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Assessment of different RANS turbulence models in mini-channels for
the cooling of MW-class gyrotron resonators
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ABSTRACT

The adoption of high-speed water flow in mini-channels is a viable option for the cooling system of the
resonant cavity in gyrotrons, which are a candidate technology for the external plasma heating in nuclear
fusion reactors. The evaluation of the performance of such mini-channel cooling system is a combined fluid
dynamics and heat transfer phenomenon which seeks more attention to a highly accurate computational
analysis. In this study, a computational-based comparative platform is proposed to evaluate the performance
and fidelity of the applied turbulence models which are utilized to study the mini-channel cavity cooling
systems in gyrotrons. A full-size mock-up of the gyrotron resonator equipped with mini-channels has been
realized and tested in 2019 by THALES to check its total pressure drop applying a wide range of water flow
rates, including that available for the gyrotron operation. In parallel, a numerical model of the mock-up has
been developed using the commercial software STAR-CCM+, and simulations have been performed using
different RANS turbulence closures, and namely: SST k—w, realizable k—¢ and Lag EB k—&. The detailed
comparison of the computed hydraulic characteristics (i.e., a range of pressure drop measurements at
different flow rates) to the set of measured values has been addressed using a multivariate metric to assess
the performance of different turbulence models in pure hydraulic simulations. This comparative platform
reveals a significant clarified difference in fidelity among the RANS models. Based on the performed
comparative studies against the entire set of available experimental data, the Lag EB k—¢ closure provides
the best performance among the other turbulence models and can be applied for the future studies of the
mini-channel cavity cooling systems of the gyrotron resonators.
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Nomenclature
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GCI
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coefficient
coefficient

pipe diameter

degrees of freedom

experimental data
roughness

error

multivariate metric
friction factor

generic function

grid convergence index

average cell size
pipe length

mass flow rate
pressure
production term
ratio

strain rate tensor
simulation result
temperature
uncertainty
velocity
covariance matrix

vorticity tensor

generic input variable
sensitivity coefficients vector
dimensionless wall distance

elliptic blending factor

coefficient

coefficient

generic transported quantity
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pressure drop

turbulent dissipation rate
comparison errors vector

computed order of convergence
kinetic turbulent energy

additional contribution to transport eq.
dynamic viscosity

kinematic viscosity

density

model coefficient

turbulent time scale

reduced normal stress

generic variable crossing a boundary
chi distribution

specific dissipation rate

source term

turbulent scale

least squares function



Subscripts

a absolute

D measured data

i referring to i-th mesh

j referring to j-th flow rate

mv multivariate metric

num numerical

ref reference

t turbulent

val value

r generic transported quantity

£ turbulent dissipation rate

k kinetic turbulent energy

7 dynamic viscosity

Q reduced normal stress

0] specific dissipation rate

21 between the first and the second one
Superscript

6 computed order of convergence
21 between the first and the second one
Acronyms

CAD  computer-aided design

EB elliptical blending

MC mini-channels

RANS Reynolds-Averaged Navier-Stokes
Re Reynolds number

SST Shear-Stress Transport



1. Introduction

Gyrotrons are high-power high frequency ( 100 GHz) oscillators that are used for the plasma heating
in nuclear fusion Tokamaks [1]. As the frequency of the microwave beam injected in the plasma equals the
electron rotation frequency in the magnetic field the plasma heating process occurs. Devices operating in the
continuous wave (CW) mode with the pulse duration of several hundred seconds for the typical output
powers range from 1 MW up to 2MW at 170 GHz are currently foreseen for ITER [2]-[6] and DEMO [7] while
a 140 GHz 1.5 MW gyrotron is under design for the W7-X upgrade [8]. Dual-frequency gyrotrons such as those
installed at the EPFL in the Tokamak Configuration Variable [9] are also employed in Tokamaks to provide not
only plasma heating (Electron Cyclotron Heating) but also current drive (Electron Cyclotron Current Drive) [1]
to the plasma.

One of the main components of the gyrotron is the resonant cavity or resonator which is a hollow
cylinder (red circle zone in Figure 1) where the interaction between the electron beam and the
electromagnetic wave excited inside the cavity takes place. In the cavity, a portion of the kinetic energy of
the electron beam emitted by the electron gun is converted into a microwave radiation beam. During the
operation, a high heat load with a peak power flux in the order of 20-25 MW/m? is deposited on the inner
wall of the cavity [1]. The thermal deformation, that arises from the temperature increase due to the heating,
could cause a frequency shift, leading in turn to the loss of the microwave beam. In order to contain the
effect of the wall heating and, consequently, the impact of the deformation, an efficient cooling system is
necessary.
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Figure 1: (a) Sketch of a Gyrotron. Modlified from [10]. (b) Sketch of the circuit for the hydraulic tests of the resonator mock-up.
Active cooling is typically provided on the annular region around the cavity (the green region in the

inset in Figure 1a) with subcooled pressurized water. The heat transfer can be enhanced by increasing the
wetted surface using, e.g., the metal porous matrix made by brazed Raschig Rings [11], or by increasing the



