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Abstract

Large-Eddy Simulations (LES or wall-resolved LES, WRLES) has been used
extensively in capturing the physics of anisotropic turbulent flows. However, near wall
turbulent scales in the inner layer in wall bounded flows makes it unfeasible for large
Reynolds numbers due to grid requirements. This study evaluates the use of a wall model
for LES (WMLES) on a channel with rotation at Re;, = 34,000 from Ro, = 0 to 0.38,
non-staggered 90° ribbed duct with rotation at Re, = 20,000 from Ro, = 0 to 0.70,
stationary 45° staggered ribbed duct at Re;, = 49,000, and two-pass smooth duct with a U-
bend at Re, = 25,000 for Ro, = 0 to 0.238 against WRLES and experimental data. In
addition, for the two-pass smooth duct with a U-bend simulations, the synthetic eddy
method (SEM) is used to artificially generate eddies at the inlet based on given flow
characteristics.

It is presented that WMLES captures the effects of Coriolis forces and predicts
mean heat transfer augmentation ratios reasonably well for all simulations. The alleviated
grid resolution for these simulations indicates significant reductions in resources,
specifically, by a factor of 10-20 in non-staggered 90° ribbed duct simulations. The
combined effects of density ratio, Coriolis forces, with SEM for the inlet turbulence,

capture the general trends in heat transfer in and after the bend.
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Chapter 1 Background, Motivation, and Objectives

High demands for more efficient and high performance output from rotating
machinery required researchers to study highly turbulent flows. Due to these high
demands, turbine blade materials are often operated close to their temperature limits to
meet performance needs. In order to understand the physics at high Reynolds numbers,
computational fluid dynamics (CFD) is used to simulate flow and heat transfer at the
desired conditions. Despite the fact that high performance computing has come a long
way, the resources required to solve the Navier-Stokes equations at high Reynolds
number by using Direct Numerical Simulations (DNS) are impossibly large. In an effort
to capture much of the physics in highly turbulent flows, Large-Eddy Simulations (LES)
has been used to simulate this type of flows, which requires less computational resources
than DNS. Even then, the grid resolution requirement for wall-bounded LES is still
resource intensive.

In order to alleviate the computational load for LES, Patil and Tafti [1] developed
a wall-layer model. Initial studies of the near wall treatment significantly reduced the
amount of resources required to simulate highly turbulent flows without much loss in
accuracy as reported in Patil [2]. This thesis tests the wall modeling in rotating systems to
investigate whether the model treatment of the inner layer adequately captures the
stabilizing-destabilizing effect of Coriolis forces on near wall turbulence. For this
purpose, a turbulent channel flow, a ribbed duct, and a smooth duct with a 180 degree

bend are investigated under rotating conditions. The wall model is also investigated for



property variation effects which lead to centrifugal buoyancy forces in the 180 degree

duct case.

The thesis is organized as follows:

Governing equations and relevant terms are described in Chapter 2 for both
developing and fully-developed calculations. In addition to LES methodologies,
the wall model methodology is briefly described to give an overview of how
calculations were carried out.

In Chapter 3, a stationary turbulent channel flow is validated with WMLES
against WRLES at Re = 34,000. Furthermore, rotation numbers up to Ro=0.38 are
investigated to observe the accuracy of shear stress calculations based on
experimental and computational data.

Chapter 4 presents results for a 90 degree ribbed duct at Re = 20,000 with rotation
numbers up to Ro = 0.70. A part of this chapter is published as a conference paper
(Song, K. and Tafti, D.K., 2011. “WALL MODELED LARGE-EDDY
SIMULATIONS IN ROTATING SYSTEMS FOR APPLICATIONS TO
TURBINE BLADE INTERNAL COOLING,” Paper No. ISHMT_USA_014,
ISHMT-ASME 2011, Chennai, India.).

Chapter 5 presents WMLES results of a 45° staggered ribbed duct with heat
transfer. At Re = 49,000, the flow behavior is observed against experimental and
computational data.

Chapter 6 investigates a two pass smooth duct with a U-bend at a rotation number
of Ro=0.238. Both Coriolis and centrifugal buoyancy effects are tested. The SEM

is used to generate turbulent boundary conditions.



- The thesis is summarized in Chapter 7 with concluding remarks.



Chapter 2 Computational Methodology

2.1 Introduction

The objective of this chapter is to summarize the governing equations and
computational methodology that was used to simulate each case. Section 2.2 gives a
general description of the conservation of mass, momentum and energy in vector notation
for an essentially incompressible fluid with temperature dependent properties. Section 2.3
follows this by giving a modified form of the equations when a fully-developed
assumption is invoked. Section 2.4 gives a description of the wall model used with the
LES. Section 2.5 gives a brief description of the Synthetic Eddy Method (SEM), which is

used for generating the turbulent inlet conditions.

2.2 General Governing Equations

The low speed variable property, grid-filtered, continuum conservation of mass,
momentum, and energy equations are described by the following dimensionless time-
dependent, conservation equations (Tafti [3]).

Mass Conservation:

V- (pti)=0 (2.1)

Momentum Conservation:
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Energy Conservation:
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* * * C* . )—(-* % t*U *
Pref Href Kref c p_ref I—ref U ret Lref
P™ — Prej T =T,
P=—— and T=—7>— (2.4)
* *2 T
Pref Uref 0

The notation " is used for dimensional quantities and ref is for reference quantities where

—

V is the gradient operator, w is the non-dimensional angular velocity vector. An

equivalent Rotation number defined in equation (2.5) based on the z-component of the

angular velocity vector. p is density, c, is specific heat capacity, ¥ is Cartesian length

vector, i is Cartesian velocity vector, and t is time. The reference temperature, T, and
pressure Pr”éf are used for calculating all reference property values, whereas T, is the

non-dimensionalizing temperature scale. The dynamic viscosity IU*/,U;kef and thermal



conductivity ™/ K';-kef variations with temperature are represented by Sutherland’s law

for gases (White [4]). While these two quantities vary substantially with temperature,
specific heat has a much weaker dependence. For example, viscosity and conductivity for

air in the temperature range 240 K to 960 K vary by more than 100%, whereas cp* only

varies 12%. Hence, it is assumed thatc]’;J /c”;J ref =1, and that the gravitational vector

g* = g*éy. Velocity and temperature are Favre filtered quantities, and §u and Sy are

source terms which are used to accommodate additional modifications to the governing

equations, such as periodicity in the flow direction, heat flux boundary conditions, and
the use of turbulent wall treatments. T is the unit matrix and S is the strain rate tensor
expressed as shown in equation (2.2). The last two terms in equation (2.2), excluding §u
term, express the non-inertial effects of coordinate frame rotation: the first term
representing the Coriolis forces, and the second term representing the centrifugal force
terms; T is the radial vector from the axis of rotation. The characteristic non-dimensional
parameters, Reynolds number (Re), Prandtl number (Pr), Rayleigh number (Ra), and
Rotation number (Ro), which is the inverse of Rossby number, take the following form:

« « « * % * % * | o 3 * %
:prerref I—ref ’ Pr:ﬂrefcp_ref ,Ra:g ﬁ (AT )Lref ,ROZ _CO Lref

* * * *
Hret Kref Qref Vref ref

Re

where a;,; is the thermal diffusivity and vy, is the kinematic viscosity. Here, /3* is the

thermal expansion coefficient and is approximated as 1/Tr”éf for an ideal gas. Reynolds

number indicates the ratio of the inertial force to the viscous force. Prandtl number

indicates the ratio of viscous diffusion rate and thermal diffusion rate. Ra/(Re?Pr) in



equation (2.2) signifies the relative importance of forced convection versus natural
convection. The above three equations, excluding Rotation number, are augmented by the
equation of state, which assumes an ideal gas and is used to calculate the density:

Equation of State:

* *2 *
_ pref Uref P + Pref (2 6)
R*pref*(T 'To* +Tref*) .

Yo,

where R* is the gas constant. The subgrid turbulent viscosity, g4 , is modeled by the

Smagorinsky model (Smagorinsky [5]) as follows:

2,42 g8
Hy :PCsAgS

(2.7)
where CS2 is the Smagorinsky model constant, Ag is the average grid length scale
Sa

associated with the computational cell, and is the magnitude of the anisotropic part of

the strain rate tensor given by |S?| =,/2S, S, . The Smagorinsky model constant is found

by using the dynamic procedure (Germano et al. [6], Lilly [7], Najjar and Tafti [8]) by

applying a second test filter , G, is applied to the filtered governing equations with the

characteristic length scale of the filter larger than the grid filter, G. In order to obtain the
test filtered quantity from the grid filtered quantity a second-order trapezoidal filter in

one dimension is used:

N 1,/— —_ —

Y= Z(‘pi—1 + 20, + ‘pi+1) (2.8)
where @ is the variable of the interest such as each velocity component, u, v, and w.

Consequently, the subgrid stresses given by equation (2.8) are modeled as follow:

s = (Pt — p i W) =—2pCZAG[SeSS (2.9)



where the overbar denotes grid-filtered quantities. Similarly, the sub-test stresses are

modeled by the Smagorinsky model as:

~

W) =—2pC2A} 54|53 (2.10)

1% = G, — P
where A, is the length scale associated with the test filter, and ~ denotes a test filtered
quantity. By applying the test filter to the subgrid stresses, the following equation is
formulated:

8 = (pu, — P 4, ) =—2C? A2p|sa|s (2.11)
The resolved turbulent stresses, representing the energy scales between the test and the

grid filters, are:

—

LG =Ly~ Ly =TS -0 = pu 1 — pu 1 (2.12)
Hence,
LY = —2C2A2 [ap s, - plse|sg ] —2CEAGM;; (2.13)

The variable, «, is the square of the ratio of the characteristic length scale associated with
the test filter to the grid filter and is taken to be |A, /A, = V6| for a three-dimensional
test filtering operation (Najjar and Tafti [8]). Using a least-squares minimization
procedure of Lilly [7], a final expression for C2 is obtained:

11 LMy
Cc2 = 3w —M”MJ (2.14)
ijMij

where C2 is constrained to be positive values to maintain numerical stability.

The turbulent thermal conductivity is calculated as ki=4/Pr;, where Pr; is the turbulent

Prandtl number and is assumed to have a constant value of 0.5 according to Moin et al.

[9].



2.3 Fully-developed Calculations
Fully-developed calculations are performed by assuming constant fluid properties

and periodic boundary conditions in the flow direction. Invoking the balance between the
pressure drop and form and friction losses in the domain of length L”;(, the reference

velocity U, is chosen to be an effective friction velocity given by

Uy, =u; =(-aP; /L5 [D; /4p") (2.15)

where APy is the mean pressure drop in the flow direction across the computational

domain length of L}, and D;is the hydraulic diameter. The characteristic temperature

scale is defined asT, = g Ltes /%, Where - i is the applied wall heat flux. Since both

pressure and temperature have a x-directional dependence, the assumed periodicity of the
domain in the streamwise or x-direction requires the mean gradient of pressure and

temperature to be isolated from the fluctuating periodic components as follows:

PY(X,t) = Pret = "X" +p"(X.1)
T (Xt)=Tes +7 t)-x +0 (Xt)
where S* =—AP, /L, is the mean pressure gradient, p* is the periodic pressure

fluctuations, y*is a time-dependent temperature gradient, and ©* is the fluctuating or

periodic temperature component. Non-dimensionalizing equation (2.16) gives

P(X,t) =—px+ p(X,t) (2.17)
T(X,t) =y(t)x+6(X,1)

where f = 4/Dp, and y = q,,Q2/Re-Pr-Q, - L, , where Q is the heat transfer surface area

and Qy is the flowrate.



Substituting equation (2.17) in the non-dimensional conservation equations (2.1-2.3)

gives the following modified momentum and energy equations:

Mass Conservation:

V.u=0

Momentum Conservation:

%+?-(UU):—§p+?-{(i+ 1 J?Uj—ZchU+gé + B,

Energy Conservation:

9 5.@6)=v||—Lt—s—L _[Fo|-m,
ot Re Pr RePr,

with modified boundary conditions,

HXt) = HX+Lyt), o= G,pand 6,

and

~VO-fi=-1+48, -0

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

For generalization to complex geometries, equations (2.18-2.20) are mapped from

physical coordinates (X) to logical/computational coordinates (£) by a boundary

conforming transformation x = (&), where x = (x,y,z) and & = (£,7,£) (Thompson et al.

[10]).

2.4 Wall Model Methodology

The wall model solves a simplified set of equations by using a virtual grid along

the normal from the first off-wall grid point to the wall (Patil and Tafti [1]) as shown in

Figure 2.1. A tangential momentum equation is solved in the inner layer by using the
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outer instantaneous LES velocity at the first off-wall grid point as a boundary condition.
The calculated wall shear stress from the inner layer velocity profile is used as the
boundary condition in the outer layer calculation to complete the coupling. A reduced

form of the tangential momentum equation as given by
ii(( N )%j
Re on - on

(2.23)
=€P-f{ Ra__» & —2pa3><l]—pc?1><(a3><f)]f

Equation (2.23) is solved in the inner layer, where u; is the tangential velocity

component, t is the unit tangent vector to the surface and n is the normal distance from
the surface. The component of pressure gradient in the tangential direction is calculated
in the outer layer and is assumed to be constant in the inner layer. The non-inertial
rotational Coriolis and centrifugal force terms are calculated in the inner layer by
assuming fluid properties at the outer edge of the inner layer. Turbulent viscosity in the

inner layer is modeled by
e = kpd*(1— e‘d+/‘4)2 (2.24)

where k is Von-Karman constant, d is a normal distance from the wall, 4 is 19, and:

d+ =42 (2.25)
%

U, = 7W (2.26)
L

leull =5 (2.27)

The set of equations (2.23-2.27) are solved iteratively in the inner layer by solving a one-

dimensional tri-diagonal system at each iteration. The resulting wall shear stress in the
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tangential direction (equation 2.27), is transformed back into a (x, y, z) coordinate system
to be used as a boundary condition in the outer LES calculation. Details of the procedure
can be found in Patil and Tafti [1].

Similarly, a reduced form of the energy equation is also solved in the inner layer

as:

1 8 u\ 001
Re Pr on (k+cr_t)a =0 (2.28)

The formulation of Kays [11] is used:

1 ue\ u\2 (. -s165/(th
1 =058+022 (ﬂ) 0.0441 (ﬂ) {1 e v } (2.29)

ot
where this formulation accounts for the higher values of turbulent Prandtl number very
close to the wall and gradually decays from the wall according to Patil and Tafti [1].
There are two different boundary conditions that are used in the following
chapters: specified constant heat flux, and specified temperature. With the heat flux
specified at the wall, the inner layer calculation is used to find the wall temperature,
whereas with the temperature specified at the wall, the inner layer calculation is used to
find the heat flux at the wall.
The following equation, Equation (2.30), is used to obtain the wall temperature in

the inner layer

Ad
Twau = Tiz + qu (2.30)
where T;, is the first off-wall node in the inner layer, Ad is the distance from the wall,

and qw is the heat flux. The calculated wall temperature is used to calculate the heat

transfer coefficient.
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Similarly, equation (2.31) below is used to obtain the heat flux at the wall given

the wall temperature, based on the calculated temperature profile in the inner region.

oT

onlyai

qQw = —k (2.31)

The calculated wall heat flux is used as a boundary condition in the outer layer

calculation. Detailed methodologies of these processes can be found in Patil [2].

2.5 Synthetic Eddy Methodology

The synthetic eddy method (Jarrin et al. [12]) is used to generate inlet turbulence
for the developing flow calculation in Chapter 6. Based on the statistic data of velocities,
turbulent quantities, and turbulent length scales, either obtained from experiments or
simpler precursor simulations, eddies with appropriate characteristics are placed
randomly at the inlet in an eddy box. A velocity kernel function is associated with each
eddy. These artificial eddies in the eddy box convect based on the mean velocity to
ensure that they are correlated in time. As these eddies move out of the eddy box, new
eddies are continuously placed in the eddy box based on the specified number of eddies.
Inlet turbulence is generated by taking the collective effect of all eddies on the velocity
nodes in the inlet plane, conditioned by the target turbulent statistics. The net result is the
generation of instantaneous turbulence which is spatially and temporally correlated based

on the target integral length scales and the mean velocity profile input into the method.
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2.6 Figures
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Figure 2.1 Virtual grid points, or WMLES grid points, are shown to illustrate where

a simplified set of equations are solved.
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Chapter 3 Validation of Wall Modeled Large-Eddy Simulations of

Turbulent Channel Flow with Rotation

3.1 Introduction

Based on methodologies mentioned in the previous chapter, rotating turbulent
channel flow with Coriolis forces is examined for investigating the robustness and
accuracy of wall model. Compared to the fine grid resolution of LES where Ay;" < 1, and
A" < 20-50 in the wall parallel directions, the grid requirements for the wall model LES
(WMLES) are significantly smaller. The analysis of turbulent channel flow at Re;, of
34,000 for 0, 0.070, 0.10, 0.21, and 0.38 bulk rotation numbers, Ro,,, is presented in this
chapter. These conditions were motivated by the experiments of Johnston et al. [13]. This
is a first attempt in the literature to simulate a high Reynolds number rotational flow
using LES. The results of each simulation was compared with experimental data by
Johnston et al. [13] and numerical simulations by Kristoffersen and Andersson [14], Tafti
and Vanka [15], Miyake and Kajishima [16], and Piomelli and Scalo [17]. Notably, mean
velocity profiles for Ro, = 0, 0.070, and 0.38, turbulent rms quantities for all rotation
numbers, turbulent kinetic energy values, friction velocity ratio variations over a range of
bulk rotation numbers, and spanwise roll cells were analyzed to observe the flow
characteristics.

