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Abstract

Uncertainty Quantification in Heat and Fluid Flows Around Staggered
Pin-Fin Arrays Based on Hybrid RANS/LES Model

In the present work, the three dimensional heat and fluid flows around staggered pin-
fin arrays are predicted using two Hybrid RANS/LES, Improved Delayed Detached Eddy
Simulation(IDDES) and Stress Blended Eddy Simulation (SBES) and one transitional
Unsteady Reynolds Averaged Navier-Stokes (URANS) model, k-&o SSTLM. The periodic
segment geometry with total 8 pins is considered with the channel height of 2D and the
distance of 2.5D between each pin. The corresponding Reynolds number based on the pin
diameter and the maximum velocity between pins is 10,000. Two Hybrid RANS/LES
results show superior prediction in mean velocity profiles around pins, pressure
distributions on the pin wall and Nusselt number distributions. However, transitional
model, k- SSTLM show large discrepancy except in the front part where the flow is not
fully developed. The two Hybrid RANS/LES models resolve the vortical structures well
Specially, SBES model is able to capture the three dimensional vortical structures after
the pin. The effect of the blending function switching between RANS and LES mode of

two Hybrid RANS/LES model is investigated.

The Uncertainty Quantification Forward problem is conducted with non-intrusive
polynomial chaos expansion. The input variable is set as inlet velocity. it is assumed as a
uniform distribution or normal distribution. Its mean u is 3.45m/s and standard
deviation o is £0.1 u. The quantity of interest is the average Nusselt number and the local

Nusselt number. The results show that probability density function of output is strongly



affected by probability distribution of input.

Keywords: Staggered Pin-Fin array, Improved Delayed Detached Eddy Simulation
(IDDES), Stress Blended Eddy Simulation(SBES), Hybrid RANS/LES, k- SSTLM,
Uncertainty Quantification(UQ), Polynomial Chaos Expansion, Latin Hypercube

Sampling(LHS)
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Chapter 1. Introduction

1.1 Introduction

The pin-fin structures which are adopted in heat exchanger, nucleate reactor and turbine
blade cooling system are considered as a common way to enhance the heat transfer
efficiency. Even though its geometry is relatively simple, the structure of fluid and heat
transfer phenomenon is complex. Therefore, many experimental or numerical research are
conducted to evaluate the performance and to elucidate the fluid and heat transfer

mechanism around the pin-fin structures.

Turbulence
promoters

Suction surface

Shaped internal channel

Trailing edge
4 ejection
1

P
cooling 4 °o

— Pin fins

||

Cooling air

Fig. 1. Pin-Fin structure used widely

Ames et al. [1, 2, 3] conducted an experiment to study the heat transfer and fluid
dynamics of staggered pin fins array using a hot wire measurement and an infrared camera
at Reynolds number 3,000, 10,000 and 30,000 based on the maximum velocity between
the pins. Pressure coefficient distributions, velocity distribution, and Nusselt number
distribution were acquired near the cylindrical pins and off the end-walls. The experimental
results showed that the turbulence augmentation along the row are major parameter for heat

transfer in a staggered pin fins array. Averaged end-wall Nusselt number had a good



agreement with Metzger and Haley’s correlation and Van Fossen’s correlations. Ames et
al. [2] also applied CFD simulations with 3D steady k-¢ turbulence model series (standard,
RNG, realizable) on the same configuration. However, they showed the limitation of steady
k-g turbulence models which failed to capture the unsteady vortex shedding in a staggered
pin fin arrays.

Delibra and Hanjalic et al. [4, 5, 6] conducted computational fluid dynamic simulation
with three kinds of turbulence models at two different Reynolds numbers 10,000 and
30,000. They used unsteady RANS model named (-f model, dynamic Smagorinsky
subgrid-scale LES model and hybrid LES/RANS model combined with {-f model and
dynamic Smagorinsky subgrid-scale model. The {-f model was able to capture the unsteady
flow features caused by vortex shedding. However it showed discrepancy in resolving the
wake’s size and structure behind the first pin as much as LES. In view of the heat transfer,
the average end-wall Nusselt number of {-f model’s result was close to the results of LES.
But both values were underpredicted to experimental results. Although a hybrid
LES/RANS model used same grid with the URANS simulation, the results showed
relatively better agreement than URANS results with LES and experimental results.

The study by Hao and Gorle [7] adopted a pin-fin array based on LES and k-& SST
model to perform a prior examination of selected RANS model considering discrepancies
of Reynolds stress tensor. The wall-resolving LES results showed good agreement with
experimental data including mean velocity, Reynolds shear stress and local averaged
Nusselt number. They also found that the linear eddy viscosity model of RANS is
inadequate in a complex engineering problem such as pin-fin array and provide the insight
on correcting the shape of the Reynolds stress tensor through reference data from LES.

The stochastic method for heat transfer prediction based on LES and steady RANS was

applied to a duct flow with pin-fin arrays by Carnevale et al.[8]. The Reynolds number was



considered as a random variable with a normal distribution. The results of LES showed the
probability of a specified heat loading under a probabilistic condition. However, the results
of steady RANS showed different level of uncertainty with LES. This showed that a
different turbulence model result in a different level of uncertainty and that the propagation
of uncertainty from epistemic uncertainty to aleatoric uncertainty is turbulence model
dependent.

Recently, due to the increase of computing performance and decrease of simulation cost,
scale resolving simulation (SRS) techniques are applied frequently to various engineering
problems with high Reynolds number. When it is considered that Large Eddy
Simulation(LES) still has some limitation in application to high Reynolds number flows
which requires tremendous mesh points to resolve turbulent boundary layer appropriately,
Hybrid RANS/LES can be the best alternative method to simulate turbulent heat and fluid
flows. Many Hybrid RANS/LES methodologies including Detached Eddy
Simulation(DES)[9] are proposed and applied to various engineering problems to show
successful prediction of turbulent flows.