fluid velocity. In fact one of the cooling solutions under consideration for the European gyrotrons for W7-X
or DEMO refers to the longitudinal mini-channels (MCs) [12]. In this case a turbulent water flow (Reynolds
number ~ 104 is utilized to increase the heat transfer coefficient at the cost of an increase in pressure drop.
In order to experimentally validate the MC cooling concept and check if the pressure drop across the cavity
is acceptable i.e., below 0.5 MPa, which is the maximum allowable pressure drop in the cooling loop where
the gyrotron cavity is typically inserted, a mock-up with the cavity equipped with mini-channels has been
manufactured by Thales, the leading manufacturer of gyrotrons in Europe. The mock-up, shown in Figure 2,
has been tested at the Thales premises in summer 2019 to measure and evaluate its hydraulic characteristics
[13].

For cooling applications, where the high speed of the fluid is utilized to enhance and ameliorate the
heat transfer, hydro-dynamic phenomena play a key role and a reliable modelling and simulation of the fluid-
dynamics is required to accurately predict the cooling efficiency, especially when turbulence is experienced
in the system. Since a wide range of turbulence models is available, a careful selection of the turbulence
closure to be used in the simulations is very important to achieve more reliable results. This becomes even
more significant when the numerical models are used not only to interpret the experimental results, but also
as design tools. This is exactly the case of the application at hand here, for which several numerical analyses
are ongoing [14]-[16], in order to optimize the MC cooling configuration for the gyrotron cavities. The choice
of a reliable turbulence model is here the first step toward a robust model in terms of evaluation of the
hydraulic behaviour of the cavity, that is in turn the basis for a reliable evaluation of its thermal behaviour.
For a component with water turbulent flow in circular mm-size channels, no studies are currently available
that compare the performance of different turbulence models to experimental data, and allows a well-
educated selection among them.

The aim of the present investigation is therefore to compare the performance of various types of
Reynolds-average Navier Stokes (RANS) turbulence models to evaluate the pressure drops along the gyrotron
cavity equipped with a MC cooling system. Among the RANS available models in standard CFD commercial
software packages such as STAR-CCM+, specific models are selected as the more suitable models and
approaches for the analysis of the case at hand, and namely the cavity mock-up previously mentioned. The
computational results from the models applied in this work are initially compared to a classical correlation
for the pressure drop in smooth pipes, and then validated against the experimental data measured on the
MC mock-up tested at Thales. The validation is performed using a multivariate metric which allows
accounting for the correlation among different set points, according to the approach proposed by the ASME
V&V20 Committee [17]. The comparison of the different models against the correlations and experimental
results allows the selection of the most suitable model, in terms of accuracy of the results, for the simulation
of the cavity equipped with MC, at least as far as the pure hydraulic problem is concerned.

The paper is organized as follows: first, the methodology is presented, with a particular reference to
the choice of the turbulence models and the multivariate metric adopted for the model comparison and
assessment. Then, the selected models are first challenged against the classical Colebrook correlation for the
friction factor in circular pipes, and then against the measured data on the MC mock-up. For both cases, the
computed results are first presented and then the comparative study among the turbulence models is
performed using the multivariate metric.
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Figure 2: Mock-up of the gyrotron cavity equipped with MCs: (a) picture, (b) CAD model.

2. Methodology

2.1.  Selection of RANS turbulence models

The hydraulic simulations of the MC cooling system are performed using the commercial software
Star-CCM+ [18]. Among the many RANS models available in the software, the selection of the most suitable
RANS turbulence closures for the simulation of the gyrotron cavity equipped with MCs boils down to three
models: Realizable k — &, k — w SST and Lag Elliptic Blending k — €. The choice has been taken by selecting
the most new and performative model out of the two main classes of RANS, leading to select the Realizable
k — £[19], more suitable for application that contains multiple recirculation zones or large streamline
curvature than standard version [20], for the k — & family, and the k — w SST [21] out of the k — w family,
capable to capture not only the near-wall behaviour, but also the core fluid flow. The Lag Elliptic Blending
k — € [22], which is a four equations extension of the k — € was selected since it is more recent and with
promising prediction for heat transfer problems.

In the general turbulence modelling framework, it is useful to define some invariants related to
velocity gradients before proceeding to the description of the characteristic equations: those are the strain
rate tensor and the vorticity tensor, defined respectively in Eq. 1 and Eq. 2. In the following their moduli will
be referred to as s and w.

1

More specifically, the two transport equations added to the standard RANS equations have the form
of Eq. 3, where I is the transported quantity, i.e. the turbulent kinetic energy k and the turbulent dissipation
rate € for the k — &€ models, or turbulent specific dissipation rate w for the k — w models. P and 2 are
production and source terms, whereas A is an additional contribution, specific for each model and
transported quantity and o is a model coefficient [18].
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In the Realizable k — € model the turbulent eddy viscosity u; is defined as function of the density, of
the turbulent kinetic energy and of the turbulent time scale (Table 1), multiplied by a coefficient C, and a
variable damping function F,, which simulates the turbulence decrease near wall. The damping function
embeds also the strain rate tensor, the vorticity tensor, k and ¢.