Coriolis forces in rotating systems lead to flow stabilization and destabilization of
turbulence on the trailing and leading sides of the channel by directly impacting the
mechanisms of turbulent production via bursts and sweep events of turbulent eddies.

Bursts occur due to the movement of low momentum fluid away from the wall whereas
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sweeps occur due to the movement of high momentum fluid toward the wall. Both bursts
and sweeps contribute to the production of turbulence. The leading side, which is the
stable side or suction side, undergoes laminarization near walls due to the suppression of
turbulence production by Coriolis forces. In contrast, the trailing side, which is the
unstable side or pressure side, undergoes an increase in the production of turbulence by
Coriolis forces. An additional feature in rotating flows is the initiation of secondary flows
in the cross-section due to rotational pressure gradients between the trailing and leading
sides of the geometry. The secondary flows take the form of coherent roll cells which
increase in strength with rotation number. These phenomena have been observed by
many other past studies such as Johnston et al. [13], Kristoffersen and Andersson [14],
Tafti and Vanka [15], Miyake and Kajishima [16], and Piomelli and Scalo [17] in

turbulent channel flow, all at Reynolds numbers less than 10,000.

3.2 Literature Review

Patil [2] examined the effects of the first off wall LES node point of fully
developed turbulent channel flow, which varied from y* values of 15 to 70 for Re, value
of 590 and 2,000 compared to the present value of Re, = 890. The mean streamwise
velocity indicated an exact match with DNS data by Kim et al. [18] at Re, = 590, and
wall resolved LES (WRLES) data by Piomelli [19] at Re, value of 2,000 whereas a
maximum of 15% difference was observed for turbulent stresses. Also, a heat transfer
study was done with WMLES with approximately 3% difference in Nusselt number
variation compared to WRLES and Dittus-Boelter correlation for fully-developed

turbulent flows. WMLES without the heat transfer model indicated as much as a 25%
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underprediction of Nusselt number compared to WRLES, which indicated that the near
wall heat transfer treatment was necessary for accurate results with a coarser mesh
compared to the WRLES grid requirements of y* < 1.

Johnston et al. [13] took mean velocity measurements at x/D = 68 where the flow
was assumed to be fully developed for various rotation numbers. With an increase in
rotation numbers, the mean velocity gradient, du/dy, became twice as large as the given
angular velocity, Q, where absolute vorticity becomes zero (zero absolute vorticity or
ZAV), which was defined as du/dy = 2Q. This region tended to approach closer to the
pressure side with higher rotation numbers, which indicated highly turbulent flow. In
addition, a series of measurements were taken over a range of bulk Reynolds number and
bulk rotation numbers in order to compare the variation of wall friction velocity ratios
with a reference to the stationary case. For these measurements, Preston-tube and wall
slope and law of the wall methods are used independently for different Reynolds number.
Further information about these methods can be found in Johnston et al. [13].

Piomelli and Scalo [17] investigated the laminarization of flows in a channel with
spanwise rotation and a freestream acceleration due to a strong favorable pressure
gradient. The bulk Reynolds number of 10,000 and bulk rotation number of 0.42 are
simulated with DNS and LES methodologies. The grid resolution was Ax* =7 and 4z* =
3.5 for DNS, Ax* = 28 and 4z* = 14 for the fine LES, and Ax* = 42 and 4z* = 21 for
the coarse LES. According to Piomelli and Scalo [17], the initial zero rotation cases for
all simulations were in accordance with each other. With the rotation, Ro, = 0.42, the

mean velocity profile was in good agreement with each other whereas the LES

17



overestimated wall stresses by 30% in the coarse simulation and 25% in the fine
simulation with higher percentage difference on the pressure side.

Kristoffersen and Andersson [14] performed DNS at Re;, of 5,800 with up to 0.5
rotation number with 128 x 128 x 128 grid resolution. The wall coordinates used in the
simulation were Ax* = 20, Ay,;* = 0.5 to 5, and 4z* = 10. The overall trend was that
with an increase in rotation numbers, the Reynolds stresses decreased on the leading side
and increased on the trailing side due to Coriolis forces. Time averaged local wall friction
velocity ratios indicated an asymptotic behavior beyond 0.15 bulk rotation number on the
trailing side whereas a slight decrease in wall friction velocity ratios were observed on
the leading side. At a bulk rotation number of 0.15, 4 spanwise roll cells, or Taylor-
Gortler vortices, were observed where every other vortex was counter-recirculating. In
addition, these roll cells were more biased toward the pressure side with an increase in
rotation numbers.

Similarly, Miyake and Kajishima [16] used LES with the Smagorinsky model to
analyze the flow at Re;, of 9,900 with up to 0.165 rotation number. The conclusion was
that the production of Reynolds stresses and turbulent kinetic energy on the trailing side
increased whereas the opposite effect was evident on the leading side. Compared to
friction velocity ratio data by Johnston et al. [13], the laminarization on the leading side
was not evident in the simulation. Miyake and Kajishima [16] noted that the Smagorinsky
model that was used in the simulation needed to be improved in order to accurately
capture the laminar or transitional fluid motion on the leading side.

DNS study was done on rotating turbulent channel flow by Lida et al. [20]. The

objective of the study was to observe the behavior of friction velocity ratios on the
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leading and trailing sides with the observance of zero absolute vorticity (ZAV) in the
mean velocity profile, which increased with an increase in rotation numbers. At bulk
Reynolds numbers from 142 to 3,100, rotation numbers as high as 1.0 were examined.
The 3 grids that were used in simulations were 512 x 65 x 288 nodes in 22m6 X 28 X
10mé computational domain, 64 X 65 X 64 in 4§ X 26 X 2mé computational domain,
and 128 x 129 x 128 in 4nd X 26 X 2md computational domain. As rotation numbers
increase, friction velocity ratios on the leading and trailing sides indicated relatively a
constant value beyond bulk Rotation number of 0.05, and the ZAV region continued to
increase. Lida et al. [20] concluded that results from 3 grid resolutions matched well with
themselves and referenced experimental results.

Grundestam et al. [21] did a DNS study on rotating turbulent channel flow, which
ranged from 8,052 to 21,600 in bulk Reynolds number and 0.98 to 3.00 in bulk rotation
numbers, in order to examine the effects of stabilization and destabilization of the flow.
For all rotation numbers, the mean velocity gradient maintained approximately 2(.
However, this 2Q-region decreased for higher rotation numbers greater than a bulk
rotation number of 1.50. Between 1.0 to 2.0 rotation numbers, the bulk velocity
significantly increased due to the damping induced by Coriolis forces. In addition to the
DNS and LES results from Alvelius [22], friction velocity ratios reached maximum and
minimum values for the trailing and leading sides respectively at approximately 0.5 bulk
rotation number. From there on, friction velocity ratios continued to decrease until the
flows on both sides became laminarized due to the damping effect by Coriolis forces.

Tafti and Vanka [15] used wall resolved LES (WRLES or LES) to study turbulent

statistics, roll cells, and overall flow field for bulk Reynolds number of 5,960 and 5,040
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and bulk rotation number of 0.024 and 0.143, respectively. As the rotation number
increased, large-scale spanwise roll cells increased from 2 to 4 from 0.024 to 0.143
rotation number where these roll cells were concentrated toward the trailing side as also
seen in the results by Kristoffersen and Andersson [14]. In addition, wall shear stresses
were analyzed on both leading trailing sides with respect to the upwash and downwash
movements of spanwise roll cells. For 0.024 rotation number, upwash movement
decreased the shear on the wall on both sides whereas the downwash movement indicated
higher shear value on the trailing side whereas insignificant differences on the leading
side were observed. The 0.143 bulk rotation number followed a similar trend as the 0.024
rotation number where the leading side did not reflect much effect of upwash and
downwash movements by spanwise roll cells. However, the magnitude difference among
these 2 rotation numbers in wall shear stress values increased on the trailing side whereas
the leading side presented less difference in wall shear stress values. This phenomenon
indicated that with an increase in rotation numbers, Coriolis forces contributed to higher

shear stress values on the trailing side.

3.3 Computational Model and Details

The computational model assumes fully-developed and incompressible flow as
mentioned in Chapter 2.3. The turbulent channel simulates a spatially repeating domain
with periodic boundary conditions in the streamwise, x-, and spanwise, z-, directions,
where the channel consists of 2 smooth walls in the y- direction. The channel experiences
a positive z-directional rotation at an angular velocity, w, in rad/s. The governing flow

equations are non-dimensionalized by a characteristic length scale, which is & or the
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channel half width, and a characteristic velocity scale given by the friction velocity,

U, = m The assumed periodicity of the domain in the streamwise or x-direction
requires that the mean gradients of pressure be isolated from the fluctuating periodic
component as described in Chapter 2.

At a nominal bulk Reynolds number, Re,, of 34,000, a total of 6 cases are
examined for the turbulent channel flow. Bulk rotation numbers, Ro,, of 0, 0.070, 0.10,
0.21, and 0.38 are simulated with WMLES. An additional stationary case (Ro, = 0)

without WMLES was examined to validate the methodology. Re;, and Ro,, are defined as

follow:

2up 6
Re, = = (2.23)
Ro, = 2“;5 (2.24)

where 4, is the time-averaged bulk velocity, § is the channel half width, v is the
kinematic viscosity of the medium, which is air for all cases, and w, is the angular
velocity in z-axis.

The computational domain for the turbulent channel flow simulations is presented
in Figure 3.1. The computational domain consists of approximately 3 x 10° cells, or 64
x 50 x 96 cells in i, j, and k directions where i is the streamwise direction, j is the wall
normal direction, and k is the spanwise direction. A uniform grid distribution is used in
each direction with spacing values of approximately 0.1, 0.04, and 0.07 in i, j, and k
directions, respectively. These spacing values are equivalent to wall coordinates of 87, 36,
and 58 in x*, y*, and z™, respectively. Wall boundary conditions are set on both top and
bottom of planes (xz-planes) whereas periodic boundary conditions are set on other

planes.
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The non-dimensional time step value of 5 x 10™* is used and time averaging is
performed for 5 non-dimensional time units. The momentum and pressure equations are
solved implicitly to the convergence criteria value of 1 x 107¢ at each time step. All
turbulent channel flow cases utilize 4 cores of an Intel Xeon Linux cluster. Each time step
takes approximately 10 ps of wall clock time/grid node.

In the following section, all quantities are non-dimensionalized by u, or u? unless
specified differently. In addition, all referenced data, either experimental or
computational, are adjusted with consistent reference values with WMLES results to
ensure that comparisons are done properly. In addition, although, the 2Q-region, or
neutral stability region, is widely known to be equivalent to du/dy, the presented bulk
rotation number and non-dimensionalization of y is based on the full channel width, and
the u is normalized by the bulk mean velocity, which is equivalent to the scale on the y-
axis of Figure 3.5 as a reference. Therefore, the expression is expressed as 2Ro;, =
0(U/Upmean)/9(y/28). For the discussion, this region is referred to as the 2Q-region,
instead of 2Ro, -region. All data that were used to compare to WMLES results are

summarized in Table 3.1.

3.4 Validation of Wall Modeled LES of Turbulent Channel Flow
The validation of the near wall treatment is done without heat transfer for this
geometry. In order to examine the effects of near wall treatment, the Fanning friction

factor is used to approximate the inlet bulk velocity:

¢, = =2 = 0.0706 - Re, ™% (2.25)

T plp
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where 1, is the bulk velocity, which was found to be approximately 19.1 at Re, of
approximately 890. Figure 3.2 shows the effect of the wall model on the calculated
volumetric flow rate for a set value of Re, = 890. The case with the wall model is able to
maintain a high skin friction at the walls, representative of turbulent flow, which balances
the applied pressure gradient to give a bulk Reynolds number of 34,000, whereas, the
case without the wall model grossly under predicts wall friction allowing the flowrate to

grow much beyond the target Re;,, = 34,000 as seen in Figure 3.2.

3.5 Results of Turbulent Channel Flow with Rotation at Re = 34,000

While maintaining the bulk Reynolds number to approximately 34,000, a range of
bulk rotation numbers are analyzed, which are 0, 0.070, 0.10, 0.21, and 0.38. Based on
the mean velocity profiles from Johnston et al. [13] for Ro, of 0, 0.068, and 0.42, the
mean velocity profiles of WMLES are compared. As seen in Figure 3.3 for the stationary
case, besides the first off-wall LES node on the trailing side with approximately 10%
difference, a parabolic shape of the mean velocity profile indicates that the flow is fully
developed and within 3% difference compared to the experimental data. At a bulk
rotation number of 0.070, the shift in the mean velocity profile towards the leading side is
evident where a maximum of approximately 7% difference is observed as seen in Figure
3.4. With a further increase in bulk rotation number to 0.40, WMLES results deviates
from the experimental data of Johnston et al. [13] where the experimental data does not
present a significant difference in 2Q-region relative to the 0.068 bulk rotation number.
The experimental data appeared to be not fully developed in the central third of the

channel for Re;, of 35,000 as noted in Johnston et al. [13]. Therefore, the data by Piomelli
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and Scalo [17] were used for comparison in Figure 3.5 in spite of the difference in bulk
Reynolds number. The DNS and LES mean velocity profiles for 0.42 bulk rotation
number at 10,000 bulk Reynolds number by Piomelli and Scalo [17] were in good
agreement with themselves and with WMLES results with a maximum of 17% difference
on the leading side. The difference is primarily due to how much flow is driven by
spanwise roll cells and the proximity of the roll cells with respect to the leading side, and
could be partly attributed to the difference in bulk Reynolds number. DNS and LES
results, specifically, mean velocity profiles, by Piomelli and Scalo [17] indicates a larger
area affected by spanwise roll cells including a shift toward the leading side, which cause
a higher mean local velocity near the leading side. However, WMLES result indicates
that a smaller area is affected by spanwise roll cells near the leading side, which cause the
maximum mean velocity to be located closer to the channel center than the DNS and LES
results. All cases, DNS and LES results and WMLES results, do indicate that with an
increase in rotation numbers, spanwise roll cells drive the flow, proportionally, resulting
in a distinct 2Q-region.

Figure 3.6 presents mean velocity profiles for bulk rotation numbers of 0.10 and
0.21. The 2Q-region is present in all rotation numbers except the stationary and 0.070
rotation cases. Even though there are not any mean velocity profile comparisons for 0.10
and 0.21 rotation cases, the presence of the 2Q-region and near wall velocity gradients
indicate that the flow field about the central region and near the trailing side is reasonably
well predicted. In general, the velocity gradient increases near the trailing wall and

decreases at the leading wall with rotation. In addition, the maximum mean local velocity
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location remains relatively constant for Ro, > 0.2, indicating that the flow is largely
influenced by spanwise roll cells.

In order to observe the effects of Coriolis forces on spanwise roll cells, a vector
field across the channel cross-section is observed as seen in Figure 3.7 where each arrow
on top of each figure indicates the direction of the spanwise roll cells. Figure 3.7 (a)
shows 2 spanwise roll cells across the channel, one with an elongated structure. Therefore,
at a bulk rotation number of 0.070, there are 2 distinct counter-rotating roll cells. This
observation is similar to LES work by Tafti and Vanka [15] where at 0.048 rotation
number, there were 2 distinct counter-rotating spanwise roll cells. Figure 3.7 (b) for Ro,,
= 0.21 shows 4 distinct roll cells, which are evenly distributed across the domain, which
agrees well with the LES results of Tafti and Vanka [15] at Ro, = 0.28. As the rotation
number increases further to 0.38, the roll cells gain in strength further and breakup into
smaller structures (about 6 cells can be identified in Figure 3.7 (c)). As the rotation
number increases, the roll cells are pushed toward the trailing side and gain in strength to
transport streamwise momentum toward the leading side of the channel. This
phenomenon is the reason why the mean local velocity shifts toward the leading side with
an increase in rotation number, which is reflected on Figure 3.6.