Menter[10] proposed the new version of a Hybrid RANS/LES model named Stress
Blended Eddy Simulation (SBES) combined with the Delayed Detached Eddy
Simulation(DDES) model and Improved Delayed Detached Eddy Simulation(IDDES)
model. The original DES model was improved to overcome the unphysical prediction such
as grid induced separation(GIS) and log-layer mismatch(LLM), which were inherent issues
related with the mesh for switching between RANS and LES model in previous version of
DES. The predictive capability of SBES model was evaluated through simulations of
turbulent mixing layer by Frank and Menter[11] and of vertical axis wind turbine by
Syawitri et al.[12]. Frank and Menter [11] simulated the turbulent mixing of two parallel

planar water jets and showed that the prediction of SBES model was superior than one of



URANS k- o SST model. The simulation of three-straight-bladed vertical axis wind turbine
(VAWT) based on two grid topologies of O-type and C-type was conducted by Syawitri et
al.[12] to show that SBES was able to resolve more turbulent structures like LES and the
predicted power coefficient of wind turbine was more accurate than unsteady k-¢ realizable
enhanced wall treatment results.

In the present work, heat and fluid flows around staggered pin-fin arrays are
investigated using two Hybrid RANS/LES models, IDDES and SBES, and one transitional
model. The adopted geometry is staggered pin-fin arrays [4] which is well known
benchmark problem for evaluation of heat transfer phenomenon and Reynolds number
based on the pin diameter and velocity between pins is corresponding to 10,000. We tried
to evaluate the predictive capabilities of two Hybrid RANS/LES and one URANS models
in convective heat transfer characteristics and flow around pin-fin arrays.

Furthermore, uncertainty quantification is conducted with non-intrusive polynomial
chaos expansion. The input variable is the inlet velocity. The probability distributions of
input variable are uniform distribution and normal distribution. The mean value u is
3.45m/s and standard deviation o is assumed as +0.1u. The quantity of interest (Qol) is

average Nusselt number and local Nusselt number.



Chapter 2. Numerical Methods

In this chapter, the numerical method used in the present work is explained. The
SIMPLEC algorithm is used for pressure and velocity coupling. All of the spatial
discretization are second order upwind scheme and unsteady term is discretized in the
second order in implicit method. The time step size, At is set to 0.001 sec[6]. In the present
work, one URANS model and two Hybrid RANS/LES models are considered; one URANS
model is k-o SST Lengtry-Menter transition model and two Hybrid RANS/LES models

are IDDES and SBES models. These turbulence models are explained below.
2.1 Governing Equation

There are assumptions used in present works below.

1. All fluid is incompressible viscous flow.
2. The properties of fluid are not variable depending on the variation of temperature.

3. The gravity is not considered.

There are three governing equations ( Mass conservation, Momentum conservation and
Energy conservation ). Considering the assumptions above, the mass conservation equation

can be expressed below.

—L=9 2.1)

p is the density of fluid and u is the flow velocity. Momentum conservation equation

(called Navier-Stokes equation) and Energy conservation equation can be written as,

10



ou; Jd(uu; 10 0 ou;
Ui (utuj)z___p_l__( Wi = ,> (2.2)

c 6T+ dupCpyT 0 0T
PEp at axj B 6xl- ax]

+Q (2.3)
where C, is the specific heat at constant pressure. T and k is the temperature and the
thermal conductivity, respectively. —u;u; is the Reynolds stress term and how to modeling

this term makes the difference between the turbulence models.

2.2 Turbulence Models
2.2.1 k- SSTLM

The k- SSTLM model is proposed by Menter and Lengtry[13]. It is also known as k-
® SST y-Rep model or k- » Transition model. It includes two more transport equations
relative to the original model for intermittency y and for momentum thickness Reynolds

number Rey. The equations are described as follow :

d(py) | 9(py;y) G K m) ayl
+ =Py —E +P,—E,+—|lu+=]|== (2.4)

ot 0x; e o, ) 0x;
Pyl = CalFlengthpS[yFonset]Cy3 ’ Eyl = Celpyly (2-5)
Pyz = Ca2PY Fryrp Eyz = CeZPyzy (2.6)
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Where S is the strain rate magnitude, Fiepg:p IS an empirical correlation that controls
the length of the transition region, and C,; and C,; are constant values of 2 and 1,

respectively. The Q is the vorticity magnitude.

2s k
ReV == & 'RT == p_ (2'7)

u Hw

Rey ) 4
Fonset1 = M » Fonset2 = mln(max(Fonsetl' Fonsetl)' 2-0) (2-8)
c
Rr\®
Fonsets =max |1 — (E) 0], Fonset = max(FonsetZ — Fonsets 0) (2-9)
-5’ (2.10)
Fopp =€ \ 4 '

Where y is the wall distance and Reg. is the critical Reynolds number where the
intermittency first starts to increase in the boundary layer. The constants for the

intermittency equation are : Cgy = 2; Cpq = 1; Cqp = 0.06; Co; = 50; €3 = 0.5;0, = 1

The transport equation for the transition momentum thickness Reynolds Reg is

d(pRe d
(p 9)+

0 0
ot a_xj(PujRee) - PQt + E O-Bt(.u + ut) a—x] (Reg) (211)

500u

p
Py = Cet? (Reg: — Reg)(1.0 — Fg) , t = W

(2.12)
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Fg: = min |max {Fwakee( 5) ,1.0 — (1)/0_—1//50> } ,1.0] (2.13)
Regpt 15 50Qy pwy?
HBL:p—Uf6BL:703L'6:TSBL'Rew: T (2.14)

2

Fyue = ¢~ (128) (2.15)

The model constants for the Rey equation are : Cg; = 0.03; gy, = 2.0; the empirical

correlation used in this model is based on the pressure gradient coefficient 15 and turbulent

intensity Tu.
100 |2 62 dU
Ty = — |2 -7 2.16
u=—- |3k dg=— — (2.16)
1173.51 — 589.428T 02196 F(4 Tu<1.3

