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Abstract

The fluid boundary condition applied to the design of
components in particle accelerators is calculated as a
global variable through experimental correlations coming
from the literature. This variable, defined as the convective
heat transfer coefficient, is calculated using the conven-
tional correlations of Dittus and Boelter (1930), Sieder and
Tate (1936), Petukhov (1970), Gnielinski (1976), among
others. Although the designs based on these correlations
work properly, the hypothesis of the present study proposes
that the effectiveness of these approximations is due to the
existence of a significant and unknown conservative factor
between the real phenomenon and the global variable. To
quantify this conservative factor, this work presents re-
search based on Computational Fluid Dynamics (CFD) and
experimental studies. In particular, recent investigations
carried out at ALBA confirm in a preliminary way our hy-
potheses for circular pipes under fully and non-fully devel-
oped flow conditions. The conclusions of this work indi-
cate that we could dissipate the required heat with a
flowrate lower than that obtained by applying the conven-
tional experimental correlations.

INTRODUCTION

Nowadays, in particle accelerator engineering and in en-
gineering in general, numerical simulations, such as FEA
(Finite Element Analysis) and CFD (Computational Fluid
Dynamics), are decisive to approve the viability of a pro-
posed design. Although its importance is recognized, it is
also known that the results of numerical simulations have
a strong dependence on the precision and good approxima-
tion of other variables such as the geometric model, physi-
cal properties, boundary conditions, etc. In this context, the
content of this work is oriented to the study of one of the
boundary conditions commonly used in design: the con-
vective heat transfer coefficient (4) for internal flow in
cooling channels. In particular, at ALBA we are studying
the conservative factors inherent in the “A” coefficient, cur-
rently obtained from experimental correlations reported in
the literature. Our main working hypothesis considers the
existence of a significant and not yet quantified conserva-
tive factor in the calculation of the “/” coefficient. The re-
sults of this study will be relevant for the design of the new
components of ALBA II, our current project to become a
fourth-generation accelerator. From the point of view of
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accelerator engineering, we will have the challenge of de-
signing the new components for higher power densities,
compared to ALBA 1. In this new scenario, it will be im-
portant to know with a better precision the value of the “A”
coefficient to avoid oversizing in the new designs.

For general engineering applications, the “4” coefficient
is obtained from experimental correlations from the litera-
ture, reported by authors such as Dittus and Boelter (1930),
Sieder and Tate (1936), Petukhov (1970), Gnielinski
(1976) [1], among others. The design engineer must choose
between those authors to obtain this coefficient, whose
value is not unique depending on the selected experimental
correlation. For example, for a hypothetical case of water
at 23 °C circulating in a pipe with an internal diameter of
10 mm and assuming a dissipation of 7 kW in the water,
there is a difference of approximately 10 % between the
values of “A” calculated with the correlations of Dittus —
Boelter and Petukhov.

Another aspect to highlight of the “A” coefficient is the
condition of its approximation: the experimental correla-
tions have been formulated for thermal and hydraulic fully
developed flow conditions. In real applications of particle
accelerators, we rarely have fully developed flow, because
the geometries are small in size, such as the cooling chan-
nels of mirrors, monochromators, front end masks, radia-
tion absorbers, etc. These real geometries would increase
the unknown conservative factor with respect to the case of
fully developed flow, according to our hypothesis. On the
other hand, from the point of view of the real phenomenon,
conventional correlations assume homogeneity of the co-
efficient along the cooling channel, which is not true be-
cause this variable has local behaviour and its distribution
is influenced by the geometry of the channel, by the flow
conditions (especially for transient and turbulent cases),
and by the temperature of the fluid.

In the same line of research, another variable to study is
the approximation of the hydraulic diameter concept. In
many applications we are forced to design cooling chan-
nels with non-circular cross sections. In these cases, the ap-
plication of the hydraulic diameter concept suggested by
conventional references introduces, in our opinion, a new
conservative factor with respect to the case of a circular
tube.