In order to closely examine the turbulence contribution to the flow field and the
investigation of the laminarization for the WMLES cases, Reynolds stresses were
observed across the channel width where the square of global wall friction velocity, u?, is
used for the normalization. Among WMLES cases, as seen in Figure 3.8, the trailing side
wu’ value was observed to increase by 16% for 0.070 and 0.10 rotation cases, after which

it drops in magnitude up to 30% relative to the stationary case at the highest rotation
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number of 0.38. Kristoffersen and Andersson [14] observed that up to 0.10 rotation
number, the trailing side w'u’ value increases, whereas a further increase in rotation
numbers caused a decrease in uw'u’ value. The WMLES results are compared with the
LES results of Kristoffersen and Andersson [14] at Re, = 5,800 and Ro, = 0.2. It is
noted that the near wall peak in wu’ observed in the DNS results at a y* of
approximately 14-15 lies in the inner layer of the WMLES calculations and cannot be
resolved by the WMLES. Outside of the modeled inner layer, the magnitudes are
reasonably well predicted by the WMLES calculation at Ro, = 0.2 considering the
differences in Reynolds numbers. This difference in Reynolds number plays a much
larger role on the leading side of the channel. Rotationally induced Coriolis forces, damp
or attenuate turbulence on the leading side, leading to subsequent laminarization. In this
context the Reynolds number would have a much larger impact as can be seen in the
Figure. While the WMLES predicts decreasing magnitudes at the first grid node off the
wall, the profiles for all rotation numbers are quite similar up to the center of the channel.
The low Reynolds number DNS study however shows lower values of wu’ near the
leading wall than the WMLES. Similar trends are seen for all the Reynolds stress terms in
subsequent figures. While the flow Reynolds number is a major contributing factor to
these differences, the present form of the wall model does not have the necessary near
wall physics embedded in it to predict transition, which could also contribute to these
differences.

Similarly, v'v’ values of both WMLES and DNS results are in relative good
agreement as seen in Figure 3.9. Unlike w'u’ values near the wall, the trailing side v'v’

values peak further away from the wall outside of the modeled inner layer at zero rotation.
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The peak shifts further toward the center of channel with an increase in rotation number
and is resolved by the WMLES calculation. As the rotation number increases, there is a
substantial increase in the level of v’v’ which increases monotonically throughout the
trailing side of the channel. The large increase in v’v’ with rotation is attributed to the
strength of the energetic secondary flow in the form of roll cells which gains strength as
the rotation number increases. Comparing to the low Reynolds number results of
Kristoffersen and Andersson [14], the WMLES predictions compare quite well with the
DNS data on the trailing side of the channel, but over predicts at the leading side, which
is a combination of the higher Reynolds number and the lack of “laminarization” physics
in the wall model.

Furthermore, w'w’ values are examined across the channel width as seen in Figure
3.10. The peak value of w'w’ increases gradually at first and then increases more sharply
on the trailing side of the channel as the rotation number increases. Comparison with
DNS data shows trends similar to those found for uw'u’ and v'v’ - good comparisons on
the trailing side of the channel but over prediction on the leading side.

The turbulent shear stress, -u’v’ is shown in Figure 3.11. These values, which

directly contribute to the production of turbulence increase on the trailing side and

decrease on the leading side as the rotation number increases. However, the rate of

increase or decrease of the u'v' decreases with rotation number. These also indicate that

the friction velocity on the trailing side is higher than on the leading side.
The turbulent kinetic energy (TKE) variation is seen in Figure 3.12 with LES
results by Tafti and Vanka [15] where the bulk rotation number is 0.286. Higher

turbulence production near the trailing side due to Coriolis forces causes higher TKE
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values near the trailing side, specifically at 0.070 rotation number. However, with a
further increase in rotation numbers, peak TKE values on the trailing side decrease and
stay relatively constant due to the flow dominance of spanwise roll cells (Tafti and Vanka
[15]). The spanwise roll cells are responsible for transporting turbulence away from the
trailing side toward the center of the channel as the rotation number increases and they
gain (roll cells) in strength. On the leading side the TKE value decreases initially but
remains at about the same level with increase in rotation number. Compared to the LES
results of Tafti and Vanka [15] at Ro, = 0.286, the predictions for Ro, = 0.21 are in quite
good agreement except in the region near the leading side wall, at which the low
Reynolds number simulations tend to decrease the turbulent kinetic energy more than the
WMLES calculations.

Johnston et al. [13] presented the wall friction velocity behavior, which is
normalized by the stationary friction velocity value, of the leading and trailing sides at
different bulk Reynolds numbers over a range of rotation numbers up to 0.21 with
different measurement methodologies. Figure 3.13 presents all data points that were
presented in Johnston et al. [13] where the dashed lines indicate the expected behavior of
turbulent wall layers on both leading and trailing sides and dash-dotted line indicates the
expected behavior of transitional wall layers at a Reynolds number of approximately
10,000. Figure 3.13 shows that for 10,300 and 11,400 Reynolds numbers, a
laminarization on the leading side occurs, whereas higher Reynolds numbers maintain the
turbulent wall layer on both leading and trailing sides over the range of rotation numbers
shown. In comparison to experimental data by Johnston et al. [13] and LES results by

Miyake and Kajishima [16] at 10,000 Reynolds number, WMLES results indicate
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reasonable agreement with other experimental data within 10% difference based on
extrapolation. Also, as previously mentioned in Reynolds stresses and TKE discussions,
Figure 3.13 indicates that there is no evidence of laminarization on the leading side.
Therefore, the results present that at bulk Reynolds number of 34,000, the leading side
flow does not become laminarized, which is in accordance with Johnston et al. [13] and

Figure 3.13.

3.6 Conclusions

The evaluation of wall modeled LES in turbulent channel flow with system
rotation was done on a 64 x 50 x 96 mesh at a bulk Reynolds number of 34,000. To the
best of our knowledge, this is the first LES simulation of rotating channel flow at a
Reynolds number beyond 10,000. With the variation of bulk rotation numbers from O,
0.070, 0.10, 0.21, and 0.38, the mean velocity profiles and the development of spanwise
roll cells is captured well compared to experimental and computational data. Turbulent
quantities compare reasonably well on the trailing side, but did not predict the near
laminarized conditions of previous DNS-LES studies at much lower Reynolds numbers.
Considering the expected behavior at higher Reynolds number proposed by Johnston et
al. [13], the simulation appeared to capture the attenuation of turbulence at the leading
wall reasonably well. This does not rule out shortcomings in the model itself, which
presently can only react indirectly to laminarizing forces. The wall friction velocity ratios
on both leading and trailing sides were calculated well within 10% difference against

other data but due to a lack of comparable data at higher bulk rotation number of 0.38 at a
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bulk Reynolds number of 34,000, the model can be used with a good degree of

confidence up to bulk rotation number of approximately 0.21.
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3.7 Tables

Table 3.1 A summary of referenced data used to compare present study.

Data Type Re,, Ro,
Computational 0, 0.070, 0.10, 0.21,
Present 34,000
(WMLES) 0.38
10,300, 11,400,
A series of 0 to 0.42 at

Johnston et al.

Experimental

23,400, 25,700,

different bulk Reynolds

[13] 33,100, 34,800, and
number
36,000
Kristoffersen and 0, 0.01, 0.05, 0.10,
DNS 5,800
Andersson [14] 0.15, 0.20, and 0.50
Piomelli and
DNS and LES 10,000 0.42
Scalo [17]
Tafti and Vanka
LES 5,960 and 5,040 0.048 and 0.286
[15]
Miyake and A series of 0 to
LES 10,000

Kajishima [16]

approximately 0.165
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3.8 Figures

Rotation

Figure 3.1 The computational domain for turbulent channel flow (2m X 2 X 2min X,

y, and z directions respectively).
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Figure 3.2 Evolution of volumetric flow rates with non-dimensional time unit for

cases with the near wall treatment and without the near wall treatment.
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Figure 3.3 The mean velocity profile from WMLES against the experimental data

by Johnston et al. [13] for Ro = 0.
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Figure 3.4 The mean velocity profile from WMLES against the experimental data

by Johnston et al. [13] for approximately Ro = 0.070.
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Figure 3.5 The mean velocity profile from WMLES against the experimental data

by Johnston et al. [13] for approximately Ro = 0.40.
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Figure 3.6 The mean velocity profiles of all rotation numbers.
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Figure 3.8 ww over all rotation numbers.
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Figure 3.9 vv over all rotation numbers.
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Figure 3.10 ww' over all rotation numbers.
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Figure 3.12 Turbulent kinetic energy of all rotation numbers.
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Figure 3.13 The wall friction velocity ratio plot over a range of rotation numbers is
plotted where wall friction velocity is normalized by the stationary value at an
equivalent bulk Reynolds number. The WMLES result is presented in @ . — — — is
the behavior expected from Johnston et al. [13] when both wall layer are turbulent.
————— is the behavior when the stable side becomes transitional wall layer.
Johnston et al. [13] presented results of a series of bulk Reynolds number where
bulk Reynolds number of 10,300 and 11,400 data points are based on wall slope and
law of the wall methods whereas other data points from different bulk Reynolds
number are from Preston-tube method. Detailed methods of experimental

apparatus can be found in Johnston et al. [13].
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Chapter 4 Wall Modeled Large-Eddy Simulations of 90° Non-

Staggered Ribbed Duct with Heat Transfer and Rotation

4.1 Introduction

After evaluations of the robustness and accuracy of wall modeled LES in a
turbulent channel flow, WMLES is further investigated in an orthogonal non-staggered
ribbed duct with heat transfer at a bulk Reynolds number of 20,000. A rib height to
hydraulic diameter ratio, /Dy, of 0.1 and rib pitch to rib height ratio, p/e, of 10 were used
for the rib geometry. A stationary case was used as a baseline to observe the effects of
near wall treatments. Unlike a turbulent channel flow where losses are purely frictional,
the present geometry includes obstructions, which cause form drag losses. These form
drag losses account for approximately 90% of losses whereas only 10% of losses are due
to skin friction. The WMLES predictions are compared to the wall-resolved LES results
of Tafti [23] and the experiments of Rau et al. [24].

In addition, a flow analysis with Coriolis forces and heat transfer was performed
where bulk rotation numbers were varied from 0, 0.09, 0.17, 0.36, to 0.70. Only the effect
of Coriolis forces were included in the calculation to evaluate the wall model under the
influence of these additional forces which are known to affect shear layer turbulence
production on the leading and trailing sides of the duct. The WMLES results are

compared to wall-resolved LES results of Abdel-Wahab [25].
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4.2 Literature Review

Sewall et al. [26] evaluated a developing stationary ribbed duct case, which
consisted of 3 parts: developing flow region, fully developed region, and 180° bend
region with e/Dy, of 0.1 and p/e of 10 geometry. By using the experimental results from
laser Doppler velocimetry (LDV), LES velocity profiles and turbulent statistics were
compared at a bulk Reynolds number of 20,000. However, for heat transfer augmentation
ratio results, additional experimental data by Fann et al. [27] were used where bulk
Reynolds numbers of 10,240, 20,650, and 31,300 were evaluated with e/Dy, of 0.08 and
p/e of 11 geometry at various bulk rotation numbers. Overall, the LES results showed
very good agreement with the experimental data.

Ekkad and Han [28] investigated the heat transfer performance of different rib
turbulator shapes and orientations of a two-pass square channel without rotation. The rib
parameters were e/Dy, of 0.125 and p/e of 10 where 90° parallel, 60° parallel, 60° V, and
60° broken V ribs were tested. Bulk Reynolds numbers from 6,000, 12,000, 30,000, to
60,000 were used to observe effects on heat transfer augmentation ratios and secondary
flows based on different combination of parameters. Approximately, 2 to 3 times increase
in heat transfer augmentation ratios were observed due to the 180° turn, which enhanced
the mixing. In addition, the study showed that overall, 60° broken V ribs increased the
heat transfer in the first pass whereas 60° parallel ribs increased the heat transfer within
the bend and second pass.

Rau et al. [24] performed an experiment on a stationary ribbed duct with heat
transfer analysis at a bulk Reynolds number of 30,000. A constant heat flux boundary

condition was applied in the experiment where LDV was used to obtain flow field data.
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Air was used as a medium at a room temperature, and e/Dy, of 0.1 and p/e of 6, 9, and 12
were used. However, non-staggered ribs were done only in p/e of 9 whereas only a single
rib was used for other cases. The flow pattern was found to be almost symmetric about
the center with a single rib geometry but an additional secondary flow was found with 2
non-staggered ribs orientation in p/e of 9. The results indicated that symmetrical ribs
enhanced the heat transfer over all other configurations with a single rib. Flow
impingements on top of the ribs and in front of the ribs were found in the spanwise
direction, which contributed to high heat transfer augmentation ratios on smooth walls.

Tafti [23] studied quasi-DNS and LES methods on 96° and 128° grid resolutions
at bulk Reynolds number of 20,000. Experimental data by Rau et al. [24] were used to
compare results from LES with and without the dynamic Smagorinsky model (DSM). A
10% difference was seen with DSM compared to 20% difference without DSM. The
computational domain was used where a Ay* value was below 1 with 4 to 5 mesh points
within 10 wall units to resolve the near-wall turbulence. Also, wall coordinate values
between 5 to 30 were used in streamwise and spanwise directions, respectively. Tafti [23]
presented that overall heat transfer augmentation ratios and friction coefficient values
were underpredicted slightly compared to the experimental results by Rau et al. [24].
However, the major flow structures, turbulent parameters, and secondary flows were
captured accurately by the LES to within experimental uncertainty.

Abdel-Wahab [25] evaluated effects of Coriolis forces by using LES. Both 96°
and 128 grid resolutions were used with e/Dy, of 0.1 and p/e of 10 at a bulk Reynolds
number of 20,000. While using LES results of a stationary ribbed duct case by Tafti [23],

as previously mentioned, bulk rotation numbers of 0.18, 0.35, and 0.67 were evaluated
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with heat transfer. Overall, turbulent statistics and heat transfer results indicated an
increase in these variables on the trailing side due to Coriolis forces whereas the leading
side showed an opposite effect. In addition, heat transfer augmentation ratios resulted in
relatively asymptotic behavior beyond a bulk rotation number of 0.18 within 3.7 + 5% on
the trailing side whereas a consistent decrease in heat transfer augmentation ratios was
observed on the leading side. The friction factor was found to peak between bulk rotation
numbers of 0.18 - 0.35, after which there was a gradual decrease.

Comparing to the experimental data by Rau et al. [24], a validation of WMLES
was done by Patil [2]. While maintaining the grid resolution at 56 x 56 x 48 with a Ay™*
range from 20 to 30 at a bulk Reynolds number of 20,000, the near wall treatment
deviated by up to 10% in the frictional coefficient and within 8% difference in heat
transfer augmentation ratio values compared to experimental data by Rau et al. [24]. In
addition, a higher grid resolution of 72 x 72 x 64 with a Ay* range from 15 to 30 at an
identical bulk Reynolds number of 20,000 indicated a similar result within 10%
difference. In contrast, without the near wall treatment in 56 X 56 x 48 geometry, heat
transfer augmentation ratio values showed as much as 28% difference with 24%
difference in the Fanning friction factor.

Viswanathan and Tafti [29] investigated the effects of Coriolis forced and
centrifugal buoyancy in ribbed duct geometry by using detached eddy simulations (DES).
A bulk Reynolds number of 20,000 was used with bulk rotation numbers from 0.18 to
0.67 and effective buoyancy parameters, Bo, up to 0.29 where Bo = (Ap/po)(r/Dy)Ro?.
With an increase in buoyancy parameters at a bulk rotation number of 0.35, heat transfer

augmentation ratios on the trailing wall increased from 4.5 to 6.0 near the reattachment
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region whereas the leading wall slightly decreased. Similar to observations made by
Abdel-Wahab [25], both leading and trailing sides showed asymptotic behaviors of heat
transfer augmentation ratio values for different buoyancy parameters where the results
were within 7.5% of LES results by Abdel-Wahab [25].

Wagner et al. [30] presented a study on a two-pass orthogonal and circular ribbed
duct with a U-bend. At bulk Reynolds number of 25,000 with e/Dy, of 0.1 and p/e of 10,
different rotations were applied to study flow behavior with centrifugal buoyancy.
Different combinations of bulk rotation numbers of 0, 0.12, 0.23, and 0.35 and density
ratios of 0.07, 0.13, 0.18, and 0.22 were examined. With an increase in rotation numbers
at a fixed density ratio of 0.13, heat transfer ratio increased as much as approximately 40%
on the trailing side compared to 46% decrease on the leading side within the first pass
relative to the stationary case. In contrast, the trailing side second pass heat transfer ratio
decreased by approximately 47% whereas the leading side stayed relatively the same
within 15%. In addition, the leading side heat transfer ratio increased by 10% in the
second pass compared to the first pass. For the purpose of the study, which is a fully-
developed orthogonal ribbed duct with rotation, the measurements at x/Dy, = 8 are used in
order to avoid the entrance effect before the bend.

Parsons et al. [31] did an experimental study on rotating two-pass square channel
with 90° rib turbulators. Bulk Reynolds and rotation numbers were varied from 2,500 to
25,000 and 0 to 0.352, respectively. The rib parameters were e/Dy, of 0.125 and p/e of 10
where buoyancy effects were included in the study with different wall heating conditions,
which were constant temperature, constant heat flux, and a hotter trailing wall than

leading wall without any heat inputs on side walls (insulated). While holding a bulk
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rotation number at 0.088, bulk Reynolds numbers were varied from 5,000 to 10,000 to
observe effects of Coriolis forces. The results indicated that heat transfer augmentation
ratios showed minimal difference in both first and second passes of the channel. In
addition, compared to smooth wall results by Han et al. [32] with identical flow
parameters without rib turbulators, heat transfer augmentation ratios increased

approximately 2 to 3 times with rib turbulators.

