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ABSTRACT

Waicr flow in cooling channels was simulated using the
computstional floid dynamics (CFD) code CFX4. Pressure drop
in the cooling channels of the coupled-cavity linac (CCL) caviry
was calculated The effects of the munifold on the pressure drop
were studied also. Reducing the pressure drop was a primary
goal of this cxcreise that led 1o changing the cooling channel
entrance regions Rosults of this analysis were used i sizing
pumps required for the coohng system.

For the validation of the simplified numerical modcl, an
experunent was performed 10 measure the pressure drop in the
coohng channels for vanable flow rate. using 4 flow loop.
Dcionized water was curculaicd through the test section with a
pump and its flow rate was monitored with a turbine flow meter.
Pressure was monitored with pressure transducers at five
locadons including a differeniial pressure transducer across the
test sccuon, and water lemperature was raken at the cxil of the
pumip.

Pressure drop across the inlet and outler of the [est section
was measured and recorded for different flow rates. Flow ruic
was also monnored and stored simultancously From the
recorded duta, an empirical correlanon was derived ro describe
the pressure drop, dp, as a function of flow Tawe through the four
cooling channels,

INTRODUCTION

The Spaltation Neuwon Source (SNS) 15 an accelerator-
bascd facihty that produces pulsed beams of neutrons by
bombarding a mercury wrgetr with intense beams of 1-GeV

prorons. Los Alamos Natonal Laborarory is responsible for the
design, fabricarion, instllanon. s#nd icsiing of the normal-
conducting section of the Linear Accelersior (hinac) for the SNS

. project. The normal-conducting linac accepts & beam from the

front cndd system and accelerates it from 2.5 McV 10 187 McV.
The linae consists of a drifi-tube linac (DTL) up to 87 McV and
a coupled-cavity linac (CCL) up to 138 McV. The DTL
operares al an RF resonant frequency of 402.5 MHz. while the
CCL operartes ar 805 MHz. Power dissipated in the linac due to
RF resonant frequency is removed by water circulating through
the cooling channels of the cavities anad the drifi wbes. CCL
caviiles are figures of revolution abour the beam axis. Several
cooling passage schemes were studicd The original scheme
includes four main parallel annular paths around the cavity nose
in the septumn. fed und collecied by internal plenums, and 2
circalar path on the opposiic face. The plenums ace supplied by
waier from 2 manifold that feeds a group of eight cavities callea
an acceleraror segient. In order to design the cooling sysiem
fur the linac. a pressure drop of the water fluwing throagh the
cooling channels was needed.

This paper discusscs the development of and results trom
the CFX models including model geomewy, boundary
conditions, and modeling approximarions Demaills are also
provided aboy! discrenzarion (optimizalion), convergence
criwena, and empirical benchmarking. Results are presented in
form of contour plots of the water flow speed  In addition,
graphical comparison of pressure predictions with empincsl
dara 12 provided.
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NOMENCLATURE
dp pressure drop (psi)
y+ local thickness Reynolds number.

CAVITY COOLING PASSAGE DESIGN

CCL cavities are figurcs of revolurion abour the beam aans
An autom#icd wning program scis up the geomewy for a
symmetric  gecclerating  cavity and runs  SUPERFISH
repetitively. varying the gcomemy 10 fune euch cavity 1o the
desited frequency for the clccoomagneric fields. SUPERFISH
is an m-house code that solves Maxwell's equarions in 2-D. A
targe porrion of the RE power (70-¥0%) applied 10 acceleraic
protons is 4 wasie hear deposited on the inside of the copper
cavity. This wasc heat is removed most cfficiently with water
circulating through coohng passages. The waste heat needs 10
be removed in order 10 minimuze thermal deformarions and with
it control the resunance of the cavitics.

Several aifferent couling schemes were studied. In one
case, cooling channels were brazed on the ouiside walls of the
cavilies. 1ne sudy of this scheme showed that the temperatures
and siresses at the nose area at the cenler of the cavines were
very high, resuluing in high frequency shifts. Conscquently, it
was decided 1o muchine cooling channels within the copper
structure on the backside of the cavity. This cooling passage
design removes heat cfficiendy from the nose arca and results 1n
more uniform temperature 4nd swess distributions. The current
design has four concentric cooling channels witha 1 mm by 7 5
mun Cross section, as shown in Figure 1.