Reg, = [ R ut Tuz] (o) == (2.17)

331.50[Tu — 0.5658]"%¢71F(1y) Tu > 1.3

5 5 _(T_u)1'5

1—[-12. —123. — 405. 15 <

FOLTW) = [—12.9864, 3.6615 — 405.68943 |e g <0 2.18)

-Tu
1+40.275[1 — e[-35-°ﬂel]e[ﬁ] Ao >0

2.2.2 Improved Delay Detached Eddy Simulation (IDDES)

The IDDES model [16] combines the DDES model [17] and the wall-modelled LES
(WMLES) model [18, 19]. The original DES model proposed by Spalart et al.[17] and
Menter [20] is known to be abnormally sensitive to mesh resolution, which determines the

length scale between the RANS model and the sub-grid scale model. If the change of grid

13



density is abrupt or if the mesh is not refined enough for a WMLES, the modelled
turbulence and eddy viscosity decreases. This phenomenon is called modelled stress
depletion (MSD), which causes early unphysical separation termed grid-induced separation
(GIS) [17]. The GIS deteriorates the solution near the regions between the RANS mode
and the LES mode. Moreover, the DES model shows a relatively strong logarithmic layer
mismatch (LLM) between the inner RANS and the outer LES. This issue of LLM is also
shown in the DDES model, and the IDDES model has a feature to switch the turbulence

length scale in the dissipation term of the turbulent kinetic energy equation :

d(pk)

ot + V- (puk) =V [(u+ op)VE] + P — P\/F/ZIDDES (2.19)

Uopes = fa" (U4 f2) “lrans + (1 = fa) - Ligs (2.20)
vk

lLES = Cippesl, lRANS = Cu_a) (2-21)

A= min{C, max[dy, , hmax] , hmax (2.22)

Where A is the LES length scale and h,,,,, is the maximum edge length of the cell. d,,

denotes the distance from the wall.

fa = max{(1 = fa), fo} fae =1 —tanh[(Capy * 74r) 2] (2.23)

vy v
Tqr = yYa =
* T 2d, 2052+ 07 " Kk2d,2J05(52 + OF) (2.24)
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dw

fp, = min{2exp(—9a?),0},a = 0.25 — - (2.25)
fo = for ~max((fo1 — 1.0),0) (2.26)
o= {Zexp(—11.09 -a?) whena =0
17 2exp(=9 - a?) when a < 0
(2.27)
fez =1 —max(f;, 1)
ft = tanh ((Ctz 'rdt)3) , i = tanh ((Clz 'le)3) (2.29)

far 1s the empirical function for shielding of the DDES model from MSD, which is similar
to f; in the DDES model. v and v, are the molecular and eddy viscosity, respectively. S
and (2 are the strain rate and vorticity tensor. Detailed formulations and related constants

can be found in Gritskevich et al. [16]

2.2.3 Stress Blended Eddy Simulation (SBES)

An SBES turbulence model was proposed by Menter [10] considering the ability to
blend the RANS model directly into LES model based on the same shielding function fspes
of the SDES model.[14] Menter[10] recommended this method, “Automatic Zonal
Modeling,” to satisfy 1) a high degree asymptotic shielding of the RANS boundary layer
under mesh refinement, 2) reliable and swift switching from RANS to LES in separate
shear layers (SSLs), 3) operation in WMLES mode, 4) able to combine all RANS and all
LES models, and 5) robustness even on non-perfect industrial meshes [10]. The equation

for blending of stress tensors can be expressed as :

15



SBE

Tjj S = fSDESTiRjANS +(1- fSDEs)T{]ES (2.30)

LES

where 774N is the RANS Reynolds stress tensor and 7;5 Is the LES stress tensor. In the

i

case of the eddy viscosity model, the formulation above simplifies to :

15 = foppsuf™S + (1 — fopes)ue® (2.31)

When fspgs IS zero, the RANS model is applied; when the fspes is 1, the algebraic LES
model is applied. In the present work, the two-equation model (k- SST) is used for the
RANS model, and the Wall-Adapting Local Eddy-viscosity (WALE) model is adopted for
the LES model. The SBES model can switch from the RANS model to LES faster than the
other hybrid RANS/LES models in separate layers since the level of turbulence stress of
the LES model in the RANS boundary layer is low. As a result, the solution is more realistic

and consistent.

2.3 Discretization Schemes and Coupling Algorithm

2.3.1 Upwind Scheme

An upwind scheme is one of the discretization schemes for convection-diffusion term
in Navier-Stokes equation and Energy conservation equation. there are a lot of numerical
schemes for the discretization of the convection-diffusion term in finite volume method
(FVM). For example, central scheme, upwind scheme, hybrid scheme and QUICK etc are
representative. Especially, upwind scheme has been wildly used as a spatial discretization

scheme.

16
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Fig. 2. Schematic diagram of Upwind scheme

Fig.2 shows the nodal values used to calculate cell face value. ¢ is the value of a
property. If u,, and u, have a positive value, ¢y, = ¢,, and ¢p = ¢,. It is different with

central scheme; (¢, = M, b = @). Therefore upwind scheme can identify the

flow direction that the central scheme can’t identify. In other words, tansportiveness is built.

In addition to tansportiveness, the simplicity of upwind scheme is the reason why it has

been wildly applied in CFD calculations.

2.3.2 Implicit Discretization Scheme

There are two methods of discretization for the rate of change term. One is the Explicit

method and the other is the Implicit method. Each method has advantages and

disadvantages.

First of all, Explicit scheme has the advantage to write code easily because of the
simplicity. But it has a stability problem. Therefore the time step size is limited. This
limitation induces long computation time. The higher dimension is considered, the more
strict stability criteria are needed to satisfy. In addition to the stability problems, the time

lag occurs at boundary conditions.