4.3 Computational Model and Details

The computational model uses the fully-developed model mentioned in Chapter
2.3. The ribbed duct experiences a positive z-direction rotation at an angular velocity, w,
in rad/s. The governing flow equations are non-dimensionalized by a characteristic length

scale, which is a hydraulic diameter, D, and a characteristic velocity scale given by the

friction velocity, u, = \/m The assumed periodicity of the domain in the streamwise
or x-direction requires for the pressure and temperature to be decomposed into an inlet
value as mentioned in Chapter 2.

At a nominal bulk Reynolds number, Re,, of 20,000, a total of 4 cases are
examined for the ribbed duct flow. Bulk rotation numbers, Ro,, of 0, 0.09, 0.17, and 0.36
are simulated with WMLES where an additional stationary case without WMLES was
examined to validate the methodology. Re, and Ro,, are defined as follow:

__upDp

Rey, = (4.1)

v

Ro, = “2% (4.2)

b
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where u;, is the time-averaged bulk velocity, D, is a hydraulic diameter, v is the
kinematic viscosity of the medium, which is air for all cases, and w, is the angular
velocity about the z-axis.

The computational domain for the ribbed duct simulations is presented in Figure
4.1. The computational domain consists of approximately 4 x 10° cells, or 80 x 80 x 64
cells in i, j, and k directions where i is the streamwise direction, j is the wall-normal
direction, and k is the spanwise direction. A non-uniform grid distribution is used in x
and y directions with spacing values of approximately 0.006 and 0.006, respectively,
which are equivalent to Ax;* and Ay, * values of 21. A uniform grid distribution is used
in z direction with a spacing value of 0.016 or a Az* value of 52. These values were
based on the specified Re,, which is approximately 6,667 on average. The e/Dy, of 0.1 and
p/e of 10 are used for all simulations as previously mentioned. Wall boundary conditions
are set on both xy- and xz-planes whereas periodic boundary conditions are set on yz-
boundary planes.

The non-dimensional time step value of 1 x 10™* is used and time averaged for 5
non-dimensional time units. The momentum and pressure equations are solved implicitly
to the convergence criteria value of 1 x 107 at each time step. All ribbed duct cases
utilize 4 cores of an Intel Xeon Linux cluster. Each time step takes approximately 6.1 us
of wall clock time/grid node.

For the heat transfer analysis, Nusselt number is used where the local Nusselt

number is defined as:

1

Nu (4.3)

- Gs_eref
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where 8, is the surface temperature and 6, is the reference temperature with the use of
a constant heat flux boundary condition, or Neumann boundary condition. The reference
temperature is calculated based on the averaged temperature field across the geometry:

_ Jlluql6dA,
Ores = i laas 44

Then, the averaged Nusselt number is calculated based on the local Nusselt number:

— 1 1
Wu=t [ o 55 dS] (4.5)

where S is the appropriate surface for the averaged Nusselt number. In addition, the

averaged Nusselt number is normalized by the Dittus-Boelter equation:

Nugy = 0.023 - Rep® - Pro# (4.6)
The Fanning friction factor that is used for the ribbed duct analysis is defined as

follows:

1

f= (4.7

T 2-p?

All guantities are non-dimensionalized by wu, or uj unless specified. Also,
Reynolds number and rotation numbers are equivalent to bulk Reynolds number and bulk
rotation number, Re, and Ro,,, respectively. Stationary LES results are from Tafti [23]

and LES results with rotation are from Abdel-Wahab [25].

4.4 Validation of Wall Modeled LES of 90° Non-Staggered Ribbed Duct

A validation of 90° non-staggered ribbed duct was done based on experimental
results by Rau et al. [24] and LES results by Tafti [23]. While Patil [2] observed a
significant underprediction of mean Nusselt augmentation ratios and the Fanning friction

factor by as much as 28% without the near wall treatment for a coarser geometry, 56 X
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56 x 48, the current study indicates that the presented geometry does not show a
significant difference with and without the wall model. While in turbulent channel flow,
the wall heat transfer is mostly dependent on near-wall turbulence production, in a ribbed
duct, it is not as dependent on turbulence production in the vicinity of the wall. The
turbulent characteristics of a ribbed duct are mostly driven by the turbulence production
in the shear layers which form on the ribs, and which transport turbulence to near the
walls and augment heat transfer. Hence, overall heat transfer results are not as dependent
on the near wall model as in the case of canonical flows such as turbulent channel flow,
in which most of the turbulence production occurs in the near wall layer. This is
manifested in the high form losses in a ribbed duct which typically account for 90% of
the pressure losses.

The heat transfer and friction coefficient results from these calculations are
summarized in Table 4.1. The WMLES results are marginally better than without the
wall model, but no large differences as observed by Patil [2] are evident. The ribbed wall
Nusselt augmentation ratios with wall model showed 4% overprediction with respect to
LES, whereas approximately 10% overprediction was observed without the wall model.
Even though both cases showed an underprediction of approximately 20% for the rib
augmentation ratio values, the averaged smooth wall augmentation ratio value with wall
model showed 7% underprediction compared to 13% overprediction without wall model.
Consequently, the overall Nusselt augmentation ratios with ribs and the Fanning friction
coefficient values were reasonable well predicted within 5%. The reattachment length as
seen in Figure 4.7 is approximately 4.5 times the rib height compared to 4.2 times the rib

height with wall model in Patil [2] and 4.0 to 4.25 times the rib height by Rau et al. [24].
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Similar to the analysis that was done in the previous chapter with turbulent
channel flow calculations, volumetric flow rates are given in Figure 4.2. The near
constant value of the volumetric flow rate establishes that the flow has attained a steady
state. In addition, the time evolution of the spatially averaged Nusselt number on
different surfaces of the ribbed duct is plotted in Figure 4.3 for calculations with and
without the wall model. In all cases the Nusselt numbers remain stationary over the
period of time-averaging.

Figure 4.4 shows the streamwise velocity distributions at y/e = 0.1 against Rau et
al. [24], which are normalized to fit against p/e = 10 due to different pitch ratios. The
streamwise velocity decreases significantly shortly after the trailing edge of the rib in the
recirculation region. Upon flow reattachment, the streamwise velocity again till it
encounters the leading edge of the rib. The negative velocities are a result of the mean
junction eddy which forms at the leading edge. Figure 4.5 shows a superimposed plot of
the wall-normal velocity distribution at y/e = 0.1 against Rau et al. [24], which are also
normalized to fit against p/e = 10 due to different pitch ratios. The wall-normal velocity
steadily decreases until the reattachment location, and then increases. Compared to the
experimental data points, WMLES predicts both velocity distributions reasonably well.

In addition, turbulent profiles of WMLES are compared against LES results by
Tafti [23], which are normalized by u, for rms values and u? for —u'v’ as shown in
Figure 4.6. These profiles were extracted at the end of the computational domain (x/e =
4.5) at center plane (z = 0.5). All turbulent profiles are in very good agreement with the

wall-resolved LES results. The peak turbulent intensities are observed in the separated
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shear layer, which form on the ribs, indicating that the presence of the rib is instrumental

in the production of turbulence.

4.5 Results of 90° Ribbed Duct with Rotation at Re = 20,000

While maintaining a bulk Reynolds number at approximately 20,000, different
bulk rotation numbers with WMLES were analyzed against LES results by Abdel-Wahab
[25]. Coriolis forces stabilize and destabilize the flow on the leading and trailing sides of
the duct, respectively, and consequently affect the region of separation behind the rib,
which is a primary recirculation zone. Based on previous studies, there are four distinct
recirculation zones present; a small mean junction eddy at the front of the rib and on top
of the rib, a small counter-recirculation zone behind the rib, and a primary recirculation
zone behind the rib. As seen in Figure 4.7, for the stationary ribbed duct case, both
leading and trailing sides indicate the same flow field about the center where the
reattachment length is approximately x/e = 4.5. The primary difference is that the eddy
on top of the rib is not captured on either side of the geometry. This region is also absent
in other rotation cases except 0.70 rotation case on the trailing side as seen in Figure 4.8,
which appears to be due to effects of grid resolution. With an increase in bulk rotation
number, for Ro, of 0.70, the primary recirculation zone reattachment length on the
trailing side reduced by 11% relative to the stationary case with approximately x/e = 4.5.
In contrast, for Ro, of 0.36, the primary recirculation zone reattachment length on the
leading side is overpredicted by 33% compared to LES results as seen in Figure 4.9.
However, the trailing side reattachment length was reasonable within 13% difference

against LES data. In addition, the flow field about the center of the ribbed duct of
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WMLES results indicated that the flow is biased toward the trailing side whereas the
opposite effect is seen in LES results with Coriolis forces. Considering the behavior of
the reduction in primary recirculation zone reattachment length with an increase in
rotation numbers, the trailing biased flow field is expected. While Abdel-Wahab [25]
presented that the primary recirculation zone on the leading side increases by 56% at Ro,,
of 0.67, the presented study indicates that the reattachment length increased by 33%,
which was relatively constant compared to 0.36 bulk rotation number in WMLES case.

The mean wall-normal (v) and spanwise (w) velocities in different halves of Ro,,
of 0.36 are seen in Figure 4.10 to observe the secondary fluid motion, which drove the
flow in turbulent channel case at higher bulk rotation numbers. The wall-normal velocity
indicates a strong upwash movement near the smooth wall, which does not reach all the
way up to the leading side rib wall. As the flow moves away from the smooth wall, a
downwash movement is seen near the center of the geometry. The spanwise velocity on
the trailing side indicates a strong impingement of the flow on the smooth wall near the
rib on the trailing side, resulting in high Nusselt augmentation ratio values, which is seen
in Figure 4.21. In addition, the wall-normal and spanwise velocity contours indicate that
the secondary flow, or spanwise roll cells, moves closer to the trailing side with an
increase in rotation numbers where only two primary spanwise roll cells are evident from
these contours. The shift in spanwise roll cells was also observed in turbulent channel
flow in the previous chapter, which indicates that the secondary flow behavior is
relatively similar at higher rotation numbers.

The turbulent Reynolds stress values reflect the effect of Coriolis forces as well.

As bulk rotation number increases, the trailing side turbulent stresses increase whereas
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the leading side shows an opposite effect. Similarly, the effects on leading side shear
layer decrease as the bulk rotation number increases. For further analysis of how
Reynolds stresses vary at a high bulk rotation number, contour plots of Reynolds stresses
at 0.36 bulk rotation number is observed in Figure 4.11 and Figure 4.12 where each plot
is normalized by i1, fOr Uy s, Vyms, aNd Wy, and g for u'v' . The streamwise turbulent
fluctuation, u,s, in Figure 4.11 (a) indicates that in the separated shear layer on top of
the trailing side rib, the u,,,s values increase as high as 2.4 times compared to the
stationary case while an insignificant difference is found on the leading side at a bulk
rotation number of 0.36. Comparing WMLES to LES, the u,,, distribution in the trailing
side separated shear layer indicates that the WMLES over-predicts the strength of the
shear layer, which based on these values seems to maintain its strength further
downstream than that indicated by the LES. Conversely, WMLES seems to underpredict
Urms levels in the immediate wake of the rib.

The wall-normal fluctuation, v,,,,, in Figure 4.11 (c) indicates maximum values
in the separated shear layer as high as 2.1 times the stationary case on the trailing side.
As shown in Figure 4.11 (d) of LES results, the wall-normal fluctuations peak near the
front edge of ribs on the trailing side, which is also evident in WMLES results in Figure
4.11 (c). Both WMLES and LES predict this quantity in reasonable agreement with two
notable differences. WMLES underpredicts v, in the immediate wake of the ribs,
especially on the leading side. Additionally, higher values of v,,,, are predicted by the
LES in the trailing half of the duct. A similar discrepancy is also seen in u,,,s and Wy,
distributions. As rotation number increases, the secondary flow in the cross-section grows

in strength and is responsible for turbulent transport from the trailing wall to the center of

52



the duct. From these results it can be surmised that a weaker secondary flow is predicted
by WMLES.

The spanwise turbulent fluctuation, w,.,,s, exhibit peak values at the front of the
rib, which is the region of highly unsteady junction eddies. These eddies are also
responsible for the high heat transfer augmentation in this region on the ribbed walls.
These unsteady eddies also exist in stationary ducts and increase in strength on the
trailing side and decrease in strength on the leading side as the rotation number increases.
The predictions with WMLES and LES are in good agreement except for some of the
differences mentioned earlier. It is noted that the turbulence is largely anisotropic in the
shear layers and in the vicinity of the ribbed walls.

Comparisons of the turbulent shear stress, u'v’, are shown in Figure 4.12 (c) and
(d). The shear stress magnitudes are highest in the separated shear layers on the ribs as
expected and the WMLES predictions are in good agreement with LES with some minor
differences. As with the values of u,,,s, high values of turbulent shear stress persist
longer in the WMLES than LES.

Turbulent kinetic energy (TKE) contours are seen in Figure 4.13 and Figure 4.14
for all bulk rotation number cases. The effect of Coriolis forces on the TKE plot is not as
evident as individual Reynolds stresses as shown in the figures. While the leading side
TKE values decreases near the shear layer on top of the rib, TKE values of the shear layer
on the trailing side increases with an increase in rotation numbers up to Ro; of 0.36, after
which it decreases at the higher rotation number at 0.70. Similar to the discussion in
turbulent channel flow, with an increase in bulk rotation numbers, the secondary flow

appears to dominate the flow. This phenomenon leads to relatively steady TKE values at
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Ro,, of 0.70 on the trailing side while maintaining the low TKE region behind the rib. In
addition, compared to the stationary case, the size of this region behind the rib diminishes
up to 40% at Ro, of 0.36 where a small counter-recirculation zone resides, which is
evident in LES results as well. On the leading side, the size of the region behind the rib
increases compared to the stationary case whereas the shear layer TKE continues to
diminish as the bulk rotation number increases. In comparison to LES results, as seen in
Figure 4.14 (b), (d), and (f), contours of WMLES show relatively similar trends and
magnitudes where the most difference is seen for a bulk rotation number of 0.17.

For further analysis of TKE, a comparison plot of WMLES and LES results are
shown in Figure 4.15 in the center of the geometry (x = 1.0 and z = 0.5). Compared to
LES results in Figure 4.15 (b), WMLES results indicate a slight overprediction by up to 8%
for the stationary case and up to 15% for a 0.36 bulk rotation case. With an increase in
rotation numbers, the leading side TKE stays relatively constant within 11% difference at
most, which is also observed in LES results as seen in Figure 4.15 (b). With higher
rotation numbers at 0.09, 0.17 and 0.36, the maximum value of TKE values on the
trailing side increased by 6, 18, and 27% relative to the stationary case, respectively.
However, at Ro,, of 0.70, the TKE value decreased by 22% compared to 13% decrease in
LES results. Overall, the TKE distributions are in relatively good agreement between the
LES and WMLES with some overprediction of the maximum value at the trailing side.

Heat transfer analysis is done on the leading and trailing sides to observe the
effects of Coriolis forces and secondary flow motion. For the stationary case, as seen in
Figure 4.16 (a), the recirculation zone behind the rib has the lowest mean heat transfer. In

contrast, the region in front of the rib indicates the highest local mean heat transfer
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augmentation ratio due to an unsteady junction eddies, which is in accordance with
Reynolds stress analysis and the LES result shown in Figure 4.16 (b). As seen in Figure
4.16 and Figure 4.17, the mean heat transfer augmentation ratio values on the leading
side in front of the rib decreases with an increase in rotation numbers. In addition, the low
heat transfer augmentation ratio region behind the rib continues to increase further
downstream with decrease in heat transfer augmentation ratios, which is due to an
increase in the size of the recirculation zones behind the rib as seen in Figure 4.8, and is
also evident in LES results in Figure 4.16 (c) and Figure 4.17. The WMLES tends to
overpredict the extent of these regions compared to LES. The opposite effect is seen on
the trailing side in Figure 4.16 (d) and Figure 4.18. As the bulk rotation number increases
on the trailing side, the low heat transfer augmentation ratio region behind the rib
decreases consistently. In contrast, the extent of high heat transfer augmentation
increases in size and magnitude in the reattachment region which is due to the direct
effect of Coriolis forces and also due to the effect of the secondary flow. The shifting of
the zone of maximum heat transfer in LES from the spanwise center of the duct to off-
center at Ro, = 0.35 is a consequence of secondary flow impingement on the trailing wall.
This shift is not captured well by WMLES. While the zone of high heat transfer in
WMLES spreads in the spanwise direction toward the smooth walls, the maximum heat
transfer mostly occurs at the center. Another difference between LES and WMLES is the
high heat transfer augmentation at Ro, = 0.70 compared to the LES results. The WMLES
results, as seen in Figure 4.18 (e), indicate that the shear layer from the rib is stronger and
persists further downstream, which result in as much as 23% difference compared to the

LES result in Figure 4.18 (f). This could also be due the fact that the WMLES calculation
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does not capture the secondary flow to its full extent, which tends to disrupt the shear
layer and transport it away from the trailing wall.