Table 1: Turbulent time scale t for the different models

T
_ k
Realizable k — ¢ .
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k SST Ment i - =
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The extra term A is depicted in Table 2 for the Realizable k — € model, as well as for the other models used
in this analysis. Therein, &, ko, wy are ambient turbulent values counteracting turbulent decay while
definition of the specific time scale T, depends on them.

Table 2: A for the different models
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The production terms P, and P, depend only on the turbulent production, mean strain rate and
turbulent kinetic energy, as neither the buoyancy production neither the compressibility modification are
relevant for this problem. Both production terms also contain a curvature correction factor, which could help
accounting, in the problem at hand, for the curvature of the fluid moving in the manifold orthogonal to the
mini-channels before entering them.



Table 3: Realizable k — & Two-layer model coefficients in Star-CCM+

C, 1
Sk
Ceq max 0.43,5+;&
&

Cer 1.9

C, 0.09

O¢ 1.2

Oy 1

The Shear-Stress Transport (SST) k — w model [21] is a two-equations eddy-viscosity model which
combines the k — e and the k — w models through a blending function that activates the first one in the free
stream and the second one near the wall. It offers good performance typically when the accurate simulation
of the viscous sub-layer comes with the need for accurately predicting the flow behavior in regions away
from the wall [20]. Eq. 7 is thus defined for both k and w, for which the production terms P, and P, are
composed by turbulent production, non-linear production, specific dissipation production and cross
diffusion. Similar to the k — € case, the turbulent viscosity depends just on density, turbulent kinetic energy
and on k — w model-specific turbulent time scale (see Table 1). In the definition of , F, is a blending function
embedding in its formulation, beside w and k, the distance to the wall, that enables the switching between
the two different models, which is peculiar of the SST k — w model. The model coefficients a*, a; and Cy
are defined in Table 4, where F; is another blending function behaving similarly to F, with the addition of a
cross diffusion coefficient between k and w.

Table 4: k — w SST model coefficients in Star-CCM+

a* F,+(1—F)

B 0.075F; + 0.0828(1 — F,)
B* 0.09[F; + (1 — F,)]
O F, +0.85(1—F)

Ow 0.5F, + 0.856(1 — F,)
a 0.31
C, 0.6

In the Lag Elliptic Blending (EB) k — € model [22] a transport equation for the reduced normal stress
@ is added to the transport equations for k and €, which allows the misalignment of the principal axes of the
strain-rate and the Reynolds-stress (the “lag” between stress and strain) while still using a linear eddy-
viscosity model, depending not only on p, k and T but also on ¢ and s. It is suitable for incorporating curvature
and rotation effects. A small correction to the diffusive term in Eqg. 3 leads to the general formulation of
transport equations for this specific model as in Eq. 4.
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In Eq. 4, the only contribution to P, and Py is the turbulent production while P, also contain the
Reynolds-stress anisotropy tensor. The latter combines the strain rate tensor and a modified vorticity tensor
(Eq. 5) to account for anisotropy, that on the contrary is not considered in the pure 2-equations models such
ask—¢candk — w.

W=w-—-—=(s———

R 1( Ds Ds ) Eq.5
2\®Dt " Dt°

A further diffusion equation for the elliptic blending factor « is included to the set of equations of
the Lag Elliptic Blending k — € model, as reported in Eq. 6, where £ is the turbulent scale.

V-(#?’Va)=a—1 Eq.6

The coefficients for the Lag EB k — € model are reported in Table 5.

Table 5: Lag EB model coefficients in Star-CCM+

Ce3 1.44
Cey 1.9
O, 1.2
oy 1
) 1

2.2. Validation approach: the multivariate metric

In order to compare various types of turbulence models, the quantification of the uncertainties was
performed to characterize the numerical results and their errors using the ASME V&V 20-2009 Standard [23].
The first uncertainty is the numerical one due to the mesh size, u,,m, Which is quantified by performing a
convergence study. The second uncertainty, Ui, p,:, represents the effect of the input uncertainties on the
computed results. The input uncertainty, Uy, is evaluated by mean of a local method which means that
the sensitivity coefficient of each parameter affected by uncertainty are evaluated and combined for the
computation of Uy, as explained in [23]. The last uncertainty u, comes from the experimental data. Once
these quantities are computed, it is possible to compare simulations and experimental results, each with its
own uncertainties, at each set point. Here all the uncertainties of all the set points are combined in a
multivariate metric, namely E,,,, allowing to compare the three turbulence models using a single index.
According to [17], E,,,;, is obtained from Eq. 7.

E%, = €TV, 0E Eq.7

Here € is the vector of the comparison errors of the n set points considered in the analysis, see Eq.
8, and V,,; is the covariance matrix, which is used to characterize the correlation structure between the
estimated uncertainties.