17



On the other hand, the Implicit scheme is unconditionally stable. That’s why it solves
the matrix equation at every time step. It takes more time to solve the one time step than
the explicit scheme takes. However total computation time is shorter than the explicit
scheme. Its solution converges with a large time step size. But if the time step size is too
large, the truncation error contaminates the solution. Table.1 shows the advantages and

disadvantages of the explicit scheme and implicit scheme.

Table 1. The advantages and disadvantages of the explicit scheme and implicit scheme

Advantages Disadvantages
« Easy to write code « Limitation of time step size due
to stability problem
o *The higher dimension is
Explicit . .
considered, the more strict
Scheme . o
stability criteria are needed to
satisfy
» Time lag at boundary condition
 Unconditionally stable « Difficult to write code
Implicit
Scheme » Taking more time than explicit
scheme for one time step
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Chapter 3. Theorical Background for Uncertainty Quantification

3.1 The Definition of Uncertainty Quantification

The uncertainty quantification is the mathematical method that deals with quantitative
characterization and the reduction of uncertainties in applications. Uncertainty
quantification is used for robust design/optimization, model validation, and certification
for high-risk decisions.

Uncertainty means that there is not certain value for a specific parameter. because of
the physical variation of the value and the lack of accuracy in calculation and measurement.
There are two categories to classify the type of uncertainty. One is aleatory uncertainty and
the other is epistemic uncertainty. Aleatory uncertainty is induced by natural variabilities
in the real system. therefore it is impossible to be reduced or eliminated. For examples of
aleatory uncertainty are material properties, noise, etc. Epistemic uncertainty is induced by
the lack of knowledge of physics. and it is caused by the modeling hypothesis. So it is
possible to be reduced or eliminated. For examples of epistemic uncertainty are turbulence

model, boundary conditions, etc.

3.2 Polynomial Chaos Expansions

The Polynomial chaos expansions (PCE) is non-intrusive method to determine
propagation of uncertainty in dynamic system when there is probabilistic uncertainty in the
system parameters. It allows one to represent a random output as a polynomial series in the

input variables. The generic problem can be described like below :

y=f(x) (3.1)
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f is the computational model and in the present research, it is the Navier-Stokes

equation. x is the input parameter. y is the output referred to Quantity of interest (Qol). As

input parameter x is a random variable, the equation is modified like below :

Y = f(X)

(3.2)

Y and X are expressed as random variables. If the assumption that the output random

variable has finite variance is applied, the equation (3.2) is modified as follow :

Y = z a,(XO¥,(¢) j=01,2--,P
n=0

(3.3)

Where a,(X) are the polynomial chaos coefficients and ¥, is an element of an

orthogonal family. This correspondences between the random variable distribution and

orthogonal polynomial family are shown in Table.2.

Table 2. Classical families of orthogonal polynomials

Type of variable Distribution Orthogohal Hilbertian basis W,,(¢)
polynomials
Uniform 1(8) 1
U(=1,1) - Legendre B,(¢) P,(&)/ —
saussien 52 Hermite H,, () /nl
—e ermite H ]
G(0,1) \/ﬁ n n(f) n
Gamma
ag=% Laguerre L% 1@ / I'(n+a+1)
M(a,A=1) *e querre Ln () a(g) ) [rorern
Beta (1-8)%(1+&)P
1 Jacobi &P ab gy [
B(a,b) D O] TP (@) L GYR
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¢ are a vector of random variables representing the system’s uncertainties. the random
variable & is randomly sampled in accordance with its statistical distribution equation
above represents a system of P + 1 equations in P + 1 unknowns. As a system of linear
equations, the equation (3.3) can be solved for the «,,. A linear system can be obtained as

follow :

Wo(o) Woléo) - Wp (&) ][ Qo 1 | Y, 1
Wo(é1) Wolén) o W) || e | | Y2 |
: : : [ ¢ |=] ¢ | (3.4)
Wolp-1) Wi(p-1) - Wp(Sp-1) llap—1| lYP—lJ
l Wo(Ep) Wi€p) - We(ép) J ap Yp

If the more than P + 1 samples are chosen, then the over-determined system of
equations should be solved using the least square method.
The maximum number of terms, P + 1, may be computed from the formula
(p +n)!

p is the order of the polynomial set used for the chaos.

3.3 Sampling Method

Latin Hypercube Sampling (LHS) method is the one of the sampling method and it is
proposed by McKay et al. [24] LHS is developed to improve the computational efficiency
and the global accuracy of approximation. The key to this method is stratification of the
input probability distribution. Stratification divides the cumulative curve into equal interval.
A sample is then randomly taken from each interval or “stratification”.

Hosder et al. [25] investigated the effects on the results by the number of collocation

points in a systematic way through the introduction of a parameter, the oversampling rate
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n,, defined below.

_ the number of samples
P P+1

n (3.5

Oversampling rate n, = 2 yields a better approximation to the statistic at each

polynomial degree.
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Chapter 4. Deterministic Simulations for Staggered Pin-Fin Arrays

4.1 Geometry

The geometry in the present work is adopted from the experiments of Ames et al. [1,
2, 3], which consists of multiple pins attached at the plane. The cylindrical pins with
diameter D = 0.0254 m are located in a staggered array with a distance of 2.5D between
each pin and each row of pins. The channel height is set to 2D. For efficient simulation,
the periodic segment geometry is considered, which is the same as in simulations by
Delibra et al. [4, 5, 6] The spanwise length of the channel is 2.5D and the first row of pins
is set to 7.5D away from the inlet for development of boundary layers on end-walls. The
distance between the last row of pins and the outlet is also 7.5D to retain a fully developed
exit flow for better numerical convergence. The total length in the streamwise direction is

32.5D. Details of the geometry and computational domain are shown in Fig. 3.
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. D=0.0254m
L B \ \
2.5D ® )
i 7.5D 2.5D~— 5D —-I 7.5D —
N 32.5D -
Ll a - |
il

Fig. 3. Computational domain of geometry
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4.2 Grid

The grid is generated with hexahedral mesh in multi-blocks using ANSYS ICEM CFD.
[15] To resolve the turbulent boundary layer near the wall at the bottom and the cylinder
pins, 10 layers of mesh are inserted off the wall. The first grid height off the wall is set to
satisfy the wall unit within 1.0, which is averaged in the computational domain. The total
number of cells corresponds to 14,043,965. The grid system adopted in the present

simulation is shown in Fig. 4.