Mean streamlines and mean heat transfer augmentation ratios along the trailing
side centerline are superimposed in Figure 4.19. The high heat transfer augmentation
ratio in front of the rib is a result of unsteady junction eddies which form in this region
and is manifested as a mean recirculation zone. The heat transfer augmentation ratio is
low in the primary recirculation zone behind the rib but this recirculation zone reaches a
maximum value in the reattachment region. There appears to be overprediction of heat
transfer augmentation ratio by as much as 33% downstream of reattachment. As
previously mentioned, the overprediction of heat transfer augmentation ratio appears to
be due to an overprediction of the strength of the shear layer.

Heat transfer augmentation ratios of smooth walls were observed in Figure 4.20
and Figure 4.21. Unlike leading and trailing heat transfer augmentation ratio values, the
values on smooth walls are underpredicted by WMLES. While the impingement due to
secondary flow and spanwise velocity, as seen in Figure 4.10, cause a high heat transfer
augmentation ratio near the edge of the trailing side rib, the difference is as much as 35%
compared to LES results by Abdel-Wahab [25] for 0.35 rotation case (Figure 4.21 (c) and
(d)). However, the diminishing shear layer region on the leading side is evident with an
increase in rotation numbers whereas the region on the trailing side increases. The strong
upwash movement near the trailing side at Ro, of 0.36, as seen in Figure 4.10, is
reflected in the figure where 52% of the maximum heat transfer augmentation ratio is
maintained near the vicinity of the shear layer compared to 65% of LES results by Abdel-

Wahab [25].
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Heat transfer augmentation ratios on ribs are in accordance with the expectation
that the values are the highest near the leading edge of the rib on both leading and trailing
sides whereas augmentation values are the lowest behind the ribs. Unlike LES results by
Abdel-Wahab [25] where a larger part of the windward face of the rib on the trailing side
shows high heat transfer augmentation ratios, WMLES results indicate a much smaller
region. In addition, LES results indicate that there is a small region near the front edge of
the top surface on the trailing rib where heat transfer augmentation ratio value is low,
which increases downstream as shown in Figure 4.23 (b). The opposite effect is seen in
WMLES results where the front edge of the top surface on the trailing rib indicates high
heat transfer augmentation ratios, which decreases downstream (Figure 4.23 (a)). This is
due to the fact that the coarser grid resolution used in WMLES is unable to capture the
small recirculation zone which forms in this region.

Furthermore, comparisons of various heat transfer augmentation ratio and losses
against LES results by Tafti [23] and by Abdel-Wahab [25] are seen in Table 4.2. While
most of the heat transfer augmentation ratio results show that WMLES is in agreement
with LES results, significant underpredictions of heat transfer augmentation ratio on the
ribs are observed as seen in Figure 4.22 and Figure 4.23. Overall heat transfer
augmentation ratios with ribs show 11% underprediction compared to 28%
underprediction for ribs alone. Both the leading and trailing side augmentation ratio
values are predicted within 10% by WMLES but the difference in augmentation ratio on
the leading side increases with increase in rotation.

In addition to heat transfer augmentation ratio values, form drag losses and the

Fanning friction factor are analyzed. Form and friction losses indicated relatively good
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comparisons with LES results to within 10% difference whereas for Ro,, of 0.17 and 0.36,
the frictional losses remain relatively constant to within 5%. Also, Coriolis forces do not
appear to significantly affect either form drag or frictional losses as seen in Table 4.2.
Heat transfer augmentation ratio variations of leading and trailing sides are
examined for all bulk rotation numbers as seen in Figure 4.24. In conjunction with LES
results by Abdel-Wahab [25], experimental data by Wagner et al. [30] are also used to
compare the augmentation variations. While bulk Reynolds number and geometry were
identical to Abdel-Wahab [25], Wagner et al. [30] included the effects of buoyancy with
a density ratio at 25,000 bulk Reynolds number, which are different from the present
study. Also, the rib arrangement was staggered with circular ribs with e/D;, = 0.1 and
p/e = 10. However, the fully developed region data at x/Dy, = 8 were extracted for the
comparison with the density ratio of 0.13 (Ap/p = 0.13). For the experimental data, one-
to-one match with the present study is hard to justify. However, the data nevertheless
gives some indication of experimental values, which are valuable. At Ro, of 0.09, the
leading and trailing side heat transfer augmentation ratios are overpredicted by
approximately 14% on average whereas at Ro;, of 0.17, both sides are approximately the
same against LES results. At Ro,, of 0.36, WMLES tends to overpredict the heat transfer
augmentation ratio on the trailing and leading sides. For 0.70 bulk rotation number, the
leading and trailing side augmentation values differ by approximately 16%, which are
reasonable. Considering the dominant secondary flow presence at high bulk rotation
numbers in these chapters, a bulk rotation number of 0.70 is expected to stay relatively
constant compared to the value of 0.36 rotation number. In spite of these differences,

WMLES compares favorably with LES results within 16% difference.
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4.6 Conclusions

The wall model was able to capture the gross effects of Coriolis forces in a ribbed
duct. The flow destabilization on the trailing side and stabilization on the leading side of
the duct were identified through analysis of recirculation zones, turbulent stresses and
heat transfer augmentation ratios. The WMLES tended to overpredict the recirculation
region on the leading side compared to LES. Overall, the turbulent stresses were
predicted with good accuracy. From indirect evidence, it was surmised that the secondary
flow was not resolved as well as it should have. This affected the value and region where
maximum heat transfer occurred on the trailing wall as the rotation number increased,
where the secondary flow supposedly gets stronger and starts influencing the flow
dynamics in the duct. In addition, heat transfer augmentation caused by direct
impingement on the windward face of the rib was grossly underpredicted. It is not clear
whether this is a result of deficiencies in the wall model or the coarser grid resolution
which was used. Overall, trailing and leading wall heat transfer augmentations were
predicted to within 16% of LES, while reducing the cost of simulations by a factor of 10 -

20.
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4.7 Tables

Table 4.1 The summary of ribbed duct calculation with and without wall treatment

against wall resolved LES by Tafti [23] and experimental data by Rau et al. [24].

With Wall Without Wall WRLES Experiment
Treatment Treatment (Tafti [23]) (Rau et al. [24])
Mesh Size 80 x 80 x 64 80 x 80 x 64 | 128 x 128 x 128 | Not applicable
(X v, 2)
Re, 6,662 6,664 6,667 Not applicable
Re 19,999 19,775 20,000 30,000
b
Form Drag 90 91 91 85
Loss (%)
Reattachment 45 43 4.1 4010 4.25
Length (x,./e)
Nu/Nuy, (Nuy = 0.023 - Rel® - Pro*)
Ribs 2.32 2.34 2.89 Not applicable
Smooth 1.75 1.65 1.89 2.05
Overall with 2.14 2.17 2.23 Not applicable
Ribs
Overall 211 2.14 214 221
without Ribs
flfo (fo =0.046" Reb—o.z)
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Table 4.2 The summary of ribbed duct calculation of all rotation cases. LES results

by Tafti [23] are used for the stationary case and LES results by Abdel-Wahab [25]

for non-zero rotation cases.

WMLES | LES | WMLES | WMLES | LES | WMLES | LES | WMLES | LES
Mesh | 80x80x64 | 128° | 80x80x64 | 80x80x64 | 128> | 80x80x64 | 128° | 80x80x64 | 128°
Re, 6,662 6,667 6,662 7,003 6,660 7,003 6,660 7,003 6,660
Rep 19,999 | 20,000 | 19,182 20,478 18,821 | 19,172 [18,981| 20,047 | 19,980
Ro, 0 0 0.27 0.5 0.5 1.0 1.0 2.0 2.0
Rop 0 0 0.09 0.17 0.18 0.36 0.35 0.70 0.67

% Form 87 87

90 91 91 89 93 89 91

Losses

Nugpg/Nug (Nug = 0.023 - Re,*® - Pro4)

Ribs 2.32 2.89 2.46 2.42 3.38 2.48 2.97 2.45 2.78
Leading 2.50 2.4 1.89 1.64 1.71 1.63 1.36 1.43 1.18
Trailing 2.50 2.4 3.46 3.62 3.7 3.94 3.63 4.41 3.76
Smooth 1.75 1.89 1.96 2.02 2.32 2.14 2.32 2.35 2.45
Overall 2.14 2.23 2.32 2.33 2.62 2.45 2.48 2.60 2.50

flfo (fo=0.046-Re, "?)

Overall 8.7 8.6 9.4 9.3 9.8 10.4 9.6 9.62 8.75
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4.8 Figures
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Figure 4.1 The computational domain for ribbed duct.
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Figure 4.2 Volumetric flow rates over a non-dimensional time unit for cases with the

near wall treatment and without the near wall treatment.

62



200

180

160

120

100

80

L NILE L L LI A O I

Wall Model, Rib Front

Wall Model, Rib Rear

Wall Model, Leading & Trailing Averaged

Wall Model, Smooth Walls Averaged

Without Wall Model, Rib Front

Without Wall Model, Rib Rear

Without Wall Model, Leading & Trailing Averaged
Without Wall Model, Smooth Walls Averaged

Figure 4.3 Mean Nusselt values over a non-dimensional time unit for cases with the

near wall treatment and without the near wall treatment for different walls.

Leading and trailing walls are averaged along with both smooth walls, separately.
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Figure 4.4 Mean streamwise velocity distribution along streamwise direction at y/e =

0.1and z=0.5.
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Figure 4.5 Mean wall-normal velocity distribution along streamwise direction at y/e

=0.1and z=0.5.
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Figure 4.6 Turbulent profiles at center plane (z = 0.5) for a bottom half of the

domain at x/e = 4.5 downstream of the rib.

64



Leading

1 -
%
08
0.7 —
0.6 —
> 05 : Eﬁ';iﬁ?v‘&‘iﬂms
0.4 —
0.3 -
F
02
0.1 e
0 O\‘ﬁ* =
Trailing X

Figure 4.7 Mean flow streamlines of the stationary ribbed duct case.
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Figure 4.8 Mean flow streamlines of different rotation numbers at a center plane

1

09

08

07

0.6

05

04

03F

0.2F

05

01

oE

Leading

e W !

= Re,=20,000
Ro,=0.17, WMLES

/ [N

Trailing X

(d)

(z=0.5): (2) Ro=0.09 (b) Ro=0.17 (¢) Ro = 0.36 (d) Ro = 0.70.

66



Leading 1=
09 F
08
07T
s T Re,=20,000
06 Ro,=0.35, WRLES
> osf T Res20000 > o05F o
. Ro,,-oas WMLES E ————————
T 04 e
7
03 e
s e
02
0.1 F
: ok .
Trailing X 0 05 1
Trailing X
(@) (b)

Figure 4.9 Mean flow streamlines of WMLES and LES at a center plane (z = 0.5):

() Ro =0.36 WMLES (b) Ro = 0.35 LES by Abdel-Wahab [25].
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Figure 4.10 Mean wall-normal and spanwise velocities in two symmetric halves of

the ribbed duct cross-section for Ro = 0.36 at a rib center (x = 0.5).
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Figure 4.13 Turbulent kinetic energy (TKE) contours of different rotation numbers
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Figure 4.14 Turbulent Kkinetic energy (TKE) contours of different rotation numbers

at a center plane (z = 0.5). Left column of contours (a, ¢, and e) are WMLES results

whereas right column of contours (b, d, and f) are LES results.
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Figure 4.15 Turbulent kinetic energy (TKE) comparison plots of different rotation

numbers at x = 1.0 and z = 0.5: (a) WMLES results (b) LES results by Abdel-Wahab
[25].
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Figure 4.16 Mean Nusselt contour of half domain for the stationary case (leading
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Figure 4.17 Mean Nusselt contour of half domain for different rotation numbers on

Leading

leading sides. The flow moves from left to right. Left column of contours (a, ¢, and e)

are WMLES results whereas right column of contours (b, d, and f) are LES results.
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Figure 4.18 Mean Nusselt contour of half domain for different rotation numbers on

trailing sides. The flow moves from left to right. Left column of contours (a, ¢, and e)

are WMLES results whereas right column of contours (b, d, and f) are LES results.
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Figure 4.19 Mean Nusselt variation on the trailing side superimposed with mean

flow streamlines against LES mean Nusselt variation on the trailing side by Abdel-

Wahab [25] (z = 0.5 for mean flow streamlines).
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Figure 4.20 Mean Nusselt contour of a half domain on smooth wall: (a) WMLES Ro

=0 (b) LES Ro = 0. () WMLES Ro = 0.09.
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Figure 4.21 Mean augmentation contours for all rotation numbers on smooth walls:

Trailing

Left column (a), (c), and (e) are WMLES, right column (b), (d), and (f) are LES.
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Figure 4.22 Mean Nusselt number contours split into two halves for Ro = 0.36 on the

leading side: (a) WMLES (b) LES.
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Figure 4.23 Mean Nusselt number contours split into two halves for Ro = 0.36 on the

leading side: (a) WMLES (b) LES.
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Figure 4.24 A comparison plot of WMLES, LES by Abdel-Wahab [25], and
experimental data by Wagner et al. [30] for heat transfer augmentation ratios for

different rotation numbers.
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Chapter 5 Wall Modeled Large-Eddy Simulations of 45° Staggered

Ribbed Duct with Heat Transfer

5.1 Introduction

In this chapter, a stationary fully-developed flow in an angled rib duct is
investigated with the wall model. The 45° angled rib is characterized by strong secondary
flows, which would test the robustness and prediction accuracy of the wall model at a
high bulk Reynolds number of 49,000. Both velocity and heat transfer results are
calculated and compared to the experimental data of Chanteloup et al. [33] and LES
results by Abdel-Wahab [25] with grid resolution Ay;" < 1. The simulations are
performed at a bulk Reynolds number of 49,000 with (rib height to hydraulic diameter
ratio) e/Dy, of 0.1 and (rib pitch to height ratio) p/e of 10 rib parameters.

The 45° angled rib orientation causes the formation of helical vortices behind the
ribs, and strong secondary flow motion in the cross-section of the duct. The effect of
these motions on turbulence and heat transfer augmentation is investigated. High heat
transfer is found at the origin of the helical vortex when it is close proximity to the
surface and in the region where the secondary flow impinges on the side walls of the duct.
The results compare reasonably well with previous LES and experiments, except the

secondary flow structure, which is found to be biased toward one side of the duct.
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5.2 Literature Review

Liou et al. [34] investigated a 45° rotating rib-roughened rectangular duct with an
aspect ratio of 0.5 at 5,000 to 15,000 bulk Reynolds numbers, 0 to 2 bulk rotation
numbers, and 0.07 to 0.28 density ratios. The staggered rib setup included e/Dy, of 0.1 and
p/e of 10 rib parameters where a constant heat flux boundary condition was used in the
experiment. Compared to the Dittus-Boelter relation, the heat transfer augmentation was
enhanced by 1.6 to 4.3 times relative to a stationary case. As the bulk Reynolds number
increases, secondary flow motions, or flow impingements, enhance fluid mixing resulting
in higher heat transfer values. However, a decrease in heat transfer values was evident
with increase in bulk Reynolds numbers.

Han et al. [35] performed experiments on 90, 75, 60, 45, 30, and 15° angled ribs
over bulk Reynolds numbers of 7,000 to 90,000. The e/Dy, of 0.063 was maintained where
p/e of 10 to 20 was varied based on the rib angles. The test section included 36
thermocouples where 4 heated parallel aluminum plates were used as heat sources. Based
on a series of data points, correlations of friction factors and Nusselt numbers were found,
which accounted for rib height, rib spacing, rib angle, and bulk Reynolds numbers. The
study indicated that for p/e of 10, a 90° angled rib enhanced the average Nusselt number
by approximately 2 times and average friction factor by 4 to 6 times compared to a
smooth duct geometry. In particular, a 45° angled rib showed 25% higher Nusselt number
compared to a 90° angled rib where p/e of 10 indicated better performance than p/e of 20.
Furthermore, a 45° angled rib with p/e of 10 resulted in higher efficiency compared to
other rib parameter combinations where the efficiency was calculated based on the

pumping power requirement for different rib parameters.
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In addition, Han and Park [36] studied 90, 60, 45, and 30° angled ribs for bulk
Reynolds numbers from 10,000 to 60,000 with aspect ratios of 1, 2, and 4. The e/Dy, of
0.047 was used for aspect ratios of 1 and 2 whereas the e/Dy of 0.078 was used for an
aspect ratio of 4 with p/e of 10 to 20 variations for different rib angles and bulk Reynolds
numbers. Compared to the previous study by Han et al. [35], which used an aspect ratio
of 1, the study showed as much as 30% increase in heat transfer values for 30 to 45°
angled ribs with aspect ratios of 2 and 4 relative to the transverse ribs (90°) while
maintaining the pumping power for all cases. In addition, the secondary flow motion near
top and bottom walls reflected the direction of the impingements due to vortices
generated by angled ribs where heat transfer values were significantly affected by
secondary flow motion in downstream (x/Dy, > 3).