CFD ANALYSIS AND COOLING PASSAGE DESIGN

A CFD analysis was performed 10 minimze the pressure
drop and improve the cooling flow diswribution within thic
cooling channels. CFD refers o the simultaneous numerical
solution of continuity, momenfum, and cnergy equations for
flow ficid geomewy with specified boundary conditions, CFX4,
the commercial CFD package used in this study, uses a finite
volume (finite diffcrence) scheme based on the SIMPLEC

mathemancal algorithm discuyssed by Van Dormaal and Raithby |

(1984) A predecessor of this algonthm, SIMLE is given by
Parankar (1980).

CFD codes somcumes offer advantages over capenimenial
wehniques in investigating fld flow. These advantages include
savings 1n dme and maney assoviated with constructing and
lesting lurge scale experiments, cnhanced visualization of the
flow, and the ability 10 quickly and conveniently perform
paramemic and optimization studies on a fluid sysiem.
Howcver, compuwatiopal modcls ¢an  inadverently yield
inaccurate predicdons. It is good cngincening pracrice 1o
benchmark the CFD resylis with an experiment,

NUMERICAL METHOD

The geomertrical modcl of the CCL cavity is shown
Figurc |. An IGES model was exiracicd from the Unigraphics
model and imporied wn the CFX4 preprocessing tool called
Build. The focus of this CFD study was isothermal flow, so

5056658088 T-180 P.05/08  F-363

from the IGES model, only the cooling channcls were used to
build the block swuctare. It is assumad that the cooling
channels have & (ol depth of 2 mm. This will be true when
two half-cells are brazed together There are four channels on
the back side of the seprum and one channel 1o cool the short
coupling ccll, which at this time has not been modeled. The
four channels are fed from 8 common manifold, as displayed in
Figure 1. CFD was used 10 design the shupe of the cooling
channels. :

A mulu-bleck scheme with a body-fired grid structure was
used 1o discretize the three-dunensional numerical medel into
146,220 elements. The grid comespondmg w the first design
displayed in Figure 2, was opumized 10 capture the boundary
layer flow and provide a grid mdependent solution. Grid-
mdependence was determined by running a parucular problem
10 sieady-stalc convergence with finer mesh unpl the sojunion
failed 10 deviate between consecutive tuns. The criterion for
captunng the boundary layer was the valuc of y+, the “law of
the wall”. y+ 15 4 parameter representing a local thickness
Reynolds number (Kays und Crawford, 1993). In this case the
values for y+ are below 200.

The convergence of a pamicular medel 1o u solugen 1s
determined with residuals. Residuals are a measure of the crror
of cuch dependent variable determined at each well, and
summed over all cells in the mode] for a singlc itcration
Convergence 15 derermined when the sum of the residuals for
each dependenr vanable dropped by several orders of
magnitude and ceased 10 vary belween cunsecurive iterations.
Mass balance in the model sysiems are uscd as sclf-consisiency
checks. For the sizmly-state problems considered in tus study,
adequate convergencc was ussuined when the mass balance
agrecd 0 within 5%. The most important venficanon of the
numenical methods was performed by experimental validarion,
in which cmpincal data were compared with numancal
predictions.

There are severdl CFD models developed in this sudy.
With these CPD moaels the following goals were accomplished.

}  To determine the optimum shape of the couling

channels 10 minimize pressure drop and cvenly
distribule the warer flow.
To determine the pressure drop through the cooling
channels and the cooling axsembly. This pressure drop
later is required as a flow resistance in & flow network
modcling effort of the linac cooling system.

