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Abstract

In the field of Particle Accelerators engineering, the de-
sign of the cooling channels of its components has been
extensively based on experimental correlations for the cal-
culation of convective heat transfer coefficients. In this
scenario, this work is focused on studying whether the ex-
perimental correlations are conservative when the flow is
turbulent in fully developed and non-fully developed re-
gions.

For this research, simulation models have been devel-
oped for turbulent flows in fully developed and non-fully
developed regions, all of them for cooling channels with a
10 mm inner diameter. In the first case, for a circular chan-
nel, turbulence models have been studied, and comparative
studies with respect to experimental correlations and pre-
vious studies performed at ALBA have been carried out.
Simulation models based on the coefficients obtained from
experimentally observed correlations, CFD models and an
experimental validation of a mirror with inside cooling,
have been performed in the second case.

INTRODUCTION

Nowadays, the values of different experimental correla-
tions for the Nusselt number (Dittus - Boelter, Sieder - Tate,
Petukhov, Gnielinski, among others [1]), are widely used
in the design of cooling systems in particle accelerator ge-
ometries. Recent studies at ALBA synchrotron indicate that
these values are lower compared to CFD results in conven-
tional channels for turbulent fully developed flows [2]. On
the other hand, in real applications, the dimensions of the
cooling channels do not correspond, in general, to fully de-
veloped flow geometries.

The objective of this research is to perform Heat Trans-
fer (HT) and Computational Fluid Dynamics (CFD) simu-
lations of existing geometries in ALBA Synchrotron and
the experimental validation of the results, in order to study
the convective heat transfer coefficient and see if the values
of existing experimental correlations are conservative in
comparison with the CFD.

A first geometry in fully developed flow conditions will
be studied to be compared with experimental correlations
and a second geometry in non-fully developed conditions
will be simulated and experimentally validated.
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METHODOLOGY

In favour of achieving the objective, two phases are de-
veloped in this research. For the numerical simulations,
ANSYS FLUENT and ANSYS MECHANICAL tools have
been used.

Phase 1: CFD simulations of a circular channel tube
with fully developed turbulent flow and a constant heat
flux. It is a reproduction of Grozavu’s first stage with a dif-
ferent diameter [2]. The aim of this phase is to develop a
meshing strategy and test different Reynolds-Averaged
Navier—Stokes (RANS) viscous models to be applied in
phase 2b.

Phase 2a: Experimentation of a mirror absorber geome-
try with inside cooling, applying a constant heat flux in
non-fully developed turbulent flow.

Phase 2b: Simulations of the experimented cases in
phase 2a. CFD simulations, including the fluid and solid
parts, and HT simulations of the solid body, using the
Steady State Thermal package, where convection based on
the experimental correlations is applied as a boundary con-
dition in the inside cooling channel of the absorber.

Phase 1: Circular Channel CFD

The geometry is a 10 mm interior diameter smooth pipe
with a 0.5 m length, above hydrodynamic and thermal en-
try lengths, with a constant arbitrary heat flux of
125464 W/m? and 23 °C as inlet water temperature.

A grid study is performed with four different meshes
(2.6M, 1.8M, 1.3M and 0.7M) with a dimensionless wall
distance y* = 1 [3] and a fluid velocity of 3 m/s, as it is
ALBA’s maximum fluid flow, with the k-w SST model [4]
and good convergence in all cases.

A viscosity model study with the previous conditions is
carried out using the k-w SST, the Realiazable k-¢ with
Scalable Wall Functions (RKE ScWF), the Realiazable k-¢
with Enhanced Wall Treatment (RKE EWT) and the Tran-
sition SST models [4]. RKE models show slight sensitivity
to the mesh so the finest one is used for these models.

For correlations comparison purposes, the Nusselt value,
Nu = hD/k, where h is the heat transfer coefficient, D the
diameter of the channel and k the thermal conductivity, is
computed as an average between pipe length x=0.45 m and
x=0.5 m. h is computed using Newton’s law of cooling,
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h=Q/ (A(TW - Tf)), where @ is the heat transfer rate

across an area 4, T, the wall temperature and Ty the fluid
bulk temperature. Ty is derived from the rate of flow of en-
thalpy divided by the rate of heat flow through a cross sec-
tion, like defined in Neale’s studio [5], which can be ob-
tained in ANSYS FLUENT as the Mass Flow Average of
the temperature of a transversal area of the fluid [2].