S —D; Eq. 8

E =

Sn_Dn



In Eq. 8, S; and D; are the simulation result and experimental data of the j —th set point,
respectively. The covariance matrix, V,,;, contains the numerical uncertainties, simulation input
uncertainties and uncertainties in the measured data. As proposed in [17], when simulation and
measurement data are independent, i.e. sharing no error sources, V,,; is evaluated using Eq. 9, where V,,;m,
Vinpur and V, are the covariance matrices due to numerical uncertainties, simulation input uncertainties
and uncertainties in the measured data, respectively.

Voar = Voum + Vinput +Vp Eq. 9

The diagonal elements of V., Vinpue and V) are the square of Uyym, Uinpy: and up obtained for each set

point, while the off-diagonal elements represent the correlation between the estimated numerical / input/
data uncertainties and are illustrated below.

3. Performance against correlations for pressure drop in smooth tubes

The first assessment of the performance of the three turbulence models has been performed against
the value of the friction factor f in the mini-channels, defined by Eq. 10, obtained from the Colebrook
correlation for turbulent flow [24] reported in Eq. 11 where an uncertainty of £ 10% is quoted.

d 2 Eq. 10
[=4 e
1 Y ( e N 2.51> Eq. 11
—_— - 0
77 9\37D Re Jf

InEg. 10, 4Ap is the pressure gradient along the channel, p is the fluid density and v is the average
velocity across it. In Eq. 11 D is the diameter of the mini-channels, Re the Reynolds number of the flow within
the channel and L is the investigated mini-channel length. The parameter € is the wall roughness e is assumed
equal zero (smooth pipe).

3.1. Simulation setup and results

The domain of the simulation is a 3D smooth circular tube with the diameter of 1.9 mm, as the mini-
channels used for cooling the gyrotron. Note that the 3D domain is strictly speaking not needed here (an
axial-symmetric 2D model would be enough), but it was used to have mesh consistency with the simulations
performed on the mock-up.

A pipe with the length of 5 mm has been used, with periodic interface between inlet and outlet in order to
achieve a fully developed turbulent flow. As stated in [18] and [20], a periodic interface is able to connect
two physical separated surfaces, so to map one to the other, by setting all the fluxes leaving the first one
equal to the fluxes entering the second one. This is performed by posing equal all the variables (generically
referred to as ¢p) upstream of the input surface to the variables downstream of the output surface, and vice
versa, resulting in ¢ = Qeng—1 and Pepg = P. In Figure 3 the geometry of a mini-channel is shown, with
highlight on the different boundaries and definition of the quantities (namely velocity and turbulent
variables) crossing the inlet and outlet surfaces.
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Figure 3: Geometry of the circular channel, with boundaries and upstream/downstream inlet and outlet quantities

Concerning the mesh, polyhedral cells have been used, with a directed mesh (i.e. extruded along the
flow direction) to exploit the directionality of the problem, and with a prism layers refinement near the wall
in order to achieve values of wall y+ ~1, avoiding thus the use of wall functions in the turbulence models.
Figure 4a shows the cross section of the finest mesh implemented for a circular mini-channel, with 12 prism
layers at the wall, for a total thickness of 1.5 mm. Water with constant properties at ambient temperature
has been adopted as fluid.
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Figure 4: (a) Finest mesh of the mini-channel. (b) Dimensionless velocity profiles in the pipes vs dimensionless radius,
for the lowest flow rate, for the three turbulence models

The study has been carried out by investigating three different values of flow rates (corresponding to
30, 55 and 80 I/min in the totality of the mini-channels mock-up) and simulating five different meshes for
each of them with the different turbulence models.

Even with the smallest flow rate, the obtained Re in a single circular mini-channel is higher than the
transition Re for inner flow within pipes (equal to ~2200), as it is summarized in Table 6 (volumetric flow rate
is referred to the whole cooling device).

The friction factor is extracted from the performed numerical simulations according to Eq. 10. In
summary, the computed pressure drop values along the modelled circular mini-channel as well as the
computed average velocity of the water flow v are inserted in that expression to estimate friction factors. To
check the achievement of a proper turbulent velocity profile within the circular mini-channels, the
normalized velocity profiles across the modelled mini-scale tube, computed using the three turbulence
models, are represented in Figure 4b for the lowest flow rate of 30 I/min. The expected steep profile at the
wall, which flattens at the pipe centre, is computed with all models.



Table 6: Reynolds numbers corresponding to the flow rates

Volumetric flow rate [I/min] 30 55 80
Re 6.95E+03 1.27E+04 1.85E+04

In Figure 5, the friction factors resulting from the Colebrook correlation is reported with the band
corresponding to its uncertainty together with the results computed using the different turbulence models
for the Reynolds numbers shown in Table 6. The calculated friction factors from numerical simulations are
represented together with their numerical error, whose calculation is explained in Section 3.2. Most of the
simulation results fall within the accuracy band of the Colebrook correlation, which is consistent with the
expectations about the good performance of those models in such a simple geometry. However, from those
results we can already remark that the Realizable k — € model performs worse compared to the other two
turbulence models, at least for the smallest Reynolds number of 6.95E+3 corresponding to the lowest flow

rate in Table 6.
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Figure 5: Friction factor vs Reynolds number for different models and compared to the Colebrook correlation.

