CW ELECTRON ACCELERATOR. RESONATOR COOLING EFFICIEN-
CY AND THERMAL STRAIN COUPLED ANALYSIS PROCEDURE

S.A. Zhelezov, S.T. Nazarenko, V.V. Porkhaev, A.V. Telnov
RNFC-VNIIEF
37 Mir ave., Sarov, Nizhniy Novgorod region, 607190, Russia
E-mail: Zhelezovwexpd.vniief.ru

The procedure of the device under HF heating and turbulent liquid cooling displacement analysis by means of
existent program code is presented. The spatial computational cell size and other requirements ensuring the needed
computational accuracy are formulated. In order to illustrate the procedure developed an example analysis of the
Electron Resonance Accelerator of a mean beam power up to 300 kW cooling efficiency and deformation is provid-

ed.
PACS: 29.17 +w

INTRODUCTION

To accelerate electrons in the resonator of the accel-
erator developed by VNIIEF [1], proper electromagnetic
oscillations with 100 MHz frequency are excited. Dissi-
pative losses of high-frequency electromagnetic field
(HF field) are related to induction of the high-frequency
currents (HFC) in resonator walls. Under the action of
currents the resonator walls are heated. This leads to
displacement of the resonator case, violation of field
distribution inside it, change of resonance frequency and
decrease of Q-factor. Heat from the resonator walls is
removed through washing of its outer surface by dem-
ineralized water flow pumped through the channels of
the cooling jacket.

The described process is modeled by performing the
coupled analysis cycle depicted in Fig.1.
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Fig. 1. Coupled analysis cycle

Heat flux distribution is calculated from the current
distribution known on the basis of electromagnetic
(EM) analysis. Heat fluxes serve as loads in the thermal
analysis. Temperatures calculated in the thermal analy-
sis are transferred to the structural one. In the latter
there are calculated coordinates of displaced geometry
for the repeated EM analysis.

The proposed coupled analysis cycle is realized as a
sequence of four calculation stages. Each stage is solved
with the aid of common-purpose software available at
VNIIEF.

At the first stage, a problem of high-frequency elec-
tromagnetic analysis of the accelerating structure is
solved. The specific features of this calculation are pre-
sented in ref. [1].

At the stage of the thermal analysis the cooling
channel distribution over the model surface is optimized
and the required film coefficients are estimated. Tem-
perature field in the structure is calculated.
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During thermohydraulic analysis the parameters of
cooling agent able to provide the required film coeffi-
cients are calculated.

In the structural analysis, the structure displacement
due to its thermal expansion is determined.

1. THERMAL ANALYSIS

Within the bounds of thermal analysis the problem
of steady-state heat conduction is solved by means of fi-
nite element technique. Heat fluxes of loss power serve
as loads. Heat is removed through specifying the con-
vection conditions for each cooled surface. In the course
of a series of thermal analysis the film coefficients are
selected. The goal is that the maximum temperature at
any model point should not exceed the specified ulti-
mate value T

Heat fluxes are applied elementwise. The closest
node of EM model is searched for each finite element of
the heated surface. Basing upon the value of the surface
current J in the node the mean heat flux per finite ele-
ment is calculated:
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Here the factor K, averages the value of sinusoidal
signal over time; K; takes into account resonator filling
by radiofrequency power; K, is the loss power safety
factor.

In order to check the adequacy of inter-model trans-
lation of the heat load total loss power on the whole ap-
plication surface is calculated. In the case of its signifi-
cant deviation from the value known from the EM anal-
ysis, the size of the finite element decreases, and the
process of heat load application is repeated.