Phase 2a: Mirror Experimentation

The tested mirror consists in an aluminium 6082 T6 bloc
of 60x60x150 mm with a 10 mm diameter hole where the
refrigerating fluid flows through. To recreate the effect of
the synchrotron radiation, a heat flux is applied to the top
of the model using a 65x11 mm heater foil. Three thermo-
couples type K are placed to measure surface temperature,
as shown in Fig. 1, and insulation is achieved using an al-
uminium foil layer underneath a fibre glass wool layer.

Heater - F_ibr_eé'lass ‘Dl
Figure 1: Experimental model.

The experimental setup used was developed at ALBA for
hydraulic and thermal testing. It allows the user to set flow
rate and inlet temperature, as well as read inlet and outlet
temperature values [6].

Despite having tried different strategies to regulate inlet
water temperature to a fixed setpoint, there is an oscillation
of 2°C around the desired 23 °C temperature. With
measures every two seconds, a small sample of 20 points
is randomly selected within a £0.2 °C interval of the aver-
age inlet temperature value. For these samples, the average
values are computed for inlet, outlet and surface tempera-
tures, as well as flow rate. The ‘two sigma rule’ is used to
report the uncertainty of the results [7].

Phase 2b: Mirror CFD and HT Simulations

Figure 2 shows the geometry for the simulations of the
experimented model. The CFD includes the elbows and
part of the pipe, whereas the HT geometry is just the bloc.

o

Figure 2: CFD (left) and HT (right) geometries and bound-
ary conditions.

For the CFD model, a grid study is performed for three
meshes (1.6M, 2.8M and 4M) with a y* = 1 and the RKE
ScWF model [4], which was the most sensitive to mesh in
Phase 1. The boundary conditions values, such as inlet tem-
perature, heat flux and flow rate, are based on the
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experimental results for each case. The best three viscosity
models of Phase 1 are used in this one.

A 0.2M mesh is used in the HT simulations. For the
boundary conditions, a heat flux is applied on the top of the
model and convection inside the cooling channel, with the
heat transfer coefficient and fluid bulk temperature as pa-
rameters. All values are based or calculated using the ex-
perimental results, with fluid properties at average temper-
ature between inlet and outlet.

RESULTS
Phase 1: Circular Channel CFD

Results for the grid study show almost the same values
for pressure drop, wall shear stress and velocity and tem-
perature profiles. The coarsest mesh shows slightly differ-
ent results for wall temperature. The 1.3M mesh is used for
further simulations.

For the viscous model study, hydraulic results and tem-
perature profiles are similar. Compared to Darcy-Weisbach
[8] and the velocity profiles with the ‘power law’, the ‘log-
arithmic law’ and the ‘law of the wall’ [9], the k-w SST and
the RKE EWT models perform better. Wall temperature re-
sults differ substantially between models and therefore
Nusselt values. The Transition SST model is discarded as
it results in variations above 40% in comparison to Dittus-
Boelter, Petukhov and Gnielinski correlations.

Three different inlet velocity cases are simulated and the
respective computed Nusselt values are compared to exper-
imental correlation results, as shown in Fig. 3.
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Figure 3: Comparison of Nusselt obtained CFD values to
experimental correlations [1] for the same case.

Observing the values, the different viscous models offer
quite different results between themselves. Compared with
Dittus Boelter, the most conservative correlation and the
one usually used at ALBA, the average variation with the
models are 25.9 %, 20.1 % and —3.4 % for the k-w SST,
RKE EWT and RKE ScWF respectively. It can be con-
cluded that the RKE EWT gives more accurate results for
the Nusselt computation with respect to the k-omega SST
model. For the RKE ScWF, although more conservative,
the values are significantly closer to the correlations in
comparison with the other models.