Bonhoff et al. [37] combined efforts to validate experimental data with 3 different
turbulence models using FLUENT. A bulk Reynolds number of 50,000, e/Dy, of 0.1, and
p/e of 10 were used in a staggered rib setup. Particle image velocimetry (PIV) was used
to measure 3 mean velocity components and 6 Reynolds stresses. A structured mesh was
used in these simulations where the Reynolds-averaged Navier-Stokes (RANS)
methodology was used with 3 different turbulence models: the standard k — & model with
wall functions, the differential Reynolds stress model (RSM) with wall functions, and
two-layer k — e model. Compared to the experimental data in velocity profiles,
streamwise velocity profiles were overpredicted whereas wall-normal velocity profiles
were underpredicted in simulations. However, spanwise velocity profiles showed
reasonable agreements in the outer layer. In addition, friction factor, Nusselt number, and

efficiency values were compared against the correlation found in Han et al. [35]. The
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results indicated that RSM with wall functions showed relatively favorable results
compared to other CFD simulations. Details of the experimental and computational setup
are further discussed in Bonhoff et al. [37].

Similarly, Chanteloup et al. [33] did a study on 45° angled ribs at a bulk Reynolds
number of 50,000 with e/Dy, of 0.1, and p/e of 10. Investigations were done based on the
previous study by Han and Park [36]. Also, the 16" rib module was shown to be fully-
developed where all measurements were taken downstream of this region. For heat
transfer measurements, a transient liquid crystal technique was used to monitor the
surface temperature where thermocouples were placed along the passage to measure the
gas temperature. In addition, PIV and heat transfer uncertainty analysis were done based
on other literature mentioned in this paper, which indicated an uncertainty of within 10%.
Compared to the friction factor by Han and Park [36], the result indicated as much as 30%
difference, which appeared to be due to a difference in aspect ratio. The flow
characteristics showed that the secondary flow motion consisted of 2 counter-circulating
vortices along the spanwise direction where the flow impingements due to the rib
orientation showed as high as 0.3 of u,; on the outer wall at approximately 1 rib height
above the ribbed walls. Also, heat transfer augmentation ratios were the highest behind
the rib towards the inner wall as much as 6 times the Dittus-Boelter correlation value of
the smooth duct. Furthermore, high heat transfer region on the outer wall due to flow
impingements induced by vortex generations by the angled ribs was also found.

Abdel-Wahab [25] simulated 45° angled ribbed duct case at a bulk Reynolds
number of approximately 47,000. LES was used to simulate the case with experimental

data by Chanteloup et al. [33] to validate results. The mesh size was 160 x 128 x 128 in
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X, Y, and z directions where the first mesh point was placed at A* < 1 with 4 to 5 mesh
points placed within 10 wall units. Compared to experimental data, LES results indicated
less than 15% difference in heat transfer values and a close match against velocity

profiles.

5.3 Computational Model and Details

The fully-developed computational model in Chapter 2.3 is used to simulate one
pitch of the duct with two staggered ribs. A nominal bulk Reynolds number, Re; of
49,000 is simulated with and without the wall model. Re,, is defined as follows:

_ upDp

Reb =, (51)

where 1, is the time-averaged bulk velocity, Dy, is a hydraulic diameter, and v is the
kinematic viscosity of the medium, which is air for all cases.

The computational domain for the ribbed duct simulations is presented in Figure
5.1. The computational domain consists of approximately 6.4 x 10> cells, or 100 x 80 x
80 cells in i, j, and k directions where i is the streamwise direction, j is the wall normal
direction, and k is the spanwise direction. A non-uniform grid distribution is used in x, y,
and z directions with spacing values of approximately 0.00176, 0.00176, and 0.00462,
respectively, which are equivalent to Ax;* and Ay, " values of 16 and a Az* value of 43.
These values were based on the specified Re,, which is approximately 18,610. The e/Dy,
of 0.1 and p/e of 10 are used for all simulations as previously mentioned. Wall boundary
conditions are set on both xy- and xz-planes whereas periodic boundary conditions are set

on yz-planes. A constant heat flux is specified at all walls and the ribs.
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The non-dimensional time step value of 1 x 10~* is used and time averaging is
done for 5 non-dimensional time units to obtain mean quantities. The momentum and
pressure equations are solved implicitly to the convergence criteria value of 1 x 107° at
each time step. All ribbed duct cases utilize 4 cores of an Intel Xeon Linux cluster. Each
time step takes approximately 12.8 ps of wall clock time/grid node.

For the heat transfer analysis, the local Nusselt number is calculated as:

Nu !

= 8i=0re; (5.3)

where 6; is the surface temperature and 6. is the reference temperature. The reference
temperature is calculated based on the averaged temperature field across the geometry:

_ ff|u1|9dAx
Ores = fituslan, 6.4)

Then, the averaged Nusselt number is calculated based on the local Nusselt number:

— 1 1
Nu = /lg as ['UQ O5—Ores dS] (35)

where S is the appropriate surface for the averaged Nusselt number. In addition, the

averaged Nusselt number is normalized by the Dittus-Boelter equation:

Nugy = 0.023 - Rep® - Pro# (5.6)
The Fanning friction factor that is used for the ribbed duct analysis is defined as

follows:

f=57= (5.7)

All quantities are non-dimensionalized by u, or u2 unless specified where wu,, is
equivalent to U,,,.q4n. Also, Reynolds number (Re) is equivalent to the bulk Reynolds

number, Re,,.
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5.4 Results of 45° Ribbed Duct at Re = 49,000

The results of WMLES was compared to LES results by Abdel-Wahab [25] and
experimental data by Chanteloup et al. [33] as seen in Table 5.1. While form drag and
frictional losses do not indicate significant differences, heat transfer augmentation ratios
indicate mixed results compared to LES and experimental results. While heat transfer
augmentation ratio of ribbed walls lie between LES and experimental results, heat
transfer augmentation ratios on the ribs are underpredicted. On the other hand, the
augmentation is overpredicted at the inner and outer walls. These prediction trends are
similar to those observed in orthogonal ribbed ducts. Overall heat transfer with wall
treatment shows results within 6% of the experimental value where experimental
uncertainty was +5%.

For further analysis, mean flow streamlines are superimposed with averaged
surface Nusselt contours of a ribbed wall and outer wall as shown in Figure 5.2. The rib
induced helical vortices form behind the rib, resulting in high local heat transfer near the
origin of the vortex. These helical vortices with the secondary flow motion cause flow
impingement on the outer wall, which increases heat transfer. However, in the wall
modeled calculation, the vortex structure emanating from the top rib does not result in the
same level of augmentation as the bottom rib. This contrary to that found in the wall-
resolved LES calculations as seen in Figure 5.2 (b). Figure 5.3 shows the secondary flow
motions in a plane parallel to the rib at half pitch between ribs.

Velocity profiles were analyzed to observe the accuracy of WMLES where each
velocity was normalized by a mean velocity, U,,.q.n- AS Seen in Figure 5.4 (a), the

streamwise velocity profile differs considerably from experiments and LES and is biased
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toward the bottom wall. Figure 5.4 (b) and (c), which are wall-normal and spanwise
velocity profiles, also indicate that the secondary flow is not well captured by the wall
modeled LES.

Figure 5.5 shows contour plots of TKE at different z locations where the right
column of the figure shows mean flow streamlines superimposed with TKE contour plots
to better illustrate how helical vortices contribute to TKE values. At z = 0.25, there are 2
distinct regions where significant TKE is present: on top of the ribs and behind the ribs
where the helical vortex originates. As the plane moves toward the outer wall at the
bottom, the high TKE region increases in size along the direction of the helical vortex,
which becomes more turbulent due to mixing. However, the top half of the geometry
shows a different pattern compared to the bottom half. As the cross-sectional plane (xy-
plane) moves toward the outer wall, the helical vortex diffuses or breaks up and does not
maintain any coherency. Consequently, TKE values are more diffused and lower than at
the bottom wall.

In addition, TKE contour plots at half pitch between ribs were examined as seen
in Figure 5.6 and Figure 5.7. As expected, the figures are in accordance with the direction
of helical vortices and secondary flow induced by the ribs. Figure 5.6 (a) shows a close
match near the bottom ribbed wall with LES results (Figure 5.6 (b)). In contrast, near the
top ribbed wall, high TKE values are associated with this region, which could be the
remnants of the vortex from the previous rib. As seen in Figure 5.7 (a), which is plotted
behind the top side rib, the region associated with the vortex is larger with lower values

of TKE.
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Trends similar to TKE are also found in the turbulent shear stress u’v’ contour
plots at z = 0.25, 0.50, and 0.75 as seen in Figure 5.8. While the distributions are quite
similar at the origin of the vortex on the top and bottom walls, the top vortex structure
diffuses or breaks up as it moves toward the outer wall.

Heat transfer augmentation ratios of the bottom ribbed wall and outer wall are
observed in Figure 5.9. The rib induced helical vortices behind the rib enhances heat
transfer and is within 7% of experimental data by Chanteloup et al. [33]. The overall heat
transfer contours indicate good agreement on the bottom ribbed wall whereas
underprediction of heat transfer on the outer wall is seen near the vicinity of the top rib.
This is in contrast to the experimental and LES results, which are symmetric about the
centerline. The extent and level of heat transfer augmentation is overpredicted on the
outer wall in the region of impingement at the bottom rib.

The inner wall heat transfer augmentation ratios are analyzed against LES results
by Abdel-Wahab [25] as seen in Figure 5.10. The shear layer formation on top of ribs
enhances heat transfer. WMLES results, Figure 5.10 (a), shows slight overprediction
compared to LES results in Figure 5.10 (b). However, unlike LES results where heat
transfer is significantly enhanced by as much as 80% at the center, WMLES results show

a maximum of 68% increase in heat transfer.

5.5 Conclusions
WMLES of fully developed 45° angled ribbed duct is presented with heat transfer
and compared against computational and experimental data at a bulk Reynolds number of

approximately 50,000. LES with the near wall treatment reduced computational resources
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by a factor of 4 compared to traditional LES. One of the major factors which affected the
predictions was the large asymmetry observed in the secondary flow between the top and
bottom ribbed walls. Similar to the orthogonal ribbed duct cases, approximately 5%
difference was observed with calculations without wall modeling. Despite these
differences, TKE and u'v' contour plots were within 9% of LES. Surface-averaged heat
transfer augmentation results were within 7% of experimental data, and the overall heat

transfer augmentation ratio was within 6% difference.
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5.6 Tables
Table 5.1 The summary of ribbed duct calculation with and without wall treatment
against wall resolved LES by Abdel-Wahab [25] and experimental data by

Chanteloup et al. [33].

WRLES Experiment
With Wall Without Wall
Abdel-Wahab Chanteloup et al.
Treatment Treatment
[25] [33]
Mesh Size
100 x 80 x 80 | 100 x 80 x 80 | 160 x 128 x 128 | Not applicable
xy,2)
Re, 18,610 18,610 Not applicable Not applicable
Re, 49,562 49,419 47,304 50,000
Form Drag
86 85 Not applicable Not applicable
Loss (%)
Nu/Nu, (Nuy = 0.023 - Re)® - Pro4)
Ribs 3.02 3.14 3.44 Not applicable
Ribbed
2.52 2.63 2.37 2.78
Walls
Inner Wall 2.03 2.25 1.88 1.65
Outer Wall 2.70 2.74 2.55 2.23
Overall 2.49 2.61 2.29 2.34
flfo (fo =0.046 - Re, %)
Overall 13.32 13.39 13.80 12.49
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5.7 Figures

(@) (b)

Figure 5.2 Mean flow streamlines superimposed on the average surface Nusselt
number contours: (a) WMLES at Re = 49,000 where flow moves from right to left (b)

LES by Abdel-Wahab [25] at Re = 47,000 where flow moves from left to right.
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Figure 5.3 Mean secondary flow in a plane parallel to ribs at a half pitch: (a)
WMLES at Re = 49,000 (b) LES by Abdel-Wahab [25] at Re = 47,000 (c)

Chanteloup et al. [33] at Re = 50,000.
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(o] Re,=50,000, Chanteloup et al. (o] Re,=50,000, Chanteloup et al.
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Figure 5.4 Comparison plot of averaged mean velocity profiles in the center of the
duct in a plane cutting through the middle of a top rib (x = 1, z = 0.5) against LES
and experimental data: (a) streamwise velocity profile (b) wall normal velocity

profile (c) spanwise velocity profile.
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Figure 5.5 Contour plots of turbulent Kinetic energy (TKE) and mean flow

streamlines at different spanwise locations: (a) z=0.25 (b) z = 0.50 (c) z = 0.75.
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Figure 5.6 Turbulent kinetic energy (TKE) at a plane in parallel to ribs (half pitch

infront of the top rib): (a) WMLES at Re = 49,000 (b) LES by Abdel-Wahab [25] at

Re =47,000.
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Figure 5.7 Turbulent kinetic energy (TKE) at a plane in parallel to ribs (half pitch

behind of the top rib): (a) WMLES at Re = 49,000 (b) LES by Abdel-Wahab [25] at

Re =47,000.
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Figure 5.8 Mean turbulent shear stress, u'v’, at different spanwise locations: (a) z =

0.25(b) z=0.50 (c) z=0.75.
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Figure 5.9 Averaged heat transfer augmentation ratios on a ribbed wall and outer

wall: (a) WMLES at Re = 49,000 (b) Chanteloup et al. [33] at Re = 50,000.
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Figure 5.10 Averaged heat transfer augmentation ratios on a inner wall: (a)

WMLES at Re = 49,000 (b) Abdel-Wahab [25] at Re = 47,000.
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Chapter 6 Wall Modeled Large-Eddy Simulations of Two-pass Smooth
Duct with U-Bend, Heat Transfer, Rotation, and Centrifugal

Buoyancy

6.1 Introduction

In this chapter the wall model is tested in a developing two-pass smooth duct with
a U-bend. Because of the developing nature of the turbulent flow, the synthetic eddy
method (SEM) is used to generate inlet conditions. In addition to the model evaluation in
previous chapters, these set of calculations test the performance of the wall model in
predicting very subtle secondary motions set up in a smooth square duct, its use with
property variations which have a large impact on heat transfer, and use in strong
streamline curvature and pressure gradients as they exist in the U-bend geometry.

Three main sets of primary calculations are performed based on the experiments
of Wagner et al. [38] on a two-pass duct of square cross-section with U-bend: the
stationary geometry at a bulk Reynolds number of 25,000, with rotation at a bulk rotation
number (Ro, = 0.238) at two density ratios of 0 and 0.13. To generate the mean and
turbulent statistics at the inlet, which are used as inputs to the SEM, an auxiliary
simulation for fully-developed duct flow is also performed. For flow analyses, mean
velocity and turbulent profiles are compared against the LES data by Madabhushi and
Vanka [39], and experimental data of Liou and Chen [40], and Liou et al. [41]. Heat
transfer predictions are compared to the experiments of Wagner et al. [38].

The effect of Coriolis forces on the first and second pass was clearly seen in

WMLES results due to the change in the direction of the flow. While the effect of the
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density ratio indicated a slight decrease in heat transfer values for stationary simulations,
heat transfer values of rotational simulations were enhanced with a significant increase
within the bend. Despite the uncertainty of the bend geometry (Wagner et al. [38]),
results indicated favorable comparisons based on flow and heat transfer analyses. It is
also found that the bend geometry appears to significantly affect both flow and heat

transfer values.

6.2 Literature Review

The primary investigation was done based on the experimental data by Wagner et
al. [38], which consisted of a series experiments at bulk Reynolds number of 25,000 with
bulk rotation numbers of 0, 0.118, 0.238, 0.350, and 0.475 conducted at density ratios of
0.07, 0.13, 0.18, and 0.22 with constant temperature boundary conditions. The inlet
pressure and temperature were set to approximately 10 atmospheres and 300K,
respectively, at a mean radius from the axis of rotation of R/D=49. Measurements were
done on two-passes including a U-bend for the stationary and 0.238 bulk rotation cases
with a density ratio of 0.13. With an increase in density ratios, heat transfer values in the
first pass were more responsive to the change in density ratio than the second pass.
Overall, with an increase in bulk rotation numbers, the first pass, outward flow, leading
side heat transfer augmentation ratio values decrease until approximately 0.2 bulk
rotation number. In contrast, the trailing side heat transfer values consistently increase
with an increase in bulk rotation numbers for the first pass. For the second pass, inward
flow, the leading side showed higher heat transfer values than the trailing side due to the

change in direction of Coriolis forces. The outer side wall heat transfer values indicated
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that the local heat transfer value was the highest at the center of the bend. The inner wall
heat transfer values were not measured within the bend but only for the first and second
passes.