2. THERMOHYDRAULIC ANALYSIS

The averaged parameters of the cooling agent pro-
viding the film coefficients selected in the thermal anal-
ysis are preliminarily estimated with the aid of the
known empirical relations. For short we will name this
type of calculation “thermohydraulic analysis —
method 1”. In the course of the calculation series,
among others, the initial flow rate and temperature of
cooling agent are determined. These values are used as
the initial conditions for refined thermo-hydrodynamic
check-up of the developed design.
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Within the frames of the refined thermohydraulic
analysis (“Method 2”) a thermo-hydrodynamic problem
of the steady-state incompressible fluid flow is solved
by the finite element technique. As a result of this solu-
tion temperature distribution in both solid and hydrody-
namic model areas as well as pressures and velocities in
the hydrodynamic area are determined.

The thermo-hydrodynamic problem is highly non-
linear one. As the applied software provides the first or-
der finite element only for hydrodynamic problem solv-
ing, the accuracy of Nusselt number Nu computation is
closely related to the discretization of the model bound-
ary layer (Fig.2).

For the thermo-hydrodynamic analysis of the accel-
erator under development, discretization degree corre-
sponding to Nu calculation accuracy not worse than
10% was selected.
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Fig.2. Influence of boundary layer thickness discretiza-
tion on Nusselt number computation accuracy

Eddy viscosity of cooling agent is calculated using a
turbulence model SST [2], allowing rather an accurate
computation of Nu within a wide range of Reynolds
numbers.
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Fig.3. Oscillations of the absolute average values of de-
gree of freedom PRES

Decision on hydrodynamic problem completion is
taken basing upon the magnitude of oscillation of the
absolute average values of the degrees of freedom
(DOF) less than 1% (Fig.3).

3. STRUCTURAL ANALYSIS

Within the frames of the structural analysis the
steady-state problem of thermal expansion is solved by
the finite element technique. Nodal temperatures calcu-
lated in the thermal analysis serve as the loads at this
stage. If necessary, additional loads, for example, ambi-
ent pressure, hydrodynamic pressure, gravity force etc.
can be taken into account.

The field of displacements calculated from the struc-
tural analysis is output as a table and is available as ini-
tial geometry in the repeated EM analysis.

4. PROCEDURE APPLICATION

In conclusion, in order to illustrate the presented
procedure application, let us present a typical computa-
tion of cooling efficiency and displacements of one of
the variants of the developed accelerator case.

In this variant (Fig.4), the cooling agent (demineral-
ized water) enters into the cooling jacket through the
central pipe along the resonator axis and washes the
case going through the annular cooling channel. Heat
flux of the loss power is distributed along the resonator
internal surface.
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The heat load is calculated according to formula (1)
and is shown in Fig.5 with arrows. Irregularity of heat
load is almost four orders: the longest length of the ar-
row corresponds to the heat flux of about 80 kW/m? and
the shortest one to that less than 14 W/m?,
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Fig.5. Heat flux distribution along the case

The analysis has been performed using the cooling
agent flow rate of 100 I/min. Water temperature at the
entrance was 15°C. Additionally, ambient pressure of
1 atmosphere was taken into account.

Calculation has shown that the cooling agent when
passing the coolant loop will warm up by about 15°.
The resonator case will warm up irregularly. The maxi-
mum temperature will reach ~135°C on the inner case
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surface in the vicinity of cross-section 2 (Fig.4). The CONCLUSION
minimal temperature will be ~16°C on the horizontal
symmetry plane in the vicinity of the smaller radius of
the case. In this case the maximal axial displacement of
the case will be about 1.5 mm, the diametric one — about
0.9 mm. The water temperature in the thin boundary
layer in the vicinity of cross-section 2 reaches the boil-
ing-point.