W

MODELING AND RESULTS

The modeling effort began with a cooling channel design
develuped 1 the conceprual design phasc of the CCL The
channel’s cross-sccnion was 2 mm by 10 mm. With an average
channel velocity of 3 m/s the flow through the channels is
wrbulent, which resulls 1 high presswe drops, revealing an
nop-opumized design. Turbulent flow through the channels is
important in the cffective removal of the heyl from the caviry.
Consequently wrbulent flow and low pressure drop for each
cavily is un optimum siwadon. Figures 3-3 show the

2 Copyright © ##5# by ASME
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development of the geumemy of the coohing channcls and
respecuve flow fields and pressure drops. In Figure 3 velocity
contours arc shown for a 0.239 kgfs (3.81 gpm) flow rawe ang
the first design of the coaling channels. The pressure drop and
flow rae per chanmel for this cavity is given i Table 1.
Pressure drop for this flow between inler and outler of the
computanon domain is 70729 Pa (10.26 psi). Channcl 1 is the
channel closer 10 the outer edge of the cavity. Figure & shows
the velocity contours in a cooling channel design in which the
corners of the flow channe| have been rounded.  Pressure drop
for this design is abour 2 psi lower than the previous des:gn for
the same flow rate (Table 2).

Figure 5 shows the structure and velocity contaurs of the
final optimuzed cooling channel design in which the channels
have been configured 1o minimize pressure drop and cvenly
disribute the water flow. In order 1o reduce the total flow
necded for cooling the cavity and mainwin twrbulent flow, the
arey of the channels was reduyced w 2 mm by 7.5 mm. With a
flow ralc of 1.42 gpm, average velocity in & channel is 2 mvs
and Reynolds number is 7650. The results are presented in
Table 3 anq veloeny contours in Figure 5

Table 1. Pressure drop and mass flow rate per 10 mm by 2
mm channel for the CCL caviry, for a flow of 0.234 kg/s (3.7
gpm); this is for shurp comers.

Flow Flow Pressure - | Prevsure

a5y {Zpm) drop Pa drop {pai)
Chunuel 1 . 0.0588 0932 25973 4.12
Cnannel 2 0.0522 0 827 25116 38
Chunnel 3 0,0573 0508 18035 2.62
Channel 4 0.0655 1.03% 17505 2.5
Totul flow 12331 3.2 70729 10.20

Table 2. Pressure drop and mass flow rate per 10 mimn by 2
imun channel for the CCL cavity, for & flow uf 0.239 kg/s (3.8
gpm), this is far rosnded corners.

Flow Flow Pressure Presaure
(kp/s) {gpm) drop Pa drop (ps1)
Chanucl | 0.0627 0998 293x8) 4.12
| Channet 2 00834 0.8a5 18506 283
Channel 3 0.0856 0 882 15484 224
Chunne} 3 00672 1.U00 - 13386 1.94
Toual flow 0,239 33 SE3 ¥.42

Table 3. Flows ana pressurc drop for four 7.5 mm by 2 mm
channels, for 4 mass flow of 0,119 kg/s (1.885 gpm).

Flow Flow Presaure Pressure

(kys) (zpm) drop Pa rop (psi)
Chaunel | 0.0288 0.456 12006.4 1.74
Channei 2 0 0267 0.423 8757 8 1.27
Channel 3 00288 0 456 77817 111
Chunnel 4 00347 0.550 8173 7 - 118
Toral flow 0.119 1885 20896 3.03

. section.
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EXPERIMENTAL PRESSURE DROP VERIFICATION

For the validanon of the simplified numerical model, an
caperiment was performed 10 measure the pressure drop in the
coolhing channcls for variable flow rate. using a flow loop.
Deionized water 15 circulated through the st section with a
pump and its flow ratc iy monitored with a turbine flow meter.
Pressure is monitored with pressure wansducers ar five |ocarions
including a differential presswe wansducer across the rest
section, and walcr temperature 15 taken at the exir of the pomp.
The test section can be supphicd with variable flow rae from
1.89 Vmin to 75.7 ¥/min. For this experiment, the waler flow
rate was fhumted o A maximam of 1S 14 l/min at room
emperatare of 20°C

To dctermunc the accuracy of the numerical medel, a
portion of a CCL cavity wus machined our of aluminum (see
Figure 6). Figure 6 is a photograph of the CCL cavity septum
cooling channels. Cooling channels arc 2 mm decp and 7.5 mm
wide and march the optimized CFD modcl. The wp of the
channcls was covered with a Lexan platc and scaled with
vacuam grease. Lexan was used becausc it 1s wansparcnt and
allows for flow visualizadon. Food coloring was injected ar the
entrance of the test section and it was npoticed that besides few
recircularion zanes in the channels enrance regions, the flow is
uniform throughour the cooling channcls. Turbulence of the
flow was noticed w mia the dye with the waier almost
immediarely as it entered the test sccpon.