The investigations of this paper are based on CFD calcu-
lations, Heat Transfer (HT) simulations, and preliminary
experimental studies in setups developed at ALBA. The
HT simulation approximates the heat transfer in the fluid
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using the “h” coefficient, calculated through experimental
correlations reported in the literature [1]. The HT and CFD
cases have been carried out using the MECHANICAL and
FLUENT modules of ANSYS WORKBENCH [2], respec-
tively.

CIRCULAR CHANNELS: CFD STUDIES
Model Description

Two pipes with an internal diameter of 8 and 10 mm have
been studied [3, 4], both 0.5 m lengths. The heat flux ap-
plied to the surface are assumed to be constant values of 80
and 12.55 kW/m?, respectively (Fig. 1a). At the inlet, water
at 23 °C and a velocity range <4 m/s are fixed.

O-grid structured mesh has been applied along all the
wall boundaries inside the fluid, inflation layers has been
introduced for a smooth transition of the mesh until reach-
ing ay +=1[5] (Fig. 1b). Also, a grid convergence study
of three levels of mesh refinement has been performed, im-
plementing the convergence Python program provided as a
part of the NASA Examining Spatial (Grid) Convergence
tutorial [6]. The highest refinement has generated a mesh
of around 2.5 million elements.

Heat Flux kW/m?

23°C

Inlet Velocity Water:\/\

2,3and4 m/s
(@)
Figure 1: (a) Pipe simplified model, (b) Mesh detail.

A group of viscous models have been tested such as the
k — w Shear-Stress Transport (SST), k — w Standard, the
Realizable k-€ with Scalable Wall Functions (RKE ScWF),
the Realizable k-¢ with Enhanced Wall Treatment (RKE
EWT) and the Transition SST [7]. The results have been
compared with the Darcy—Weisbach equation for pressure
drop and the Power-Law equation for the developed veloc-
ity profile, in order to select the most accurate. For this
comparative study, according to studies carry out by [3]
and [4], the authors agree on the better performance of the
k — w Shear-Stress Transport (SST) model.

For the studies, the Nusselt number Nu = AD/k is com-
puted, where D is the diameter of the channel and k the
thermal conductivity of the fluid. The “A” coefficient is
computed using the Newton’s law of cooling & = Q/(A(Tw-
Tf)), where Q is the heat transfer rate across the area A, 7w
is the wall temperature and 7} the fluid bulk temperature.
7fis derived from the rate of flow of enthalpy divided by
the rate of heat flux through a cross section, like defined in
Neale’s study [8], which can be calculated in ANSYS
FLUENT as the Mass Flow Average of the temperature of
a transversal area of the fluid.
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Results

For the case of pipe internal diameter 8 mm, the results
from Fig. 2 suggest that experimental benchmark coeffi-
cients are conservative. For instance, comparing CFD re-
sults with Dittus and Boelter’s correlation, an increase be-
tween 12.6 and 13.8 % of the convective heat transfer co-
efficient has been found.

Fully Turbulent Fluid Flow Inside 8-mm-diameter Cooling Channel
T T T 1

Experimental Correlation: Ditus and Boelter
06+ Experimental Correlation: Sieder and Tate
Experimental Correlation: Petukhov
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Figure 2: Experimental correlations of the “/4” coefficients
contrasted to the CFD values for circular channel flow
8 mm diameter.

For a pipe of 10 mm inner diameter, the different viscous
models offer quite different results between themselves
(Fig. 3). Compared with Dittus — Boelter, the average var-
iation with the models are 25.9 %, 20.1 % and —3.4 % for
the k-w SST, RKE EWT and RKE ScWF, respectively.
This last model deserves special attention for new studies,
because its discrepancy is significant with respect to the
other turbulence models.
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Figure 3: Comparison of Nusselt calculated by CFD to ex-
perimental correlations for channel 10 mm diameter.

