{
= ——auacs 0.109 cm high and 0.038 cm thick, about a 5° helix. As
! L ! mentioned earlier, the target design allows changeout
L)

, & of tube arrays wich minimal eifort. However, thase
HE PN P alternate tube arrays have not yet been tested.
‘ T-1° l o] 1.50
-\ L - Target Performance
i l . O aHz The test location of the carget in the ORNL Medium
‘ -’-—Q- OO Q —O37S DL Energy Test Facility is shown in Fig. 4. Maximum testc
| bt / (63 HOLES FOR parameters ara lisced in Table L. Briefly, the cargec
} 08/ COPPER TUBESI has handled up to 3-MW, 30-s beam pulses with no
I o) deleterious effects. The power source was che ORNL
| o og o long-pulsa ion gource; maximm operacing parameters to
: GO date ioclude 75 LV ac 40 A for 30 s. The cotal water
‘ OO flow rate through tha targer was 41.6 L/s (660 gp=),
23 %, OO which translates to 0.33 L/s (5.2 gpm) per tube or an
1 95 axial flow velocity of ™l1.6 m/s. The corresponding
Q OO o %g THICK prevsura drop across tha targec was 1.14 MPa (165 psi)
OO /cqppgg PLATE with an inlet water pressure of 1.45 MPa (210 psia).
Qo P For an extracted powar from the ilon source of ]} MW and
80 these flow conditions, a temperature difference of
o OO o 15.7°C was meagsured across the coolinmg water, indicating
CoaR that 2.7] MW was transferred to the target. This
‘i OO | represents 912 of the extracted power, and another *57%
OO ~Q397 DA was accounted for i{n other parts of the neutral beam
08 /.’ (E%Cr?'ﬁgspmq'e injection system, so thar »94% of the total power was
° O4 ° TC 2 ATER MGNIFOLD) accounted for.
OO The information shown in Fig. 3 can be used to
Oo //' estimate peak power densities on the target during
OG 4 neutral beam operation. The curves were generated
0 85 d using the techniques described by Kix and Whealton!l
93 for evaluating beam intensity distribuctioas in neutral
OQ beam injection systems. The power density is showm as
g:) /—COPPER TUBES a function of downstrsam distance for an extractiom
y BRAZED 7O PLATE power of 3 MW; curves are presented for beam divergzences
, o~ ¢ 24 0f 0.7% and 0.3° (beam optics in this band). The
£ d s
"_,_ Raference herein to any specific commercial product,
7% ® MENSIONS i INCMES process, or service by trade name, trademark, manu-
!u , l 1294 s Vet facturet, or otherwise, dces not necessarily con-

stitute or impiy its endorsement, recommendation, ot
Fig. 3. Drawing of copper place used for copper favoring b5y zhe Unitced Staces Government or any agency
tube/water manifsld interfaces. thereof .
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Table 1. Maximm test parameters for target

Test lccation: ORNL Medium Energy Tesc Facilitcy

Power source: ORNL long-pulsa lon source

Volcage: 75 kV
Currenc: 40 A
Time: 30 s

Excracted power: 3 MW

Extraction surface: 13.2 x 43.7 cm

Focal leagth: 950 cm

Power density: ™15 ki/em® at 640 cm downstream

Target: Inclined water-cooled swirl tubes
(126 coppar tubes)
Angle (a) between tube arrays and beam axis:

13° and 21°
Wacar flow rate: 41.6 L/s (600 gpm) ([0.33 L/a
(5.2 gpm) per tube]
Wacer velocity: 11.6 m/s
Inlet vater pressure: L1.45 MPa (210 psia)
Outlet water pressure: 0.31 MPa (45 psia)
Temperature differance (AT): 15.7°C
Measured power: 2.7 MW

Tube surface heat flux: =5.4 kW/cm™
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Tig. 3. Calculacted peak power densicty as a

Zunccion Of downstream posiction for che ORNL long-pulse
ion source.

focal length uf the beam is 950 cm, and the apex is the
target, which was located %640 cm downstream of the ion
source in these tescs. Taking an avarage value between
the :two curves in Fig. 5 gives a power densicy of

315 kW/em“. Thiga cranslates to a peak hear flux on the
zube surfaces of 5.4 kW/cam~. (The angle 1 between
Seam axis and tube array reduces the surface flux by
1/s1n 2 where maximum 1 = 21°.)