Fig. 4 The structured mesh and the lines used to display the results.
Line A (red) : end-wall normal line; line B (yellow) : pin normal line; line C (green) : line along the pin.

4.3 Boundary Conditions

The Reynolds number, which is based on the diameter D and the averaged velocity

Vmax at the minimum passage, is 10,000. The turbulent intensity of the inflow is set to 1.5%,
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the same as in the experimental conditions of Ames et al. [1, 2, 3] and the numerical
simulations of Hao and Gorle. [7] The periodic boundary conditions are applied on both
side surfaces, and the pressure outlet conditions are at the outlet. At the end wall and pin
wall, the same constant temperature condition is applied as in Delibra et al. [4, 5, 6]. The
temperature difference AT (AT = Twan-Tin) between the inlet temperature Tin and the wall
temperature Twan is set to 25 K. The boundary conditions are considered in this research

are shown in Fig. 5.

pressure outlet

Twan=42°C sl

Uipn = 3.45m/s g
Tin =17°C g ::——7—-7’7 L ,‘7 ‘

Side wall = periodic

Fig. 5. Boundary Conditions

4.4 Results
4.4.1 Grid test

The grid test is achieved using coarse (10 million cells), medium (14 million cells), and
fine mesh (20 million cells), which is shown in Table. 3, based on the adopted hybrid
RANS/LES models, IDDES and SBES. To resolve the turbulent boundary layer, the first
off-wall point is set to less than the wall unit, 1.0 in all meshes. The averaged Nusselt
number, which is calculated through averaging from inlet to outlet, is compared for the grid

test. In both models the averaged Nusselt number decreases as the number of elements
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increases, but the result of SBES is closer to the reference value and LESs other than the
IDDES model. Further, the differences between the coarse mesh and fine mesh are about
8.2% and 7.2% in the IDDES and SBES model, respectively, which means the dependency
of the mesh is higher in IDDES than in SBES. Thus, the medium grid with 14 million cells

is selected as appropriate given the associated computational time and cost.

Table 3. Grid independence test

Nugy,e Coarse Medium Fine
Number of cells 10,165,687 14,043,965 20,564,381

IDDES 45.11 43.46 41.54

SBES 46.74 44.61 43.47

4.4.2 Velocity profiles

Fig.6 shows the mean velocity profiles normalized by Vmax along the line between a
certain row of pins (at 909 at the middle height plane (z/D = 1.0). The velocitys profiles
are averaged in enough time (~6,000 time steps) to obtain statistically steady solutions in
every model. The experimental data by Ames et al. [1, 2, 3] are denoted by the diamond
symbol; the two CFD results by Delibra et al. [4, 5, 6] are the LES data (solid black line)
and the URANS data (black dashed line) for comparison with the present results. The other
three lines (green, blue, and red) correspond to the present results: k- SSTLM, IDDES,
and SBES, respectively. In the first row all of the simulation results are good agreement
with the experimental data. In the other rows the two hybrid RANS/LES models agree well

with the LES results (row 5) and the experimental data (rows 1, 2, and 3), but the -
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URANS [5] and k- SSTLM models predict different velocity profiles with large

discrepancies, specially near the center between the pins.

The mean velocity profiles along the perpendicular line on the end-wall are plotted in
Fig. 7. The turbulent boundary layer profile, which was obtained from other simulations in
the corresponding channel geometry with up-and-down walls, was fed at the inlet of the
computational domain, the three present results show discrepancies with other reference
data in the first row. However, the boundary layer of the two hybrid RANS/LES models
was developed appropriately and follows the tendency of the experimental data. In the
second row, IDDES and SBES show magnitudes of velocity similar to the experimental
data, but the URANS and LES models show less velocity. In the third row the SBES result
is closer to the LES results and the experiment data than are the IDDES and other URANS
models. Finally, the velocity profiles of IDDES and SBES agree well with the LES profile.

In every row the two URANS models produced large discrepancies with the reference data
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Fig. 6. Time-averaged streamwise velocity profiles normalized by Vmax along the line B at rows 1, 2, 3, and 5.
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Fig. 7. Time-averaged streamwise velocity profiles normalized by Vmax along the line A at rows 1, 2, 3, and 5.
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4.4.3 Pressure coefficient around the cylinder

The averaged pressure coefficients around the pins for rows 1, 2, 3, and 5 are plotted
in Fig. 8. Every model shows consistent predictions of the pressure coefficient at the first
and second row, but there are some discrepancies in the other two rows. At the third row,
the difference between each model is largest and the predictions of the two LES models by
Delibra et al. [4] and Hao and Gorle [7] are closest to the experimental data. In the present
work the SBES model shows predictions closest to the reference data, and the two LES
models and the k- SSTLM model have patterns similar to the -f model by Delibra et al.
[5] At the fifth row, even though each model shows a similar prediction in the region of
the attached flow and after the separation point, there is large discrepancy between 6 = 50°
and 100°in the prediction of each model. Delibra et al. [5] showed that the {-f model’s
pressure coefficient prediction at the fifth row was better than the LES model’s, which is
shown in Fig. 8. They mentioned that this was not in conflict with the excellent LES
predictions of the mean velocity in the cross section, since this agreement did not guarantee
the accurate prediction in the pin wakes. The LES model by Hao and Gorle [7] best
predicted this coefficient in the fifth row, even though that model had a slower pressure
recovery (with a maximum difference of 13%) among all the models considered in the
present work. The predictions of the two hybrid RANS/LES models in the present work

are between the results of the two LES models
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Fig. 8. Pressure coefficient distributions along the line C in rows 1, 2, 3, and 5.