3.2. Multivariate metric assessment

The evaluation of the three turbulence models against the Colebrook values as the analytical
correlation is our interest in this assessment. Therefore, combining all the uncertainties in a single number
through multivariate metric was performed. Using multivariate metric allows us to consider the effect of each
uncertainty at each flow rate value (set points) as well as their correlations. This provided us with a
comparative analysis among the results of the three models which is not local but global in the entire range
of the study. As far as the numerical uncertainties are concerned, the simulations performed at the different
flow rate values do not share identical error source so the covariance matrix V., is diagonal as in Eq. 12.

uwzmum,l 0 0 Fo. 12
Vaum = 0 u%um,z G-

2
0 0 Unum,3



In order to compute the numerical uncertainty, u,zlum,j of the simulation results at the j — th flow
rate value, a grid independent study has been performed, using five different meshes and the least squares
approach to calculate the GCI as suggested in [23]. In Table 7 the parameters of the mesh refinement are
listed. The refinement has been carried out simultaneously decreasing the base size and increasing the
number of layers in the direction of the flow.

It is assumed that the discretization error generated in this analysis can be expanded with respect to
the exact value of the friction factor in a one-term form in Eq. 13:

fi_foozyhig Eq' 13

where f; is the friction factor computed using the i — th mesh, f, is the extrapolated value, 8 is the observed
order of convergence and y is just a coefficient. Note that h; is the average cell size computed as the cubic
root of the ratio between the volume of the domain and the number of cells of the i — th mesh, see Eq. 14.

Eq. 14

The terms f,,, @, 6 can be found by minimizing the least squares function £ defined in Eq. 15.

5
2
L(foor v, 0) = Z (ﬁ- —(foo + Vhf)) Eq. 15
i=1
From the computed order of convergence 6, the Grid Convergence Index GCI; for each flow rate can
be computed as in Eq. 16, and finally u,,,, ; is evaluated from Eq. 17.

GCl - 1.25- erf} o 16
JT 8 _ 1 q.
7'21'j - 1
_ GCl;
Unum,j = 115 Eq. 17

In Eq. 16, erazl} is the absolute error between the results using the finest mesh and the second finest

mesh. rzgl,j is the ratio between the cell sizes of the finest mesh and of the second finest mesh and the factor
1.25 is suggested in [23]. Subscript j refers to the j — th flow rate.

Table 7: Mesh parameters for GCl evaluation of the mini-channel pressure drops analysis

Base size [mm] # kcells h (average cell size) [mm] Ti1
0.1 76 0.057 1
0.15 31 0.077 1.6
0.17 22 0.087 1.9
0.2 13 0.103 2.4
0.22 8 0.123 3.2




In the model and in the correlation the pipe is perfectly smooth, the diameter of the pipe is perfectly
known, as well as the fluid conditions and properties, but the uncertainty associated to the Colebrook
correlation is still to be computed. Since the process of deriving the correlation from experimental data could
have involved a dataset where the different set points (flow rate values) could have shared common error
sources, here two cases are considered:

Case a) assuming that the values of f at the different flow rate values do not share identical error source;

Case b) where the assumption is that the values of f at the different flow rate values share common error
source.

The covariance matrix for the Colebrook correlation for Case a) is a diagonal matrix with the square
of the value of the uncertainty uf)'j at the location along the diagonal, being up, ; the uncertainty related to
the j — th value of the Colebrook friction factor in Figure 5. For Case b), on the contrary, also the off-diagonal
terms must be considered, as shown in Eq. 18.

2
Up1 UpiUp2 UpilUpgs fo. 18
(@) _ 2 q.
Vp’ =|upiup2  Up2  Up2Upa
2
UpUp3 UpoUpg3 Up 3

Further relevant values to be defined are the expected value /< EZ,, > and the reference value
Erer. The latter allows estimating the mismatch between simulations and the experimental data. Considering
the uncertainties of the applied turbulence models can be represented by normal distributions, EZ2,, will be
distributed as Chi-squared, y*(df), with the degrees of freedom, df, equal to the rank of Vya as stated in Eq.
19.