The effect of the heat flux is also studied. The CFD
Nusselt number (Nu CFD) is calculated based on the k-w
SST model, at 3 m/s inlet velocity and different heat fluxes.
The results presented in Table 1 show that higher heat flux
values the higher differences of the Nu CFD compared to
the experimental correlations.
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Table 1: Increase of Nu CFD (K-w SST) for Different Heat
Fluxes in Respect to Experimental Correlations

Heat Flux ANu CFD - ANu CFD - ANu CFD -
(W/m?) Dittus Boelter ~ Petukhov  Gnielinski
170000 29.38 % 22.07 % 21.70 %
125464 26.86 % 19.31 % 19.03 %
80000 24.23 % 17.20 % 17.00 %

MIRROR: CFD, HT,
AND EXPERIMENTAL STUDIES

Model Description

This section presents numerical and experimental stud-
ies for non-fully developed flow conditions. The model re-
produces a mirror with internal cooling channel. The ge-
ometry consists in an Al 6082 T6 block of 60x60x150 mm
with a 10 mm diameter hole where the water flows through
(Fig. 4 a). As boundary conditions, heat flux on the top sur-
face (35.85 and 43.4 W) and fluid velocities of 1 and 2 m/s
are imposed. For the experiment, heat flux is applied using
two 65%11 mm heater foils (Fig. 4 b).

Three thermocouples type K are placed to measure sur-
face temperature, as shown in Fig. 4b, and insulation is
achieved using an aluminium foil layer underneath a fibre
glass wool layer. The experimental setup used was devel-
oped at ALBA for hydraulic and thermal testing. It allows
the user to regulate the flow rate and inlet temperature [9].

Heater ;

Inlet Water

(@) {b)

Figure 4: (a) Mirror simplified model, (b) Details of tem-
perature sensors and heater for experiment.

For the CFD model, a mesh study is performed for three
meshes (1.6M, 2.8M and 4M) with a y += 1. HT simula-
tions have also been carried out by applying the “A” coef-
ficients, calculated at the average temperature of the fluid
in the cooling channel.

Results

Figure 5 shows the results of three cases studied for dif-
ferent heat fluxes and inlet velocities. The temperature re-
sults applying the HT simulation are higher than the tem-
perature results calculated with the CFD models described
in the previous section. On the other hand, the results ob-
tained with the RKE ScWF model are closer to the temper-
atures using the HT simulations. The results obtained with
the RKE EWT and k-w SST models show almost exactly
the same temperature results, this behaviour is reproduced
for all velocities and heat fluxes studied. The CFD results,
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applying the k-w SST and RKE EWT models, are gener-
ally closer to the experimental results compared to the re-
sults obtained with the HT simulations.
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Figure 5: Results of numerical simulations and experi-
mental studies for three study conditions.

Figure 6 shows the distributions of temperatures and ve-
locities for the CFD model, considering the k-w SST tur-
bulence model, inlet velocity into the tube of 1 m/s and the
value of the heat flux equals 43.4 Watts.
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Figure 6: Velocity and temperature distributions for the
case CFD k-w SST, 43.4 W, and 1 m/s inlet.

CONCLUSIONS & FUTURE WORK

For the case of fully developed flow conditions in pipes
with an internal diameter 8 mm, the CFD calculations (ap-
plying the k-w SST viscous model) confirm the existence
of an average conservative value of 14 % in the conven-
tional convective heat transfer coefficient (taking as refer-
ence the Dittus and Boelter correlation). For the pipe of
10 mm diameter, average variations of 25.9 % and 20.1 %
are obtained when the “4” coefficient (based on the Dittus
and Boelter correlation) is compared with CFD calcula-
tions (based on the models of turbulence k-w SST and RKE
EWT, respectively). Then, this second diameter also con-
firms the existence of the conservative factor.

It has been found that the conservative factor is also af-
fected by the heat flux condition: the conservative factor
increases as the heat flux condition increases.

The experimental results for the proposed case also con-
firm the existence of the conservative value for non-fully
developed flow conditions. However, to have a definitive
conclusion, it is recommended to carry out similar experi-
ments subject to higher heat fluxes.
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