Pressure drop across the inlet and outlet of the test secnon
wys mcysurcd and recorded for different flow rafes. Flow raic
was also monitored and siored simultaneously. From the
recorded dary, the followmg empirical correlarion was derived
1o descripe the pressure drop (psi), dp, as a funclion of flow ruze
(gpm) through the four cooling channels:

dp = 0.8648(flow rare)f’ + 0.5271 ()

In order 1o compure the cxperimental versus numerical
modcl pressure, the pressurce drop through the various hose
furings was subwracted since i1 was not accounted for in the
CFD modcl. Equauon | represents pressure drop only through
the cooling channels with the losses of the fitlings subtrucied.
Pressurc drop mcasurements were performed for the CCL
cooling pussages 1 the range of 1.89 l/min w 15.14 Vmin (0.5
apm o 4 gpm). Companson between measored and predicreq
pressure drop is shown in Figure 7

Eaperimental results compare wcll with the numerical
simulauon. Numencal predicion of the pressure drop
underesumares the measured one possibly bocause  the
numerical method treats the walls of the channels as smooth.
Adding suorface roughness 1o the model might increase the
calculated pressure drop. Inlet boundacy condition for the
calcultion is & constant mass flow rate which results o fully
developed flow art the entrance. In the experimental setup the
flow does nor have time (o develop fully betore entering the test
This difference might conribute 0 higher pressurc
drop auring fesfing. Tuking in account the uncerainty of fiming

3 Copyright © st by ASME
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loss correlarions and the unceriainty in the measurements of the
flow ruic and pressure, predicicd resulis are within 15% of the
measured for 4 flow rate of 4 gpm and lower for smaller flow
rates.

UNCERTAINTY ANALYSIS

Uncertainty 1 the flow rate and pressurc measurements is
calculated using Kiine and McChnrok (1933) formulas and they
are:

1. Flow raic is measured with Omcga FTRB-603
flowmeter and i has 3.9% uncertainly

2. Dnfferential pressurc is meusured £0.0608 psi up 10 5
pst, and 0.48 psi above 5 psi. Differential pressure
transducer Validyne DP-15 was uscd 1o measure test
section pressurc drop up to S psi. Differental pressures
larger than S psi were calculaed as a difference from
the gage pressure fransducers Omega PX 615-060
placed ar the inlet and ouglet of the rest secnion,

3. The error in reading the differential pressurc ubove 5
pst 15 almost 10 times Jarger than the measurements
bellow 5 psi.

4. Pressurc drop through the firtings was calculated using
well known correlations for losses through pipe
firings.

SUMMARY

In this study a CFD analysis was used 1o design the shape
of the CCL cooling channels und derermmine their pressure drop.
Test scctivn was designed 1o represent the cuoling channels of
the cavity wnd water was circulaled through them,
Experimentally obtaincd pressure drop ang flow rarc
Mmecusurcments were compared [o the numenical prediction. The
cormparison is presented in Figure 6. The numerical predictions
are within 15% of the measured pressure drop for the given
flow rare range.
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Figure 1. CCL Cavity geomelry

Figure 2. Grid distribution for the first design of the
cooling channels
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Figure 3. vejocuy contours ror the firsy desjgn for 0.239 Figure 5. Velocuy canreurs for the “0.75 em™ design 0.119
ks (3.8 gpm) flow rate and 70729 Pa (10.2S psi) pressurc kgss (1.88 gpm) flow raie und 20896 Pn (3.03 psi) pressure
drop. drop.
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Figure 4. Velocity contours for the “rounded corners™ design Figure 6. Photographs of the experimenial test secuon
0.239 kg/s (3.8 gpm) flow rate und 57917 Py (8.4 psi) pressure showing the cooling channels
drop.
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Figure 7. Compunison between measured and computed
pressure drop as a funchion of flow®
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