< E%, >=x*(df) =df =3 Eq. 19

For what concerns Erzef, it is defined in Eq. 20 as the sum of the expected value < EZ,, > and its
uncertainty range, represented by the standard uncertainty of the y2(df) distribution [17]:

Efes =< Epy, > + ’var(Eﬁw) =df + /2 df Eq. 20

The values of the multivariate metric, E,,,,, resulting from Eq. 7 for the three turbulence models are reported
in Figure 6, together with E,..r and /< EZ, >.
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Figure 6: Results for the multivariate analysis on the smooth pipe for the two cases considered

4. Performance against the MC mock-up experimental results

4.1. Experimental results

The test loop for the mock-up hydraulic measurements constituted a pump, connecting pipes, a filter
for the water and the mock-up, see Figure 1b. The mock-up includes a nylon prototype of the gyrotron
resonator equipped with mini-channels, an external rigid envelope in plastic material, two plugs to close the
envelope at top and bottom, two O-rings to keep the resonator in place within the envelope, and two
hydraulic connectors to link the mock-up to the test loop, see Figure 2a. The loop instrumentation consisted
of two manometers, located upstream and downstream of the pump, and a flow meter, located downstream
of the mock-up.

During the experimental measurements, the water flow rate was varied from 30 to 80 I/min (to give
turbulent flow in the MCs) and the pressure drop of the loop piping, filter, and the mock-up all together
(APmock-up+i0op) Was measured at each flow rate as the difference of the pressure read-outs measured by
the two manometers. After that, in order to calibrate the loop, the mock-up was removed, and the pressure
drop of the short-circuited loop only (Apjeep) Was measured again as the difference between the two
manometer read-outs. In order to obtain the hydraulic characteristic of the mock-up (Figure 7), for any value
of the flow rate the loop pressure drop was subtracted from overall pressure drop following Eq. 21.

Apmock—up = Apmock—up+loop - Aplaop Eq. 21

The uncertainty of the experimental data has been evaluated by combining the uncertainties of all
the measured variables contributing to the mock-up pressure drop study in the data reduction equation Eq.
7. APmock—up is Obtained by calculating the difference of two pressure drops measured by the manometers
of the loop where the pressure read-out on each manometer has an accuracy of +0.1 bar. Both
APmock-up+1oop @Nd APyeep have then a similar uncertainty of +0.2 bar, but the two uncertainties are not
independent. The obtained uncertainty on Ap,,ock—up reported in Figure 7 is also taken thus as +0.2 bar.
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Figure 7: Measured hydraulic characteristic of the mock-up (solid line), Compared to the computed results obtained using the
different turbulence models. The uncertainties are reported for both the measurement data and the computed points.

4.2. Simulation setup and computed results

Due to the symmetry of the geometry, only half domain of the mock-up was simulated (see Figure
8a). Constant properties for the fluid (water) at room temperature have been considered since in the test
conditions the fluid temperature remains almost constant. A mass flow rate boundary condition was imposed
on the fluid inlet (see Figure 8), taken from the experimental data. The boundary condition is translated in a
constant velocity all over the inlet boundary. The inlet temperature is also specified, assumed to 27 °C, that
is the average measured value during the tests. At the outlet boundary face the relative pressure is specified.
On the symmetry planes (in green in Figure 8) a symmetry boundary condition is imposed, which means that
the normal velocity and the normal gradients of all other variables are zero. Concerning the turbulent
variables, for all the selected turbulence closures, constant values were imposed on the inlet while zero
gradient condition is imposed on the outlet. A 3D, steady-state computational model was adopted.

The polyhedral mesh was used for the simulations by subdividing the domain in three zones of
refinement, as shown in Figure 8b. The first zone includes the inlet and outlet pipes and the two manifolds
and is characterized by the largest base size, equal to 0.6 mm, and 6 prism layers with a total thickness of the
prism layer of 0.4 mm. The first refinement affects the two zones upstream and downstream of the MCs and
is characterized by a base size of 0.5 mm. The third area is that of the MCs, characterized by the smallest cell
size as it is shown in Figure 9, with a base size of 0.12 mm and 12 prism layers with a total thickness of 0.2
mm. Prism layers have been used for the wall treatment and the thickness of the first layer has been chosen
to give y*t~1 to cover the highest flow rate. A 3D representation of the finest mesh for the entire domain is
reported in Figure 9c.
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Figure 8: (a) Computational domain and boundary conditions for the fluid domain under investigation. Cyan surfaces are walls. (b)
Subdivision of the three different zones of mesh refinement of the computational domain. The pink areas are characterized by the
middle base size.



S

(c)

Figure 9: (a) Mesh representation on the axial section of the computational domain taken on the plain indicated with the red dashed
line in Figure 8b. (b) Zoom of the mesh at the channel entrance. (c) 3D view of the mesh of the entire computational domain.

In Figure 10 the velocity maps at 50 I/min of flow rate in a longitudinal section of the mock-up are
reported for the three turbulence models used in this study. With respect to the other, the k — w SST
presents on the longitudinal cross sections, taken at 90 degrees from the inlet (Sec. BB’ in Figure 10) a higher
velocity near the manifold wall, also corroborated with the velocity maps on the transverse section (Sec. AA’
in Figure 10). At the same time, it shows a larger inlet effect in the MCs with the tendency to a swirl flow
within the channels that is not so evident in the k — £ models. At the channel outlet, the k — w SST model
presents a faster exit of the velocity with larger recirculation loops in the outlet manifold.
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Figure 10: Velocity maps on one longitudinal and transverse section of the mock-up, for the three turbulence models: (a) Realizable
k—¢,(b)k— wSST and (c) LagEB k — .