4.4.4 Nusselt number distribution around the cylinder

Fig. 9 shows the distributions of the Nusselt numbers around the pins for rows 1, 3,

and 5. The Nusselt number is calculated using the expression

Nu = qD /k(Ty — Tin) (4.1)

where g and k are the wall normal heat flux and thermal conductivity, respectively, and T,
is the bulk-flow temperature. The Nusselt number distribution shows the highest value at
the leading edge of each pin and decreases along the pin surface; after separation the value
plateaus or increases gradually. The results of IDDES and SBES agree well with the
experimental data and the LES results of Hao and Gorle [7] in the whole region. The

IDDES and SBES models overestimate the Nusselt number at the leading edge, the same
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as with LES model. The difference from the experimental data is about 10% at row 1 and
about 10% and 15% for SBES and IDDES, respectively, at row 3. All the numerical models
fail to predict the minimum Nusselt number just upstream of the separation points. Hao
and Gorle explain that this difference is due to a non-uniformity of the pin surface
temperature in the experiment (rows 1, 2, and 3). However, there is a somewhat large
discrepancy in the prediction of the k- SSTLM model, especially in the region after the

separation.
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o
—]

] 45 90 135 180
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Fig. 9. Nusselt number distributions along line C in rows 1, 3, and 5.
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4.4.5 Pin Nusselt number distribution

In Fig. 10 the predicted Nusselt number around each pin is averaged over the surface
and plotted for a total of eight pins. Experimental data and LES results by Hao and Gorle
[7] are presented for comparison with the present results. The averaged Nusselt number for
each pin increases until the fourth row and then stays constant after a small decrease. The
results of IDDES and SBES are fairly consistent with each other and agree well with other
reference data until the third row. The predicted Nusselt number decreases after third row
and then stays constant with a maximum difference of 9% from the experimental data.
There is still a large discrepancy in the k-o SSTLM model even though the unsteady
temperature and velocity field are averaged in time over enough time. This discrepancy

comes from the failure of the correct thermal boundary layer on the pin surface wall.
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Fig. 10 Averaged pin Nusselt numbers of pins along the line C.
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4.4.6 Local Nusselt number distribution

Fig. 11 shows the local Nusselt numbers normalized by averaged Nusselt numbers
along the middle line (A) and the side line (B) on the end-wall. For clear recognition of the
calculated local Nusselt numbers, the results of the present work are plotted in the same
colors as in the other figures. In previous research, most of the URANS models failed to
predict the local Nusselt number distributions similarly with experimental results (rows 1,
2, and 3), whereas some LES models were able to follow the shape of the distribution of
the local Nusselt numbers (row 5). The two hybrid RANS/LES results show superior
prediction similar to the previous LES results and experiment data. The Nusselt number
shows an abrupt increase near the upstream wall of each pin, and a gradual decrease after
the downstream wall of a pin. IDDES and SBES were able to predict these behaviors well
and agreed well with the LES results. However, the values predicted by the two hybrid
RANS/LES models are underestimated compared to the reference values as the flow goes
downstream. This underestimation comes from the lack of resolving the vortex shedding
after the pins. On the other hand, the LES model resolves enough vortex structures by

having enough mesh and inherent model characteristics.

The k- SSTLM model is not able to follow the variation of local Nusselt numbers in
most of the regions, which is consistent with the results of k- SSTLM modeling by
Carnevale et al. [8] Benhamadouche et al. [22] investigated the assessment of three
URANS models (EB-RSM, k- SST, and ¢-model) and a LES model in the present
geometry, and determined that the k- SST and the ¢-model (a stabilized version of the v?-
f model) underestimated Nusselt numbers after the first few pins where the turbulence was
not yet fully developed and mixing was dominant. Since the k- SSTLM model is a

transitional model rather than a fully developed turbulent one, its prediction of Nusselt
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numbers after the first pin is slightly better than the other two fully developed turbulent
models investigated by Benhamadouche et al. [22] However, there are still large
discrepancies in the other pins, which show behavior similar to the results of the ¢-

model.[22]
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4.4.7 Average Nusselt number

Table. 4 summarizes the averaged end-wall Nusselt numbers of the considered models
and the reference data. The predicted Nusselt numbers on the end-wall are 44.6, 43.5, and
41.3 by SBES, IDDES, and k-m SSTLM, respectively. Even though these values are about
20% discrepant from the experimental data [3], they are similar to the values predicted by
other numerical simulations, LES [4] and hybrid RANS/LES. Delibra et al. [4, 5, 6]
mentioned that deviations between experimental data and numerical simulation are caused
by heat escape by radiation and/or heat sink in the experiment. Although numerical
simulations do not consider this effect, an LES model with about 11 million mesh cells by
Hao and Gorle [7] predicted the averaged end-wall Nusselt number as 53.5, within 1% of

the experimental data result.

Table 4. Surface average Nusselt number

k-o SSTLM IDDES SBES
Nitg,, 413 435 44.6
Hybrid
Experiment C -f LES URA)II\IS/LES LES
Ames i i
[ ] [Delibra]  [Delibra] (Delibra] [Zengrong Hao]
Nutg,, 54.1 46.2 443 453 53.5

4.4.8 Nusselt number Contour

Fig. 12 shows contours of Nusselt numbers normalized by averaged Nusselt numbers

on the end-wall in the upstream region (A) and downstream region (B) of the experimental
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data and the present results. The upstream min, max = 0.2, 1.8 and the downstream min,
max = 0.9, 1.9 of the Nusselt numbers in all the models are the same as in the experimental
data presented by Ames. [3] The Nusselt number is relatively low near the inlet and high
in the region of the leading edge.