Simulations with the k-w SST model, 3 m/s inlet veloc-
ity and different heat fluxes are performed to be compared
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with Grozavu’s first stage case, with only the diameter as
difference [2]. The results for the 80000 W/m?, 8 mm pipe
showed an increase of around 12 % with Dittus Boelter [2],
whereas in this case, the difference for the 10 mm pipe, ob-
served in Table 1, is around 24 %. Moreover, higher heat
flux values result in higher differences of the Nusselt com-
pared to the experimental correlations.

Table 1: Increase of CFD Computed Nusselt for Different
Heat Fluxes in respect to Experimental Correlations

Heat Flux ANu CFD -Dit- ANu CFD - ANu CFD -

(W/m?) tus Boelter ~ Petukhov  Gnielinski
170000 29.38% 22.07% 21.70%
125464 26.86% 19.31% 19.03%
80000 24.23% 17.20% 17.00%

Phase 2: Mirror Experimentation and Simula-
tions

For the CFD grid study, results for surface temperature
differ slightly in the decimals with a relative error between

the 2.8M and the 4M mesh of 0.005%. The first mesh is
chosen for the simulations.
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Figure 4: Simulations and experimental results comparison
for surface temperature values in Phase 2.

Figure 4 shows three cases for different heat fluxes and
inlet velocity. As a general behaviour the HT models based
on experimental correlations for the convective heat trans-
fer coefficient obtain higher temperatures than the CFD,
which implies less heat transfer with the fluid and therefore
a lower heat transfer coefficient. These results are in ac-
cordance with the values obtained for the Nusselt in Phase
1 for the RKE EWT and the k-w SST models, as the CFD
obtained higher values. Moreover, the RKE ScWF, which
was the model closer to the correlations with the fully de-
veloped circular channel case, shows a similar nature in
these ones, although in this case the heat transfer is higher
than the correlations. The RKE EWT and the k-w SST,
which had similar results in Phase 1, show almost exactly
the same temperature results in these simulations, despite
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differences in entry velocity profiles. An example of the
simulation results is shown in Fig. 5.

The CFD models, specially the k-w SST and the RKE
EWT, are generally closer to the experimental results com-
pared with the HT simulations. However, given the uncer-
tainty of the experimental results, almost all simulations
are in accordance with them in some cases, especially when
there is a higher heat transference like the 2 m/s case. It can
also be observed that the T1 thermocouple, which was
placed after the 35.85 W test for more information, gets
higher temperature results in contrast with the simulations
than the other sensors. This difference could be due to the
proximity with the heater and the inaccuracies that come
with the modelling of the heat flux in the simulations.
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Figure 5: CFD k-w SST, 43.4 W, 1 m/s case, velocity and
top temperature distributions.

CONCLUSIONS & FUTURE WORK

In respect to the results of Phase 1, it can be concluded
that the different viscous models have really different be-
haviours concerning wall temperature and thus heat trans-
fer, generally predicting significantly higher heat transfer
coefficients compared to the experimental correlations.
Nusselt values also seem to be affected by the pipe diame-
ter and heat flux, with higher values for these parameters
resulting in higher differences of the Nusselt with the cor-
relations. Future research in this topic would be interesting.

In Phase 2, despite the equipment being of really good
quality, the bad regulation of the inlet temperature could
result in inaccuracies for the experimental results that can-
not be properly quantified and are to be improved in future
work. CFD models results show higher heat transfer than
HT simulations and are closer to the experimental values.
However, given the really close results of all the simula-
tions, it is necessary to experiment with higher power to
reduce the impact of the uncertainties. Experiments with
the same power applied to different sized areas, thus chang-
ing heat flux values, would also be interesting. In this case,
all simulations are really close to experimental values,
hence with lower power and heat fluxes the extra compu-
tational effort spent on CFD simulations is probably not
necessary. Nevertheless, if the hypothesis is confirmed for
further experimentation, the implications, both technical
and environmental, are really positive, as lower fluid flow
would be necessary to dissipate the same amount of heat,
resulting in less power and resources needed and higher life
of the components.
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