ABSTRACT

MISHRA, ANAND VARDHAN. Development of Boundary Conditions for Turbulent Flow
in a Channel with Nucleating Bubbles. (Under the direction of Dr. Igor A. Bolotnov).

Effect of nucleating bubbles on turbulent flow in a channel is quantified through DNS
simulations for different nucleating bubble densities. Single phase Navier-Stokes equations
are solved using finite element method and bubbles are represented as rigid stationary
hemispherical obstacles at the wall with zero-velocity condition. Six different cases were
analyzed including channel with smooth wall and channel with rough wall with five different
bubble nucleation densities. Friction factor and the turbulence law of the wall were obtained
for each case. They were further related with the previously published results for correlation
of nucleating bubble density with heat flux to arrive at a correlation between heat flux and
friction factor and the law of the wall constants. This leads to insight in how the nucleating
bubbles modify the turbulence in boiling flows. To quantify the effect of deformable
nucleating bubbles dynamic and static contact angle has been implemented in PHASTA and

shown for a single bubble.
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1. INTRODUCTION

Direct numerical simulation (DNS) has become an important tool to help develop
new models for computational multiphase fluid dynamics (CMFD) [1]. The detailed
understanding of boiling process in turbulent flow is one of the most interesting challenge
problems that are faced today. To specifically quantify flow parameters and the effect of
bubbles at different stages of boiling a system of separate effect studies have been conducted
by Bolotnov et.al.[2, 3]. Analysis of two-phase bubbly flow to quantify the effect of bubbles
on turbulence has been performed by Bolotnov (Fig. 1). In the present study the bubbles have
been modeled as rigid fixed hemispherical objects on the wall to quantify the effect of
nucleating bubbles during the boiling process. The distribution of hemispherical roughness
elements on a wall to predict the influence of nucleating bubbles on fuel rods in reactor
conditions was suggested earlier by Chatzikyriakou et.al.[4]. This study puts that idea into

practice.

Fig. 1 Turbulent bubble flow simulation by Bolotnov et.al.[2]

(-
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By separately analyzing turbulent bubbly flow simulations [2] and the effect of
bubbles nucleating on the wall new insight into turbulent boiling phenomena can be obtained.
The presented work validates the stabilized finite element code in simulating smooth
turbulent channel flows against classic DNS data of Moser et al. [5] for Re, = 400 (based on
friction velocity). Note that Re, = 180 and 395 have been already validated in [6] against the
same set of data. For validation purposes rough channel simulations were also carried for
rectangular rod type of roughness and are compared against the experimental data of
Krogstad et al. [7] and validated numerical results of Ashrafian at al.[8] for rectangular type

of roughness (Fig. 2).

Fig. 2 Rectangular type of roughness in turbulent channel flow

We used a no-slip (zero velocity) condition inside the computational domain to block
certain nodes to represent the individual roughness elements here (similar to the approach for
hemispherical elements). The same approach is further used in this study to generate five
cases of interest: surface roughness represented by uniformly distributed hemispherical

roughness elements with varying spacing to model bubbles on the wall (Fig. 3).
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Fig. 3 Rough hemispherical type of elements in turbulent flow

Several measurement probe locations are used to extract mean velocity profiles,
turbulent kinetic energy distribution and Reynolds stresses. The effect of different bubble
distributions on the mean flow rate was quantified by calculating friction factor for each case.
The friction factor is correlated with the bubble nucleation density which in turn is
substituted in functions available in the literature relating nucleation site densities to wall
heat flux. These have been provided by Klausner and Zeng in 1993 [9] and more recently
have been improved upon by Dhir et. al. [10]. Dhir et.al. propose that nucleation site density
depends only on wall superheat and contact angle. It is argued that the wall superheat will
implicitly take into account the Reynolds number of the flow. Thus Dhir’s proposed
correlation should be valid for a variety of Reynolds numbers. Using Dhir’s correlation and
function of friction factor versus the nucleating bubble density we may develop the relation
between wall superheat and friction factor in nucleate boiling regimes. This relation will help
in generating insight in the effects of nucleating bubbles on turbulent flow. Further the

resulting friction factor / wall superheat correlation can be used in generating turbulent
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boundary condition in flow boiling regime when near wall behavior is not resolved
completely (e.g. for high Reynolds number turbulence models like k — & models).

Additional research effort was directed to improve the modeling of deformable
bubbles on the wall by using level set interface tracking method. Dynamic contact angle is a
local phenomenon which depends upon material properties and flow conditions. Contact
angle is an important parameter that affects flow as well as pool boiling. Application of
contact angle at a micro level was done by Dhir et.al.[11] for simulating nucleate boiling
phenomenon. They refine the simulation domain in the bubble microlayer region to model
near wall-bubble interaction. However this might not be practical in production level
scenarios. The approach in this study has been to develop a model which allows modeling of
this behavior without resolving the bubble microlayer. Previously implementation of fixed
contact angle by Renardy [12] has been done in 2001 using Volume of Fluid type interface
tracking in 2-dimensions. Studies have also been conducted for implementing a constant
advancing and constant receding contact angle by Liu et al. [13]. In this study we use the
approach followed by Liu [13] to relate contact angle to contact line velocity. Three types of
dynamic contact angle models were tested by Afkhami and Bussman [14] in 2006 using a 3D
VOF-based model to simulate a drop impingement on an inclined surface. They suggested
that use of different models leads to different fluid deformations. Through this study these
models have now been implemented in level set formulation in PHASTA to model contact

angle based on contact line velocity.
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2. DESCRIPTION OF SIMULATION