The SBES results show the best agreement with the experimental data, in particular
the high Nusselt number in the passage between the second row pins, and the pattern of
this Nusselt number distribution in the wake region after the fifth and seventh rows. The
discontinuous regions between the first row and the second row are shown in IDDES and
k-& SSTLM. The IDDES model is able to predict a similar distribution overall but there
are small differences in the regions as mentioned above. The k-&o SSTLM model shows
different patterns in the high-velocity passage between two symmetric rows, and the
contours don’t look symmetric even with enough time-averaging. Benhamadouche et al.
[22] suspected the presence of very low frequencies that are not physical during solving
the governing equations pertaining to non-symmetric flow patterns in the k- SST model.
In the IDDES and k- SSTLM models, the Nusselt number near the leading edge of the
first row increases, then slightly decreases, and then increases again, whereas the SBES
model shows a gradual increase without any decreases. This can be confirmed by the local
Nusselt number distributions in Fig. 12. This abnormal behavior is related to the prediction

of horseshoe vortex structures near the leading edge of obstacles attached to the wall.
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Fig. 12. Nusselt number distributions normalized by surface average Nusselt numbers. (A) Upstream region, (B) Downstream region.
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4.4.9 Q-criterion

The vortical structures of instantaneous flow fields are investigated with a Q-criteria
value of 10 [23] in Fig. 13. These iso-surfaces are colored by temperatures from 290 K to
315 K, and the flow field is heated gradually as the flow moves downstream. Horseshoe
vortices, which are also shown in Fig. 14, can be recognized in front of the pins but it is
difficult to identify them in the downstream pins. A vortex tube in the spanwise direction
from each pin is generated after separation from the first pin and breaks down into 3-D
vortices in the streamwise direction interacting with downstream pins. The two hybrid
RANS/LES models, IDDES and SBES, are better able to resolve smaller vortex structures
than the k-&o SSTLM model, as shown in Fig. 13, and they show similar structures when
compared with other LES results.[4, 7] In the k-0 SSTLM model, 2-D vortices are
sustained until the sixth pin, and then break into 3-D flow features that are larger than in
the other models. Of particular note is that SBES is able to capture the distorted spanwise
vortex tube after separation from the first pin, whereas the IDDES and k-& SSTLM models

fail to predict it even with the same grid numbers and Q-criteria value.

4.4.10 Turbulence structure

Fig. 14 shows time-averaged streamline patterns and temperature contours in the front
cylinder part at the mid-line of the xz-plane. As mentioned above, the three models are able
to capture the horseshoe vortex system, including HV (horseshoe vortex), SV (secondary
vortex), and TV (tertiary vortex). The SBES model predicts this vortex system slightly
closer to the first cylinder wall than the other two models do, and the CV (corner vortex)
is shown clearly in the SBES model. It is interesting that the region where the horseshoe
vortex systems are predicted is coincident with the region where the LES mode is active in

the SBES model.
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Fig. 13. Vortical structures around pin fin array, Q iso-surface (Q=10) colored by Ta. for each turbulence model.
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Fig. 14. Time-averaged streamlines colored by Tae in front of the first row of pins.

HV, horseshoe vortex; SV, secondary vortex; TV, tertiary vortex; CV, corner vortex.
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4.4.11 Blending function

To investigate the effects of the blending function which changes the turbulence model
between RANS and LES, the contours of the blending function are plotted in Figs. 16 and
17 with respect to two planes: the xz-plane at the mid-line of the y-axis and the xy-plane
at the center height of the z-axis. The value 1 means the RANS method is adopted and 0 is
for the LES method. Since the k-co SSTLM model is not a hybrid RANS/LES method but,
rather, a transitional model, the intermittency (y) which reflects laminar flow with a 0 value
and turbulent flow with 1 is contoured at the same planes. As can be seen in the two figures,
the SBES model adopts the LES calculation in a larger region than that of the IDDES model,
and shows a sharp transition from RANS to LES; in contrast, the IDDES model changes
the two methodologies smoothly. In front of the first pin the LES calculation is changed
more rapidly in the SBES model than in IDDES. This is why the results of the SBES model

more closely resemble LES results than do the other models.

In the k-0 SSTLM model, as expected, flows near the inlet are predicted in laminar
flow and then develop into the turbulent flow which is sustained until the outlet of the
computational domain. Menter [10] mentioned that the shielding function in SBES can
cover the boundary layer, including the rapid growth area by the adverse pressure gradient,
while the shielding function of DDES impairs this region. In the computation domain of
the present work, a total of 12 cylinders (4 cylinders at the mid-line and 8 half-cylinders at
the periodic plane) experience adverse pressure gradients in the back part (approximately
0 > 90°) of each cylinder. As seen in Figs. 16 and 17, the SBES model implies a clear and
sharp RANS mode near the cylinder walls, but the IDDES model does not show a

continuous and smooth transition between RANS mode and LES mode near the wall.
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Fig. 16. Intermittency and blending function distributions on the xy-plane at the center height of the z-axis
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Chapter 5. Uncertainty Quantification for Staggered Pin-Fin Arrays

5.1 gPCE results

The uncertainty quantification is conducted for staggered pin-fin arrays. The single
random variable is considered in the present work. The input random variable is the inlet
velocity. The probability distribution of inlet velocity is assumed as a uniform distribution
and a normal distribution. The mean value u is 3.45 m/s, and the standard deviation o is
+0.1u. The quantity of interest (Qol) is Nusselt number on the endwall. Turbulence model
used in uncertainty quantification is IDDES. Because IDDES has generally been used in

CFD research and its source code is already opened.

For uncertainty quantification, the sample points are obtained by using Latin
Hypercube sampling (LHS) method. To approximate the output probability distribution
with polynomial chaos, the order of polynomial chaos p is assumed as 2nd order. Therefore,
the minimum sampling points to approximate probability distribution with 2nd order are 3.
Oversampling rate is set as 2. [25] Total 6 sample points are used in uncertainty
quantification. The table 5 shows the value of each sample points and Qol. From the sample

points, the polynomial chaos coefficients are calculated and shown in Table 6.