To date che targer has intercepted =1000 beam
oulses lasting from 1 to 30 s and *5000 pulses lasting
less than 1 s. Color movies taken of the tube arrayvs
during pulsing showed significanct movement of individual
cubes, egpecially near the apex (and cencer) of cthe

target. However, close visual lnspection revealed no
apparent damage.

Backup Experiments with Individual Tubes

Backup experiments with individual tubes were
conducted in a teat stand equipped with a l0-cm-diam
{on source to characterize tube performance. Most of
the informatcion presented in this secrion was obtained
during pulsing of the source at 26 kV and 6 A&, for
which the peak pover density was .2 kW/cm?. For
power levels above this, the operarion of the souzce
vas unstable most of che time. The test tubes were
positioned in a horizoatal orientation normal to the
beam. In most tests the vater flow race was =0.32 L/s
(5 gpm) to duplicare that in the actual targec.

The data in Fig. 6 were taken with an infrared
camera that scanned along a fixed horizontal line at a
rate of 625 us/scan. For these tescs the source was
pulsed for 1 g, and the scan was along the harizontal
line on the tube surface of maxigum temperature. The
cemperature i3 relaced to the instrument output bv a
simple power law relationship [T("C) = 22.3 (V) 3-~1.
On the time scale (200 ms/div) in Fig. 6(a), the
camera scans 120 times per division and essentially
tracks peak temperacure with time. The surface temper-
ature of the swirl tube reached a peak of 196°C within
=400 ms [the cime constant (1) was astimated t» be
>80 ms from the daca in Fig. 6(a)]. In Fig. A(b) the
camera cutput indicates the chermal distribution along
the tube; two scans are shown for steady-state condi-
tions (770 ms after iniriation of pulse). The peak
temperature of 196°C in Fig. 6(b) agrees with thar in
Fig. 6(a).

In Fig. 7 the heat flux distribucion measured on
the swirl-tube surface 1is presenred. Two tachniques
wera employed ln making the measuremencs: (1) a

ORML=-2wQT) 0Q49-83  FED
TIME CONSTANT{T) =80 ms

R —=— 230 my P2ak
=967 00

ME rome i 22 iy ?f

f—— O mv BASZLINE

INFRARED CAMERA OUTPUT
{50 mv/div}

TIME {200ms/div)

Y

(SCANNING INITIATED 770ms AFTER START OF PULSE)

—— 330 mv PEAK

TEMP (*C12 22 3(mv)0*

= 0 mv SASELINE

INFRARED CAMERA DUTPUT
{30 mv/div)

I
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Fig. 6. Thermal data taken with infrared camera
Scanning swirl-tube surface during pulsing of cthe
l0-cm~diam ion source: (a) peak thermal histicvy and
(b) thermal distribution along tube surface (watar
velocity through tube at *11.J m/s and source operacing
at 26 kY and 6 aA).
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neutzral beawm produced by the l0-cm-diam ion source
(neasurements made downstream near tube testing sita).

cireular foil heat-flux gage ia which the steady-state
heat flux is measured and (2 an irertial-type calorim=-
etry probe in which AT is measured and integrated in
Cime o obtain the energy in a beam pulse. The calo-
timetsy probe senses very smzll temperature differences
at the low powar densities, resulting in highar uncer-
tainties; likewise, the heat-flux gage is approaching
its limic at the higher power densicies. Thus, the
turve in Fig. 7 i3 accordingly ficced to the data. The
peak power dengicy was found to be &.2 kW/cm? for
16~xV, h~A oparation. For the data in Fig. 7, the ion
source was pulgsed for 100-200 ma, and measuremencs were
made along a central chord of the beam (correspending
o a profile along the test tube surface).