The mock-up pressure drop values are reported in Figure 7 comparing the simulations and experimental
results with their associated uncertainties at each set point. While the results obtained from the Realizable
k —¢ and Lag EB k — & models fall within the experimental uncertainty for almost the entire flow rate
range, the values coming from the k — w SST model show a consistent underestimation of the experimental
vales. This mismatch grows in the k — w SST simulation results as the flow rate increases. To evaluate the
numerical uncertainty due to domain discretization in Figure 7, a grid convergence study was performed by
progressively refining the area of the mini-channels only. Note that the mesh in the rest of the fluid was kept
constant and previously defined in order to obtain mesh independent results. The characteristics of the mesh
files used in the numerical uncertainty assessment are listed in Table 8. The observed order of convergence
of the results was evaluated by mean of a Least Square method according to Egs. 13-17, considering only the
pressure drop characterizing the area interested by the mesh refinement. To evaluate the Grid Convergence
Index (GCl) and the numerical uncertainties of each set point, the observed order of convergence for the
simulation of the entire the mock-up was assumed the same of the MCs.

Table 8: Mesh parameters for GCI evaluation of the cavity mock-up pressure drops analysis.

Entire Domain Mini Channels
Name # Mcells # Mcells h (mm) Ti1
1 9.75 6.05 0.152 1
2 6.31 3.72 0.179 1.12
3 3.56 2.05 0.219 1.37
4 2.77 1.63 0.236 1.47
5 1.97 1.04 0.274 1.71

The effect of the input parameter uncertainty on the global simulation uncertainty has been evaluated with
reference to the inlet flow rate used as boundary conditions to the simulations, the uncertainty of which is
taken as 0.5 I/min from the flow meter accuracy, and the channels diameter, affected by an uncertainty of
0.0005 m due to the manufacturing process, as shown in Figure 11. In order to quantify the effects of these
two parameters, the sensitivity coefficients have been evaluated by adding and subtracting the uncertainty
affecting each parameter in the different simulations.
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Figure 11: Channels Diameter uncertainty, used to drive the simulation input uncertainty.

4.3, Multivariate metric assessment

To check the effect of the correlation among different uncertainties on the final performance of the
turbulence models, the multivariate metric assessment was performed as well, trying to identify how the
uncertainties coming from the different sources interact.



Here the validation variable of the study is the pressure drop along the mock-up, which is the result of
a data reduction equation of the actual measured pressures, see Eq. 27. None of the pressure measurements,
however, is affecting as an input the simulations, where constant water properties are used. In order to
analyze the contribution of the correlations of the uncertainty among the different set points (i.e., the
pressured drops evaluated at different water flow rates) on the final result, two cases are considered:

Case a) in which the set points share no identical error source, and

Case b) in which all set points share identical error sources and the correlation among the different set point
uncertainty is accounted for.

In Case a, the contribution of input simulation uncertainties and experimental uncertainties is evaluated
neglecting any possible correlations as in Eq. 22, while for Case b Eq. 23 is used.

Vinput+D
T
(Xs,l - XD,l)Vx,l(Xs,l - XD,l) 0 0 Eq. 22
= 0 0
T
0 0 (Xs,n - XD,n)Vx,n(Xs,n - XD,n)
Vinput+D = (Xs — Xp)Vx(Xs — XD)T Eq. 23

In Eq. 22 (Case a), X, ; is a vector containing the m sensitivity coefficients for the simulations
corresponding to each parameter affected by uncertainty for the j — th set point. It is evaluated with Eq. 24
where the derivatives of the data reduction equation with respect to the different pressure measurements
of the tests are null. X ; is a vector containing the sensitivity coefficients for the data reduction equation for
the j — th set point and is evaluated with Eq. 25. In this case the sensitivity coefficients evaluated for the
flow rate and channels diameter uncertainty are null. V; is the covariance matrix of the j — th set point
containing the m uncertainties of each parameter affected by uncertainty where all the off-diagonal terms
are zero since no measured variables share an error source (Eq. 26).

Considering Case b) the covariance of the inputs at the multiple set points is identical to Case a.
Therefore V, ;, = -+ = V, ,, and the covariance is evaluated using Eq. 26. The sensitivity matrixes are in turn
defined by Eq. 27 and Eq. 28 where X; ; and X}, ; are evaluated respectively with Eq. 24 and Eq. 25. The result
of Eq. 23 is then a full matrix.

198 asj]_ dAp O0Ap  OAp dAp dAp dAp Eq. 24
s Ox; T 0xpy ~|om  od 6p0uttot apintot apoufloozo api"looza
. aD; aDj]_ 0Ap 0Ap  dhp 0Ap dAp dAp Eq. 25
by~ d0x; 0xXpm ~|om  ad apauttot apintot apoutltmp api"loozi

uz; .. 0 Eq. 26
Vxlj = S . O
0o .. u,ZC,

m
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The results of the multivariate metric analysis for the three turbulence models are reported in Figure
12.
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Figure 12: Results of the multivariate analysis on the MC mock-up for the four cases considered.