A procedure of related Thermo-Hydro-Structural
analysis of the accelerator being developed by VNIIEF
is proposed. A technique for translation of the surface
current distribution to the distribution of heat fluxes is
proposed. The dependence of the calculation of Nu cri-
terion on the degree of discretization of the thermo-hy-
- draulic model boundary layer is found. To solve the de-
veloped accelerator problems, a discretization degree is
selected that corresponds to accuracy of hydrodynamic
computation no worse than 10%. It is suggested that the
turbulence model SST should be used for calculation of
induced cooling fluid viscosity. It is suggested that the
decision on the hydrodynamic problem completion
should be made when the absolute average degree of
freedom oscillation is less than 1%. Using the proposed
calculation cycle is demonstrated by a practical example
of Thermo-Hydro-Structural analysis of the developed
accelerator resonator case.
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3JEKTPOHHBINA YCKOPUTEJIb HENPEPBIBHOT'O JIEMCTBHSA. METOIUKA MOJATOTOBKH 3A-
JTAHUM IO PACYETY Y®PEKTUBHOCTH OXJAKIEHUSA U JE®OPMAIIAU PE3OHATOPA

C.A. ’Kene3zos, C.T. Hazapenxo, B.B. Ilopxaes, A.B. Teavnos

IIpencraBiiena MeTOIMKA MOATOTOBKHU 3aJaHUI MO pacyery B CYILIECTBYIOUIMX MPOTrPaMMHBIX KOMILUIEKCAX Je-
(hopMany KOHCTPYKIHH, TOIBEP>KEHHBIX HATPEBY TOKAMHU BBICOKON YaCTOTHI M OXJIAXK/ICHHUIO TypOYJICHTHBIM Tede-
HUeM xkuakocTH. OnpesieneHbl TpeOOBaHUS K pa3Mepy MPOCTPAHCTBEHHON CUETHOW SYCHKH W JPYTHE YCIOBHS,
o0ecreunBaroIrue HEOOXOJUMYIO TOYHOCTh pacuéToB. [IpuBeneH pacueT 3 dexTrBHOCTH OXaxaeHus u nedhopma-
IIUA KOpITyca DJIEKTPOHHOTO YCKOPHTENS HENMPEPBIBHOTO ACUCTBHSI CO cpeaHeil MomrHocThio mydka a0 300 kBT,
OCHOBAHHBIN Ha CBSI3aHHOM aHaJIM3€ MPOTEKAOUIUX NPOLECCOB U UILTIOCTPUPYIOMINI IPUMEHEHUE MTPEACTaBICHHOMN
METOAMKH.

EJEKTPOHHMI MPUCKOPIOBAY BE3MEPEPBHOI JIIi. METOJIUKA IIJATOTOBKHU 3ABJAHB IO
PO3PAXYHKY E®@EKTUBHOCTI OXOJIO’)KYBAHHS TA JIE@OPMAIIIL PE3OHATOPY

C.A. XKenesos, C.T. Hazapenko, B.B. Ilopxaee, A.B. Tenvnos

[IpencraBiieHO METOUKY MiATOTOBKU 3aBJaHb 110 PO3paxyHKY B JIFOYMX MPOTrPaMHUX KOMIUIEKcax aedopmarii
KOHCTPYKIIi{, III0 CXMJIBbHI 10 HarpiBy CTPyMaMy BHCOKOI YaCTOTH Ta OXOJIOKEHHIO TypOyJICHTHOIO TEUi€I0 PiIUHH.
Bu3zHaueHi BUMOTHY 1I0JI0 pO3Mipy IPOCTOPOBOI pO3paxyHKOBOI KOMIPKHM Ta iHIII YMOBH, II0 FapaHTYIOTh MOTPIOHY
TOYHICTh pPO3paxyHKy. IIpuBeNeHO po3paxyHOK e(QEeKTUBHOCTI OXOJIOJPKYBaHHS Ta JedopManii Kopmycy
€JIEKTPOHHOTO TIPHCKOpIOBada Oe3MepepBHOI [ii 3 cepeaHpOr0 MOTyXxHicTI0O myuka 10 300 kBt, ocHoBanmii Ha
3B’s3aHOMY aHaJi3y Mepediry Mmporecis Ta UTIOCTPYIOUNii 3aCTOCYBaHHSI ITPEICTABICHOI METOIUKH.
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