Han et al. [32] did an experimental heat transfer study on a rotating two-pass
square channel with smooth walls. Bulk Reynolds numbers were varied from 25,000 to
2,500 for bulk rotation numbers from 0.0352 to 0.352 with a mean radius ratio of 30. For
thermal boundary conditions, constant wall temperatures on 4 walls, constant heat fluxes
on 4 walls, and trailing wall temperature hotter than leading wall with side walls
insulated were conducted with density ratios below 0.1. For a bulk rotation number of
0.352 and a density ratio of 0.1 with 4 walls at constant temperatures, the first pass
leading side indicated an decrease in heat transfer augmentation ratios, which then
increase downstream, whereas a consistent increase in heat transfer augmentation ratios
was observed on the first pass trailing side. The second pass heat transfer data indicated a
reversal effect. The overall difference between the leading and trailing sides’ heat transfer
augmentation ratios decreased on the second pass relative to the first pass heat transfer
data. In contrast, with uneven wall temperature boundary conditions, the overall heat
transfer augmentation ratios of all 4 sides indicated higher values compared to fixed
temperature and flux boundary conditions. Han et al. [32] noted that the results are due to
the secondary flow motion, which tends to drive the flow at higher rotation rates.

Johnson and Launder [42] conducted an experimental study on a heated square-
sectioned duct with U-bend at a bulk Reynolds number of approximately 56,000. The
ratio of a mean bend radius to hydraulic diameter of the duct was 3.35:1 with uniform

heat flux boundary conditions. Detailed observations were made on streamwise velocity
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profiles, u,.,,s profiles, and local Nusselt number variations within the two-passes and U-
bend. The streamwise velocity profile indicated that due to flow acceleration near the
inner wall and flow deceleration near the outer wall causes a velocity bias towards the
inner wall early in the bend. However, in the mid-bend location, the secondary flow
motion shifts the local velocity profile toward the outer wall. As the flow moves around
the bend and downstream, the velocity profile is biased towards the outer wall. Similarly,
the u,.,, profiles indicate slightly biased behavior towards the inner wall past the mid-
bend location. However, the u,,,s values at the outer wall recover downstream. In
addition, the outer wall to inner wall Nusselt number ratio exceeds by 3:1 compared to
approximately 2:1 in Seban and McLaughlin [43] where a curved circular pipe with a
mean bend radius to hydraulic diameter ratio of 104 with bulk Reynolds numbers from
6,000 to 65,600 for turbulent flow was used. The expectation of Johnson and Launder [42]
was to obtain higher Nusselt number ratios compared to Seban and McLaughlin [43] due
to a mean bend radius to hydraulic diameter ratio difference, which was not evident in the
study. For further analyses, Johnson and Launder [42] recommended a low Reynolds
number study on mean and turbulent quantities within the bend.

lacovides et al. [44] did an experimental study on a rotating two-pass with a
square-ended U-bend. The flow analyses was done at a bulk Reynolds number of 100,000
whereas a bulk Reynolds number of 30,000 was used for heat transfer analysis at a bulk
rotation number of 0.2. The bend inner radius to the duct hydraulic diameter ratio was
0.15 with Prandtl number of 5.9. The flow analyses indicated that due to a change in
Coriolis forces in the second pass, the mean velocity vectors were biased toward the

leading side, which translated to a heat transfer enhancement. Also, the heat transfer data

104



showed that Nusselt values were enhanced by approximately 2 times relative to the fully-
developed heat transfer value.

Liou and Chen [40] investigated a two-pass square smooth duct with bulk rotation
numbers of 0 and 0.082. Flow analyses were primarily done with a laser Doppler
velocimetry (LDV) to measure velocity and turbulent profiles at a bulk Reynolds number
of 14,000. The sharp 180° bend caused disturbances on the main flow up to 3 hydraulic
diameter, D;,, before the bend on the first pass and 11.2 D, downstream of the second
pass. Liou and Chen [40] further evaluated the flow by examining velocity and turbulent
profiles along with secondary flow motions within the bend. However, due to a
difference in the bend geometries, only fully-developed velocity and turbulent profiles
were extracted for comparisons in this chapter.

In addition, Liou et al. [41] observed the effects of different bulk rotation numbers
from 0 to 0.2 at a bulk Reynolds number of 10,000. LDV was used to measure velocity
and turbulent profiles where heat transfer analysis was also done in this study. The
analyses were done similar to Liou and Chen [40] with emphasis on velocity profiles,
turbulent profiles, and secondary flow motion at a higher bulk Reynolds number of up to
0.2. One of interesting observations was that with rotation, the averaged and maximum
magnitudes of secondary flow motion increased linearly with the bulk rotation number.
Both secondary flow magnitudes and heat transfer augmentation ratios indicated higher
rate of increase on the leading side than the trailing side as bulk rotation numbers
increase. Furthermore, heat transfer and turbulent kinetic energy were enhanced by as

much as 40% relative to the stationary data.
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Madabhushi and Vanka [39] did a computational study on a square duct by using
the LES method. A bulk Reynolds number of 5,810 in 65 x 65 x 32 grid size was used
with a wall-normal and spanwise wall coordinates of less than 10 and a streamwise wall
coordinate of approximately 70. The results indicated that the secondary fluid motion
exhibited 8-way symmetry about the diagonal axes. Predicted mean and turbulent profiles
were in reasonable agreement with experiments.

Patil [2] simulated a developing turbulent channel flow at a shear velocity based
Reynolds number, Re,, of 395 with WMLES and the synthetic eddy method (SEM).
Unlike the presented study in this chapter, a spatially repeating domain in spanwise
direction was applied to the domain. The computational domain size was 12md X 28 X
n§, which consisted of 768 x 96 x 128 in streamwise, wall-normal, and spanwise
directions. For the SEM, the DNS results of Kim et al. [18] at Re, of 590 were used to
generate 1,000 randomly placed artificial eddies to generate the inlet turbulence. Time-
averaged streamwise velocity and Reynolds stress profiles were compared at different
streamwise location to observe the accuracy of the SEM. Patil [2] observed that the
friction coefficient initially drops by approximately 3% but regains to the correct value
after 106, or 10 channel half widths. Similar observations were made on Reynolds
stresses profiles, which indicated that the SEM accurately modeled the inlet turbulence

with reference to the DNS results by Kim et al. [18].

6.3 Computational Model and Details of Fully-developed Smooth Duct Flow
The computational model uses the fully-developed model mentioned in Chapter

2.3. The governing flow equations are non-dimensionalized by a characteristic length
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scale, which is a hydraulic diameter, D;, and a characteristic velocity scale given by the

friction velocity, u, = \/W/p. The assumed periodicity of the domain in the streamwise
or x-direction requires pressure and temperature to be decomposed as mentioned in
Chapter 2.
At a nominal bulk Reynolds number, Re,,, of 25,000, the stationary simulation is
examined for the SEM input. Re,, is defined as follow:
__upDp

Reb = (61)

v

where 1, is the time-averaged bulk velocity, D, is a hydraulic diameter, and v is the
kinematic viscosity of the medium, which is air.

The computational domain for the smooth duct simulations is presented in Figure
6.1. The computational domain consists of approximately 5.5 x 10* cells, or 54 x 32 x
32 cellsin i, j, and k directions where i is the streamwise direction, j is the vertical wall-
normal direction, and k is the spanwise direction. A uniform grid distribution is used in X
direction with a spacing value of approximately 0.07, which is equivalent to Ax;* ~ 98.
A non-uniform grid distribution is used in y and z directions with spacing values of 0.03
or a Az* value of 41. These values were based on the specified Re,, which is
approximately 2,758. Wall boundary conditions are set on both xy- and xz-planes
whereas periodic boundary conditions are set on yz-boundary planes.

The non-dimensional time step value of 5 x 10™* is used and time averaged for
10 non-dimensional time units after a stationary state is reached. The momentum and
pressure equations are solved implicitly to the convergence criteria value of 1 x 10~° and

1 x 107° at each time step, respectively. The fully-developed smooth duct cases utilize 1
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core of an Intel Xeon Linux cluster. Each time step took approximately 15.0 us of wall
clock time/grid node.
All quantities are non-dimensionalized by u, or u? unless specified otherwise.

Also, Reynolds number is equivalent to the bulk Reynolds number, Re,,.

6.4 Computational Model and Details of Developing Smooth Duct with U-bend

The computational model assumes incompressible variable property flow with the
SEM described in Chapter 2.5. The developing smooth duct with U-bend consists of 4
smooth walls, which experiences a positive z-direction rotation at an angular velocity, w,
in rad/s. The governing flow equations are non-dimensionalized by a characteristic length
scale, which is a hydraulic diameter, D, and a characteristic velocity scale given by the
bulk velocity, u,,.

At a nominal bulk Reynolds number, Re;, of 25,000, the smooth developing duct
was examined for bulk rotation numbers, Ro,,, of 0 and 0.238 with density ratios of 0 and

0.13. Re,, and Ro,, are defined as follow:

Re, = “22% (6.2)
Ro, = Wa—i’h (6.3)

where u;, is the time-averaged bulk velocity, D, is a hydraulic diameter, v is the
kinematic viscosity of the medium, which is air for all simulations, and w, is the angular
velocity in z-axis.

The computational domain for the developing smooth duct simulations is

presented in Figure 6.2 (a), which is based on the experimental apparatus from Wagner et
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al. [38]. While the first and second pass geometry is well defined, the bend geometry is
not well defined in the paper. We have reproduced the bend geometry as closely as we
could based on visual observations of Fig. 1(b) in Wagner et al. [38]. The nominal bend
ratio (the mean bend radius to hydraulic diameter of the duct) is kept at approximately
1.55:1. The approximated bend geometry introduces an increase in cross-sectional area at
the beginning of the bend followed by a converging section at the center of the bend.
Unfortunately, the geometry will have an impact on the flow and heat transfer observed
in the bend, and the geometric uncertainty will prevent an exact one-to-one comparison
with the experiments.

For the presented study, two different grid sizes are used. The coarse mesh
consists of approximately 6.3 x 10> cells, or 620 x 32 x 32 cells in i, j, and k directions
where i is the streamwise direction, j is the vertical wall-normal direction, and k is the
spanwise direction. The fine mesh consists of approximately 7.4 x 10° cells, or 720 x 32
x 32 cells in i, j, and k directions. A non-uniform grid distribution is used in y and z
directions with spacing values of approximately 0.03 for both directions, which is
equivalent to Ay, * and Az, values of 41. These values were based on the specified Re,,
which is approximately 2,758 on average.

The difference between two grid sizes is the streamwise grid resolution within the
bend. Compared to a uniform grid distribution in the first and second straight passes with
a spacing value of 0.07, which is equivalent to Ax* value of 98, a higher grid resolution
is used within the bend in an attempt to better capture the flow physics. Specifically in
the bend, Ax,* for the coarse grid is 36, or a spacing value of 0.026, and Ax;* for the

fine grid is 18, or a spacing value of 0.013.
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Both the inlet and exit lengths were increased by approximately 3D, in the
computational domain to have smooth transitions at the inlet and exit. However, the
constant temperature boundary condition was applied only within the region of interest,
which excluded the first 3D, from the inlet. These constant temperature wall boundary
conditions are set on all 4 walls: inner, outer, leading, and trailing walls. The ratio of the
mean bend radius to hydraulic diameter of the duct is approximately 1.55:1 due to a flat
part of the bend on the outer wall (z = 1.525 to 2.05), resulting in a diverging-converging
cross-section. Furthermore, based on the geometry shown in Wagner et al. [38], the
equivalent geometry in this simulation is from x = 3.1 first pass to x = 3.1 second pass,
which theoretically should attach to the second U-bend leading to the third pass, which is
not part of the study.

For the coarse mesh, the non-dimensional time step value of 5 x 1073 is used and
time averaged for 50 non-dimensional time units. The momentum and pressure equations
are solved implicitly to the convergence criteria value of 1 x 1076 and 4 x 1075 at each

time step, respectively. All smooth duct with U-bend cases utilize 4 cores of an Intel

Xeon Linux cluster. Each time step takes approximately 11.2 ps of wall clock time/grid

node.

For the fine mesh, the non-dimensional time step value of 2 x 1073 is used and
time averaged for 50 non-dimensional time units. The momentum and pressure equations
are solved implicitly to the convergence criteria value of 1 x 107 and 4 x 10~ at each

time step, respectively. All smooth duct with U-bend cases utilize 4 cores of an Intel

Xeon Linux cluster. Each time step takes approximately 8.0 us of wall clock time/grid

node.
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For the heat transfer analysis, Nusselt number is used where the local Nusselt

number is defined as:

Nu L

- es_eref (64)

where 6 is the surface temperature and 6, is the reference temperature. The averaged

Nusselt number is calculated based on the local Nusselt number:

1

N = I Qlds [ﬂﬂ dS] (6.5)

es_eref

where S is the appropriate surface for the averaged Nusselt number. In addition, the
averaged Nusselt number is normalized by the Dittus-Boelter equation:
Nug = 0.023 - Re)8 - pro4 (6.6)
All guantities are non-dimensionalized by u, or u? unless specified otherwise.
Reynolds number and rotation numbers are equivalent to bulk Reynolds number and bulk
rotation number, Re, and Ro,, respectively. For discussion purposes, Figure 6.2 (b),
which is the cross-sectional view of the inlet x-plane, is shown to provide correct
terminologies for the following sections. The leading side is equivalent to the suction side
and the trailing side is equivalent to the pressure side. Inner and outer walls are side walls,
where the inner wall refers to the side wall with the shortest curvature around the bend

whereas the outer wall refers to the side wall with a longest curvature around the bend.
The “1” denotes the cross-sectional area of the first pass and the “2” denotes the cross-
sectional area of the second pass.

To generate the inlet turbulence and mean flow, mean velocity profiles, turbulent
profiles, and turbulent length scales are used from the fully-developed calculation. The

turbulent length scales were calculated based on the following formulation:
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TKE3/2
€

(6.7)

li,j,k =

TKE = % Jud + vV + w'w (6.8)
where [; ; . is the turbulent length scale in i, j, and k directions and TKE is the turbulent

kinetic energy where each Reynolds stresses, uv/, v'v’, and w'w’ are normalized by an
appropriate u,;, quantity. However, the calculated turbulent length scales were quite large
and unphysical. As a result, these artificial eddies were not able to move smoothly
downstream and caused locally high shear stresses due to high turbulent fluctuations.
Therefore, after iteratively varying turbulent length scales, fixed turbulent length scales
of 0.3, 0.1, and 0.1 in i, j, and k directions are used in the simulations. The number of

eddies used were 500 and 1,000.

6.5 Results of Fully-developed Duct Flow at Re = 25,000

The primary purpose of the fully-developed smooth duct flow is to obtain mean
flow and turbulent data for the SEM input. Despite the differences between bulk
Reynolds numbers, as shown in Figure 6.3, the mean velocity profile of WMLES predicts
reasonably well against the experimental data by Liou et al. [41] and the computational
data (WRLES) by Madabhushi and Vanka [39]. It is noted that the experimental data by
Liou et al. [41] is extracted at an assumed fully-developed region near the end of the first
pass. Streamwise velocity contour and secondary flow motion are observed against the
WRLES data (Figure 6.4). According to Madabhushi and Vanka [39], the centerline
velocity with a bulk velocity normalization was 1.278 compared to 1.198 from WMLES,

which is equivalent to approximately 6% difference. The vector field indicates multiple
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secondary fluid motions near walls about the diagonal axes. Figure 6.5 shows a
comparison plot of the WMLES u,.,,; data against the experimental data by Liou et al.
[41]. Throughout the wall-normal direction, the u,,,s profile is somewhat underpredicted

with highest differences near walls.

6.6 Results of Stationary Smooth Duct with U-bend at Re = 25,000

The flow was maintained at a bulk Reynolds number of 25,000 and a bulk
rotation number of O while varying density ratios from 0 to 0.13. The stationary
simulations with different density ratios are analyzed with a coarse grid size (620 x 32 x
32). Figure 6.6 shows variations of Reynolds Stresses, tyms, Vrms, Wyms, and w'v’, at the
first pass inlet with 500 and 1,000 artificial eddies. The u,.,s data at the fully-developed
region from Liou et al. [41] are used as a comparison, which is seen in Figure 6.6 (a).
While WMLES turbulent profiles overlap on top of each other to indicate the consistency
of the generated turbulence based on the SEM input, the overall profiles are
underpredicted with higher differences near leading and trailing walls against the
experimental data. The v,,,, and u'v’ profiles, as seen in Figure 6.6 (b) and (d), indicate
less similarity between the fully-developed smooth duct data and the SEM generated
profiles compared to the w,.,, profile shown in Figure 6.6 (c). Since most of the turbulent
energy is contributed to by the streamwise and spanwise turbulent fluctuations, the
profiles of turbulent kinetic energy are reasonably well produced by the SEM.