5. Results and discussion

The results of the hydraulic characteristic of a circular pipe in turbulent flow computed using the
different turbulence models, when compared to the Colebrook correlation by mean of the multivariate
metric presented above and collected in Figure 6, show a qualitative effect related on the accounting of
common error source for the friction factor values. In the case the values of f are considered totally
unaffected by shared error sources (Case a)), all three models show a similar performance, remaining lower

than both the values of E,.r and /< E?Z,, >, implying that the discrepancy between simulations and
experiments can be justified by the correlation and numerical uncertainties. The result of the Lag EBk — ¢
model is slightly lower than the other two while the Realizable k — & model shows the highest value. In Case
b), where the friction factor values from the Colebrook correlation are considered already somehow
correlated by a common error source, the Lag EB k — &€ model is the only model to have an E,,,;, lower than
the Eres- This reveals that for the cases that the Realizable k — € and the k — w SST models were used, the
mismatch between the simulation results and the values from the Colebrook correlation cannot be justified
only by all the uncertainties involved in the analysis, but the uncertainties are rather due to the models



themselves. All in all, the Realizable k — € model has a poor performance in comparison with the other two
models, while the Lag EB k — € model approaches the expected values of the Colebrook correlation more
accurately.

Moving to the discussion results of the multivariate assessment of the three RANS models against the
mock-up experimental outcome, in Figure 12, again a qualitative effect coming from the assumption on the
common error source for the experimental data is clear. Observing the results for Case a, in which no identical
error sources are considered, the E,,,;,, evaluated for the two k — € models is lower than the reference value
Erer represented with the dashed line, while for the k — w SST model it is above, ruling it out from the list
of the recommended models for the investigated case study. This agrees with the results reported in Figure
7 where at high flow rate the error bar of the simulation results with k — w SST does not lie in the error area
of the experimental results. In Case b, i.e., accounting for the uncertainty correlation among the set points,
for none of the selected models the discrepancy between simulated and experimental pressure drop can be
justified only by the experimental data, input uncertainties as well as numerical uncertainties, and must be
attributed to the adequacy / inadequacy of the model. However, Lag EB k — £ turbulence model has the
best performance to simulate pressure drop with a lower E,,,, value with respect to the Realizable k — ¢
models.

Note that if the uncertainty due to simulation input parameters was neglected, taking also the first
derivatives of Eq. 24 as null, the E,,,,, would have increased for all models with a much larger effect on the
k — w SST model. However, the ranking of the three models remains the same even in that case.

6. Conclusions

A comparative platform to measure the fidelity and suitability of RANS models applied in modelling
and simulation of mini-channel cavity cooling systems is successfully developed and evaluated. Two case
studies were analysed, and namely: a circular smooth tube where simulations have been compared to a well-
established correlation, and a gyrotron cavity mock-up equipped with mini-channels where simulations were
compared to the experimental data. The same procedure for the comparison, involving a multivariate metric
which can account for correlation among the different uncertainties affecting the data or the simulations was
applied to the two cases.

In the analysis of the friction factor for the mini-channel, it was inferred that despite the presence of
possible correlations in the uncertainty of the dataset used for the derivation of the Colebrook relation, the
mismatches between the simulated values for f and the theoretical ones can be justified only by the
experimental data and numerical uncertainties if the Lag EB k — & turbulence model is adopted.
Furthermore, in the analysis of the mock-up hydraulic characteristic, the Lag EB k — & turbulence model had
a better performance among the three analysed to predict the friction factor in the MCs device. However, if
correlation among the different set point uncertainty is accounted, since the data points share identical error
sources, the discrepancy between all the simulation sets and the experimental data cannot be simply justified
by the experimental and numerical uncertainties (Emv > Eref), even if one accounts for the input uncertainty
to the simulations. In this picture, the Lag EB k — ¢ returns in all cases better results than the other two
models. If the correlation between the uncertainty of the experimental points is neglected, the two k — ¢
models give results within the numerical/experimental uncertainty. Both models could be then considered
reliable if the uncertainty assessment is performed solely based on a single-point metric, revealing how a
multivariate metric allows capturing overall features that are not visible otherwise, when the correlation
among uncertainties is accounted for.

The better outcome generated by using the Lag EB k — € model can be explained by the nature of
the turbulence model since a complex flow path with several curves and rotations along the flow assists a
model reproducing to some extent the asymptotic near-wall behaviour of the different (anisotropic) Reynolds



stresses. As the main outcome of the work presented here, future studies involving gyrotron cavities
equipped with mini-channels using the Lag EB k — ¢ turbulence model will be performed accordingly.

Further validation addressing the heat transfer simulations is needed due to the different formula
used in the Lag EB k — £ model to evaluate the eddy turbulence viscosity. That is used to evaluate the
turbulence term of the stress tensor which appears in the energy equation.
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