Table 5. The sampling points and output values

Pointl Point2 Poinit3 Point4 Point5 Point6
Inlet velocity
3.21650 3.28000 3.44088 3.50785 3.59867 3.76215
[m/s]
NUave 41.62 42.15 43.07 43.68 44.05 45.16
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Count

400

3004

100+

Table 6. the polynomial chaos coefficients depending on probability distribution of input parameter

coefficient a, a, a,
Uniform distribution 43.1715 1.2790 -0.0227
Normal distribution 43.1208 2.2153 -0.1075

Fig. 17 shows the probability density function (PDF) of average Nusselt number. These
PDFs are generated from the surrogate model based on 30,000 random sampling points.
The probability distribution of input parameter affects the probability density function
(PDF) of average Nusselt number. (A) shows PDF of average Nusselt number when the
input PDF is the uniform distribution. Its mean u is 43.1714 and the standard deviation o
is 1.2792. (B) shows the PDF of average Nusselt number when the input PDF is normal
distribution. Its mean u is 43.1208 and the standard deviation o 2.2179. These results show

that only the assumption about the input variable’s probability distribution induces totally

different result distribution.

I Average Nusselt Number 14004 [__] Average Nusselt number
1200+ 1l .
1000 i i
£ 800 i I
= . L
=]
@] . L
600
400+
2001
0 T T T
41 42 43 44 45 35 40 45 50
NUA\-‘E NUA\.E
(A) (B)

Fig. 3. Histogram of the average Nusselt number depending on the input random distribution.
(A) Uniform distribution, (B) Normal distribution.
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Fig.18 shows that the box and whisker plot of the local Nusselt number along the middle
line on the endwall depending on the input variable’s probability distribution. (A) is the
result of the uniform distribution and (B) is the result of the normal distribution. The mean
value and standard distribution of each input probability distribution are the same with the
average Nusselt number results. The 10 points are considered to quantify the uncertainty
between each pin. Therefore, 40 points are considered totally. The mean value results of
the uniform distribution and the normal distribution show similar with the deterministic
results of Nusselt number distribution shown in Fig.11. Both results show that the
propagation of the uncertainty decrease in moving downstream. This tendency is
significant in the results of uniform distribution especially. In addition, the uncertainty is
high near the pin. However, the results of normal distribution show larger uncertainty than

the results of uniform distribution.
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Fig. 4. Histogram of the local Nusselt number along the middle line depending on the input random distribution.
(A) Uniform distribution, (B) Normal distribution.
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Chapter 6. Conclusion

6.1 Conclusions

In the present work, two hybrid RANS/LES modes, IDDES and SBES, and one
transitional URANS model, k-o SSTLM, are adopted to investigate their ability to predict
heat and fluid flow phenomena around staggered pin-fin arrays. The corresponding
Reynolds number based on the pin diameter and the maximum velocity between the pins
is 10,000, and the periodic segment geometry with a total of eight pins is considered. The
simulated results, including mean velocity, pressure, local and global Nusselt numbers, and
coherent structures, are compared with experimental data [1, 2, 3] and other LES [4] and
URANS [5] results.

Mean velocity profiles predicted by IDDES and SBES agree well with the reference
data, but the k-o SSTLM model shows large discrepancies near the centers between the
pins. In averaged pressure coefficients around the pins, the SBES model gives the closest
prediction in the region of the attached flow and after the separation point, compared to all
the other models in the present work. The results of the k- SSTLM model are similar with
those of the other URANS model, the {-f model [5], with large discrepancies in the
separated region.

The two hybrid RANS/LES models show superior predictions of the nonlinear behavior
of local Nusselt numbers, with abrupt increases near the upstream of each pin and gradual
decreases after the downstream wall. However, in the region downstream of the pins they
slightly underestimate the local Nusselt number because they do not resolve the vortex
shedding after the pins fully. In the k-o SSTLM model the transitional behavior around the
first pin is predicted well but there are large discrepancies around the other pins, the same

as with the other URANS model. Similarly, the two hybrid RANS/LES models predict the
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distributions of Nusselt numbers around the pins and the averaged Nusselt number in each
section of pins, very similar to the other LES results.

Vortical structures, including horseshoe vortex systems in front of the first pin and
wakes after each pin, are fully resolved in the two hybrid RANS/LES models, very similar
to the LES model. In particular, the SBES model is able to capture the distorted spanwise
vortex tube after separation from the first fin, whereas IDDES and k- SSTLM fail based
on the same grid system.

In our investigation of the effects of the blending function of the two hybrid RANS/LES
models, the SBES model adopts the LES calculation in a larger region with a sharp
transition from RANS to LES, compared to the IDDES model. Therefore, the SBES
prediction more closely resembles the LES results.

Uncertainty Quantification is conducted by varying the PDF of the inlet velocity. The
average Nusselt number PDF shows the similar distribution with input parameter PDF.
When the input PDF is uniform distribution, the mean u of the output PDF is 43.1714 and
standard deviation ¢ is 1.2792. When the input PDF is normal distribution, the mean u of
the output PDF is 43.1208 and standard deviation o is 2.2179. The local Nusselt number
also investigated by using uncertainty quantification. It’s median value distribution is
similar with the deterministic solution of local Nusselt number. However, the uncertainty
distribution is different. Especially normal distribution show high uncertainty. from the
results, aleatory uncertainty is quantified. The input probability distribution induces

different the output probability distribution.
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6.2 Future works

From the results of the uncertainty quantification, we can conclude that the credible
results can be obtained by applying the exact input probability distribution. The future
works are needed to identify the input probability distribution with Bayesian inference.
For Bayesian inference, the observation data is needed. the experimental data or LES
simulation results can be observation data. Therefore, LES simulation will be conducted
for comparing the results of other turbulence model and the results of LES simulation also

can be used with observation data in Bayesian inference.
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