Figure 6.7 shows spanwise velocity profiles of different WMLES simulations and
the experimental data by Liou et al. [41] at a bulk Reynolds number of 10,000 compared

to 25,000 of WMLES. The significance of the data at x = 12, which is 5.4 D, upstream
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from the bend entrance, is to avoid the entrance effect due to the bend and accurately
capture the fully-developed velocity profile. The extracted location of these velocity
profiles were carefully chosen based on analyses by Liou et al. [41], and variations of
velocity and heat transfer profiles of WMLES simulations near the vicinity of the bend.
While WMLES indicate overpredicted velocity values near the centerline, the profiles
indicate relatively reasonable values against the experimental data. At the entrance of the
bend, the profile indicates velocity bias toward the inner wall due to the flow acceleration.
However, the accelerated flow appears to separate near the center of the bend near the
inner wall, resulting in significant reduction in velocity as seen in Figure 6.7 (c). The
separated flow regains momentum at the exit of the bend where the velocity values are
more uniform in the cross-section. As the flow moves downstream in the second pass, the
flow approaches a fully-developed state. The velocity profiles compared against the
experimental data by Liou et al. [41] indicates closer velocity profiles predictions
compared to the velocity profiles at x = 12 in the first pass for a density ratio of 0. In
addition, for a density ratio of 0.13, the flow appears to have larger momentum.
Furthermore, streamwise and spanwise turbulent profiles, u,,,s and w,.,,,s, were
examined against the u,.,; experimental data as shown in Figure 6.8 (a) and (c), wall-
normal and spanwise directions, respectively. While both w,.,, profiles near the
centerline are relatively well predicted, the u,.,s values near walls are underpredicted. In
contrast, the w,.,,¢ profile is approximately the same among different WMLES results.
Notably, these profiles are lower along the spanwise direction due to a wall damping as

seen in Figure 6.8 (d).
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Despite the possible differences of the bend geometry between the present study
and experiment, the secondary flow motion is examined against the experimental data by
Liou and Chen [40]. As seen in Figure 6.9, the secondary flow cells are evenly distributed
in wall-normal direction about the centerline with a bias towards the inner wall unlike the
experiment data. The direction of secondary flow is from the inner to the outer wall at the
center of the duct, resulting in a region of flow impingement on the outer wall.
Consequently, heat transfer values are locally enhanced due to high momentum fluid
impinging on the outer wall. Overall, the symmetrical secondary flow motions are well
predicted compared to the experimental data of Liou and Chen [40].

In addition to the inlet and first pass, streamwise and spanwise turbulence (u,s
and w,.,,s) within the bend and downstream in the second pass are also analyzed to
observe turbulence variations. First, the u,,,s profiles are examined. As seen in Figure
6.10 (a), the entrance of the bend indicates a symmetric profile. However, at the center of
the bend, the different numbers of SEM eddies show slight differences near the outer wall.
As expected, the inner wall indicates slightly higher turbulent fluctuations compared to
the outer wall due to mixing, which is discussed in a later section. Overall, there is an
increase in u,,s in the bend. At the end of the bend, as shown in Figure 6.10 (c), the
U,ms Profiles are more uniform across the cross-section, whereas at x = 3.1 in the second
pass, both profiles match well against the experimental data, which indicates that the flow
is fully-developed.

The w,.,,s profiles, as shown in Figure 6.11, also show the spanwise variations. At
both the entrance of the bend and downstream of the second pass, turbulent profiles are

symmetric about the duct centerline. In contrast, at the center of the bend, the profiles are

115



highly non-symmetric with high intensities near the inner wall. Overall, similar to u, s,
Wrms 1S also augmented from its fully-developed value. Coming out the bend, the
magnitude is still high but more uniform across the cross-section.

Figure 6.12 shows averaged heat transfer augmentation ratio contour plots on
leading, trailing, outer, and inner walls at a density ratio of 0.13 in the vicinity of the
bend. Both leading and trailing walls indicate similar heat transfer contours where two
distinctive areas of high heat transfer are seen near the center of the bend and the exit of
the bend. The outer wall heat also shows high heat transfer in the bend and coming out
the bend. High transfer at the entrance to the bend at the inner wall, is followed by a low
heat transfer region with near wall localized maximums in the U-bend.

In order to study the effect of different number of inlet eddies and different
density ratios, heat transfer results are compared to experiments along the length of the
duct. Overall, it is found that the density ratio does not have a large impact on the heat
transfer coefficient in the stationary duct. Contrary to expectations, the inlet turbulence
(500 and 1,000 eddies) impacts the heat transfer throughout the two passes of the duct,
more than the density ratio. Both leading and trailing side heat transfer augmentation
ratios have 2 local maxima within the bend, which occur at the center of the bend and at
the exit of the bend. This is similar to the trend observed in the experiments. In general,
the heat transfer values are overpredicted, especially in the second pass of the duct. The
degree of overprediction is higher when 500 eddies are used to generate the inlet
turbulence, whereas calculations done with 1,000 eddies seem to agree better with the

experimental results.
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The outer wall heat transfer values indicate mixed results. While heat transfer
values near the center of the bend compare well with experiments, heat transfer values at
the exit of the bend and downstream are overpredicted. The sharp decrease in heat
transfer at the outer wall near the entrance to the bend is a consequence of flow
separation as the flow encounters diverging section of duct. Figure 6.14, shows the region
of flow separation at the outer wall for both density ratios of 0 and 0.13. The high heat
transfer at the outer wall at the middle of the bend is a result of the flow impingement of
the secondary flow shown in Figure 6.9. The second larger peak at the exit of the bend is
a result of flow impingement on the outer wall as the flow comes out of the bend

At the inner wall, there is an initial increase in heat transfer as the flow enters the
bend as a result of flow acceleration, followed by a drop in heat transfer, and then an
increase in the second half of the bend after which there is drop as the flow comes out of
the bend. Figure 6.15 shows mean flow streamlines in the bend near the inner wall. Going
into the bend the mass flow is concentrated near the inner wall with increased mixing as
indicated by the concentrated swirling streamlines. This flow cannot follow the contour
of the inner bend and separates before reattaching back near the entrance to the second
pass. Out of all the predictions, the second pass heat transfer at the inner wall seems to
have the largest discrepancy with the experimental results. Experiments decay below the
nominal value of unity as the flow develops in the second pass. On the other hand, the
predictions show a slight increase initially and decrease slowly into the second pass with
values closer to unity. We also note that the experimental results at the inner wall are

much lower than the outer wall in the fully-developed region upstream of the bend. In
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fact the augmentation ratio at x/Dh=12 is 0.7 at the inner wall when it should be close to

unity.

6.7 Results of Rotating Smooth Duct with U-bend at Re = 25,000 and Ro = 0.238

The rotational simulations with different density ratios are analyzed with both
coarse and fine grid sizes. Similar to stationary analyses in the previous section, flow and
heat transfer analyses are done to observe effects of the density ratio differences and grid
resolution within the bend. Rotation with constant properties activates Coriolis and
centrifugal pumping forces. While Coriolis forces have stabilizing/destabilizing effects at
the leading and trailing walls, respectively, centrifugal forces act uniformly across any
given cross-section but increase as the radius from the axis of rotation increases. They act
in the direction of the driving pressure gradient in the first pass but act against the driving
pressure gradient in the second pass. When the density is dependent on temperature, the
magnitude of the centrifugal forces now varies in a given cross-section. For outward flow
in the first pass, because Coriolis forces decrease the amount of heat transferred on the
leading side and increase heat transfer on the trailing side, the fluid temperatures are
lower near the trailing side than near the leading side. This leads to a differential in the
centrifugal force which is stronger on the trailing side than the leading side because of the
ensuing density differences. The higher centrifugal force on the trailing side pumps more
fluid near the trailing side, decreasing the momentum of the flow on the leading side.
Hence, it works in tandem with the effect of Coriolis forces. In inward flow in the second
pass, because the destabilizing effect of Coriolis forces shifts from the trailing to the

leading side, centrifugal forces are higher on the leading side than the trailing side. But in
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this case, the centrifugal force acts opposite to the direction of flow and tends to counter
the effect of Coriolis forces leading to stabilization on the leading side.

Figure 6.16 shows the variation of streamwise velocity with y-coordinate
extending from the trailing to the leading side at different streamwise location in the two-
pass duct. Results are shown on the coarse and fine grid. It is noted that substantial
differences exist between the two grids, even at locations upstream of the grid refinement
which is only done in the bend. The reason for this is not known and could be a result of
the SEM generated inlet conditions. In spite of this anomalous behavior we can make
some general observations. Due to Coriolis forces, all simulations indicate a trailing side
biased velocity profile at x = 12. The bias increases when the density ratio is 0.13 with
the profile on the coarse grid indicating a recirculation region on the leading side of the
duct. The general trends are consistent with the expected physics in that the centrifugal
buoyancy forces augment the effect of the Coriolis forces for outward flow by adding
momentum on the trailing side and extracting momentum from the leading side. In the
middle of the bend, Figure 6.16 (c), the profile shape is revered with the streamwise
velocity (now W) has more momentum at the leading side. As the flow come out of the
bend the profiles are more uniform. The comparison with the experiments of Liou and
Chen [40] show the same trends considering the large differences in Reynolds number
and geometry. At x = 3 in the second pass, the profiles are symmetric about the centerline.
This trend is not consistent with the physics which would dictate that the profiles
maintain their asymmetry due to the effect of Coriolis forces.

For further analyses the spanwise variations of mean velocity profiles is shown in

Figure 6.17. Unlike the variation in the y-direction, the spanwise variations are
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symmetric about the center of the duct as the flow approaches the bend. The velocity
profiles do not show a large dependence on the grid nor the density ratio. This is not the
case in the middle of the bend, where the velocity profile at the outer wall is much higher
than at the inner wall clearly showing the effect of centrifugal buoyancy. As the flow
exits the bend, mean velocity profiles are still biased toward the outer wall due to the
turning flow. The flow downstream indicates blunt and uniform velocity profiles for all
simulations.

A secondary fluid motion at the center of the bend is shown in Figure 6.18. The
rotational effect is clearly seen in this figure where the secondary motion is biased toward
the leading side. Despite the bulk rotation number difference of the present study and
Liou et al. [41], the direction and leading side bias of the secondary flow cells agree well.

Heat transfer augmentation results are plotted in Figure 6.19 and compared to the
experimental data by Wagner et al. [38] at a density ratio of 0.13. Comparisons of the
effect of Coriolis forces only (density ratio 0), Coriolis forces and centrifugal buoyancy
(density ratio of 0.13) and grid dependency at density ratio of 0.13 are considered. As
expected, the heat transfer augmentation on the trailing side decreases in the second pass
as it increases on the leading side due to the reversal of the effect of Coriolis forces. Itis
found that the inclusion of centrifugal buoyancy does not affect the heat transfer on the
leading side of the duct as much as it affects it on the trailing side. On the trailing side,
the inclusion of centrifugal buoyancy increases heat transfer augmentation in both the
first and second pass of the duct. At the side walls (outer and inner), centrifugal buoyancy
only has the effect of increasing heat transfer augmentation in the second pass. In general,

the simulations fail to predict the high experimental heat transfer coefficients in the bend.
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The largest deficiency is on the trailing side in the middle of the bend. The difference
between the fine grid and coarse grid is mostly noticeable in the second pass. However,
differences also exist in the first pass in spite of the fact that the grid is only refined in the
bend. The only other simulation parameter which could affect the simulation results in

the first pass is the SEM which generates the inlet turbulence.

6.8 Conclusions

The prediction capability of the wall modeled LES used in conjunction with the
SEM is evaluated in a developing two-pass smooth duct flow with a U-bend. A stationary
duct as well as a rotating duct with and without the inclusion of centrifugal buoyancy is
simulated. The simulation results are compared with the heat transfer results of Wagner et
al. [38], and flow field measurement by Liou and Chen [40] and Liou et al. [41].

Overall prediction accuracy was reasonable for the stationary duct considering the
complexity of performing the simulations with SEM and WMLES. For the rotating duct,
larger discrepancies were noted between the predicted and experimental heat transfer
coefficients, particularly within the bend and downstream of it. It is not clear whether
these discrepancies arise due to the uncertainty in reproducing the correct bend geometry,
or inherent shortcomings in the wall model. Additional complications arise from the use
of the SEM at the inlet to the computational domain. Ideally, results far downstream of
the inlet should not be statistically sensitive to the inlet turbulence, but evidence from the
simulations suggest otherwise, especially in the rotating duct. This could be the result of
the artificial length scales used to generate the inlet eddies. Further work is needed in this

area.
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6.9 Figures

Figure 6.1 The computational domain for the fully-developed smooth duct flow.
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Figure 6.2 (a) The computational domain for the two-pass smooth duct with a U-

bend (b) The cross-sectional view of the computational domain where 1 denotes the

first pass and 2 denotes the second pass.
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Figure 6.3 The mean velocity profiles of WMLES, experiment, and WRLES,

respectively.
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Figure 6.4 The streamwise velocity contour and secondary flow motion
superimposed using contours and vectors: (a) WMLES (b) Contours of streamwise
velocity by Madabhushi and Vanka [39] (c) Vector field of secondary flow motion

by Madabhushi and Vanka [39].
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Figure 6.5 The u,.,,s profile of WMLES and experiment.
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Figure 6.12 Averaged heat transfer augmentation ratio contour plots on all 4 walls

at a density ratio of 0.13 for a stationary simulation: (a) Leading wall (b) Trailing
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Figure 6.15 The streamlines at different locations for a density ratio of 0 at y = 0.06.
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Figure 6.17 Spanwise variations of streamwise velocity profiles for rotational cases

at different locations for 500 eddies: (a) x = 12 first pass (b) entrance of the bend (c)

center of the bend (d) end of the bend (e) x = 3.1 second pass.
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a bulk rotation number of 0.15 from Liou et al. [41].

139



Re,=25,000 Re,=25,000
Ro, =0. Ro,=0.238
500 Eddies 500 Eddies
5 Feadmg _ 55 Tralllng -
I First Pass | Bend | Second Pass E First Pass | Bend | Second Pass
45F Aplp=0, Coarse Grid 5F Aplp=0, Coarse Grid
- — — — Aplp=0.13, Coarse Grid F = = = = Aplp=0.13, Coarse Grid
4F Aplp=0.13, Fine Grid 45 Aplp=0.13, Fine Grid
- o Aplp=0.13, Wagner et al. . F a Aplp=0.13, Wagner et al.
35 F
- 35F a
3
EP Z
S 25F E
=z - =z -
2F B
S 2F
15 o
= 15F
*E 1F
05 05f
oi, b ] ok | IS EUNUPITS IPUFURI IUDUIUTOL IPUPIPITS IPURUNUI IUPUPAR |
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
X X
(a) (b)
Re,=25,000 Re,=25,000
Ro,=0.238 Ro,=0.238
500 Eddies 506 Eddies
6 Outer 35 Inner
F First Pass ] Bend | Second Pass i First Pass I Bend I Second Pass
55k Aplp=0, Coarse Grid ) i Aplp=0, Coarse Grid
o - = = = Aplp=0.13, c.oarse.Gnd JE — = = = Aplp=0.13, Coarse Grid
51 Aplp=0.13, Fine Grid Aplp=0.13, Fine Grid
s r a Aplp=0.13, Wagner et al. a Aplp=0.13, Wagner et al.
45F
g o 25
4F =
5 35F s |
€ I £ 2
Z 3F 2 |
25
- 151
2k =
15 :— 1k
1F I
£ [, (NP (PUPRTINS, IUMIDUDE (ORURTUE] LAPRPINE, IRV (NN |
0.5 0'50 10 15 20 25 30 35 40

(d)

Figure 6.19 Heat transfer augmentation ratio variations of two-pass smooth duct
with U-bend for a bulk rotation number of 0.238: (a) leading side (b) trailing side (c)

outer wall (d) inner wall.
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Chapter 7 Summary and Conclusions

Wall modeled LES was applied to different geometries presented in this thesis.
Due to the large grid requirements of wall resolved LES near walls, the computational
effort to simulate highly turbulent flows is significant. In order to alleviate this problem, a
simplified boundary layer type of equation is solved near walls with turbulence modeling
to minimize the computational effort in LES.

Turbulent channel flow and a 90° non-staggered ribbed duct with rotation
indicated favorable results against both experimental and computational data from the
literature. Specifically, friction velocity and heat transfer augmentation ratios over
different rotation numbers were within 10-15%. Mean and turbulent flow behavior was
found to be well predicted against wall resolved LES results.

Unlike turbulent channel flow and 90° non-staggered ribbed duct results, a 45°
staggered ribbed duct simulation indicated deviations in mean velocity profiles across the
computational domain due to the non-symmetric secondary fluid motion. However, heat
transfer results showed reasonable agreement against the experimental data with a clear
indication of the helical vortex in the spanwise direction.

The two-pass smooth duct with a U-bend heat transfer results were quite well
predicted for the stationary case. However, discrepancies were found between the
predicted and experimental heat transfer augmentation ratios for rotating simulations
within the bend. These discrepancies could be due to the uncertainty in reproducing the
correct bend geometry, inherent shortcomings in the wall model, or the artificial turbulent

length scales used to generate inlet turbulence. Future work should be undertaken in
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isolating the effect of SEM on downstream flow prediction, enhancing the wall model by

solving for the normal velocity component in the boundary layer assumption.
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