Some axperiments ware alsc performed in which
various tubes were tested to burnoyt. These resulted
in puncrtures ctitrough tube walls and chus water leaks,
which are ilncompatible with the high vacuum systems and
sophisticated ion sources. Therefore, only a limiced
aumber of ctests was conduczed. Tube samples are
pictured and some test conditions listed in F° 3.

The heated length was determined bv che beam _iz.

(Fig. 7). All three tvpes of tubes (smooth, avirl, and
{inned) survived peak heat Sluxes of ®4.2 kW/ecmi at

the higher water velocities (7.2-11.3 a/s); the swirl
tube even survived cthis condirion at a very low wagar
velocity (3 8 mw/s)., Burnout vas observed at

=42 kW/cm® in a smooth cube at a water velocity of

7.8 w/s and in an inrernmally finned cube (as described
in the saction on targec design) at a water veloecity of
4.3 m/s. 4Also, in one test a swirl tube survivad a
peak power density of 7 WW/cm? (26 kV, 6 A, and

500 ms) ac a water velocity of 6.7 m/s. This
repragents only 60Z of the present flow in rhe target
tupes. The swirl-tube burnout data suggest that lavels
of up to 10 kW/em® or even higher are probably achiev-
able at the present carget flow conditioans [0.33 L/3
(5.2 gpm) per tube or am axial velocity of 11.5 m/s].
This {3 comaiscent with the conclusions reached by

Thompson atr al.? aad supported by their data. A power

SAMPLE COPPER TEST TUBES
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Fig. 8. Phortographs of 0.95-cm=0D sample tubes
used in burnout experimencs (some corresponding cest
conditiona are listed).

densicy of 10 kW/cm? on the tube surfaces translaces to
peak .ower densities in the range from %25 to 30 kW/cm?
normal to the beam axis. The total beam power
associated with these peak power denaities is approxi-
mately 5 to 6 MW for equivalent beam optics.

Conclusions

The water-cooled, swirl-tube target described in
this paper has been qualified at 3 MW for 30 s in tests
wich the ORNL long=-pulse ion scurce; the plate power
density was estimaced to be 315 kW/cm? normal to the
beam axis (®5.4 kW/cm? maximum on tube surfaces). In
these cests, the water flow racte through the target was
41.6 L/s (660 gpm) or 0.31 L/s (5.2 gpm) per tube
(axial flow velocity of 11.5 m/s) with a corrresponding
presaure drop of 1.l4 MPa (165 psia). These flow
parametars represent the limit of che water supply
system now avallable ac the ORNL Medium Energy Test
Facility. However, resulcts from burnout tests indicace
that the target should handle ¥5-§ MW with tnis flow.
Thege power levels translate to peak power densities in
the range *25-30 kW/cm~ (*10 kW/cm~ maximum on tube
surfaces). Even higher power levels could be achiaved
with increased flow parameters (i.e., greater water
velocities and associatad pumping power).

This discussion considers tube burnout as the onlw
failyre mode; however, thermal stress levels and the
cyclic nature of neutral beam operation are imporcant
factors in determining the lifecime cf the swirl cubes
in the target. Experiments with individual tubes show
that tube surfaces essencially reach steady state in
=400 ms (57) of neurral beam pulsing. To date the
carget has survived 1000 pulses lasting i-=30 s and
*5000 pulses lascing less than 1 s with no apparent
damage. The lifetime of the cargec for chese unusuallv
high heat-flux levels has not been estimated. It
deyends om the power levels and pulse lengths, which
have not ver been determined.

The cooling techniques develaoped here are appli-
cable to other aveas involving high heat fluxes. Two
such areas in fusion techmology are radio-frequency
heating components and limiter design.
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