DNS Solver overview: PHASTA is a Parallel, Hierarchic, higher-order accurate (from
the 2nd to the 5th order accuracy, depending on function choice), Adaptive, Stabilized
(finite element) Transient Analysis flow solver (both incompressible and compressible).
It has been has been shown by [15] and [16] to be an effective tool for bridging a broad
range of length scales in turbulent (RANS, large-eddy simulation (LES), detached eddy
simulation (DES), DNS) flows. PHASTA has been used to simulate turbulent flows and
validated against various validation benchmarks[17]. The PHASTA code uses advanced
anisotropic adaptive algorithms [18] and the most advanced LES/DES models [19]. This
capability has been [20] extended to two-phase flows where we use the level set method
to track the boundary between two immiscible fluids (either compressible or
incompressible — to study bubble coalescence and two-phase turbulence[2, 3]). PHASTA
can use anisotropically adapted unstructured grids and regular grids and its highly
scalable performance on massively parallel computers has already been demonstrated
(the code has shown good scaling out to 288*1024 IBM Blue Gene processors, at
JUGENE, BG/P (Germany) [21] and more recently up to 768,000 cores on Mira at

Argonne National Laboratory.

2.1 Overview of simulation cases

To generate baseline data against which we may compare the rough wall results a
smooth wall simulation was performed (Fig. 4). This also provides a means for validation of
PHASTA against results of [7]. For rough wall cases, nucleating bubbles are represented by

hemispherical roughness elements placed on the channel wall (Fig. 5). Even though all the
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cases under consideration have the same basic flow geometry (flow between parallel plates)
they have different meshing requirements due to various wall roughness spacing. Spherical
roughness elements are resolved with 8 computational nodes across the diameter. They are
arranged in square lattice and rectangular elements are arranged across and running through
the channel width perpendicular to flow direction. The latter aids in validating PHASTA

results against previously published results [5], [8], [7].

2n

A

Flow
direction

Fig. 4 Simulation domain dimensions and axis orientation (walls are shown shaded)
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Fig. 5 Simulation domain with roughness elements shown

2.1.1 Smooth Wall
For validation a case for flow between smooth parallel plates was created for which
published data exists. For a smooth wall direct numerical simulation (DNS) the turbulence
fluctuations are resolved down to Kolmogorov’s scale. Typically mesh resolution is

expressed in terms of viscous units, which are defined as

u,Ax
Axf = Tv oy

Where, v is the kinematic viscosity, u, is the friction velocity:

D % @)
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Here 1, is the wall shear stress and p is the fluid density. To estimate u, we used the fixed
non-dimensional hydraulic diameter (d;,), p = 1 and mean velocity (U,,, = 1.0) to calculate
the kinematic viscosity (v) for a given Reynolds number. Colebrook’s equation [22] was

used to find the friction factor

1 € 2.51
—_— = _2 loglo (3)

Equation (3) is solved iteratively for the friction factor for a smooth wall (zero
roughness, €) for the given Reynolds number using Maple®. Given the friction factor and the
mean velocity the wall shear can be calculated. Consequently a simple force balance yields

the pressure gradient that is required to maintain the prescribed velocity. Once the wall shear
was known u, was calculated and the friction factor based on u,, (Re; =u’vﬂ) was

estimated. The kinematic viscosity was adjusted to obtain the desired Re, = 400. Table 1
summarizes the channel flow domain parameters. Note that the normal to the wall resolution
(y) is variable to properly resolve boundary layer. The mesh size used for smooth wall
simulation is 9.29 million hexahedral elements. In this case the wall has no roughness. Fig. 4
shows a basic schematic of the computational domain. Periodic boundary conditions are
applied in x (stream-wise) and z (span-wise) directions. No-slip boundary condition is

applied at the walls.
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Table 1 Smooth wall simulation mesh parameters

Direction Boundaries Number of nodes Resolution
X 0.0 ... 2nh 256 AX"'=9.8
Y -1.0h ... 1.0h 189 Ay'=0.5...5.0
Z 0.0 ... nh 192 A7"=6.5

Fig. 6 shows the hexahedral mesh structure designed for the smooth wall simulation with

resolved instantaneous velocity field.

velocity Mag

Fig. 6 Part of the simulation domain for smooth wall case. (Velocity magnitude is
shown)
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2.1.2 Rough Wall

The second case was developed to validate PHASTA abilities in performing DNS of

rough wall flows. The wall roughness was designed the same way as in DNS results of

Ashrafian et. al. [8] and corresponding experimental study of Krogstad et. al. [7]. The

challenge in simulating turbulent flows with rough walls is not only in resolving fine

turbulent structures, but also adequately representing individual obstacles which collectively

make up the rough wall. Finite-element approach used in PHASTA allows application of no-

slip condition to any internal node in the domain (the fluid velocity at a chosen set of nodes

can be set to zero). The rough wall flow case geometries are described in Table 2 (Sp is the

spacing between the roughness elements).

Table 2 Cases overview (y+ units)

Case Roughness Spacing (Sp) Size (hp)
Rect Rectangular 108.8 13.6
A01 Hemisphere 25 10
A02 Hemisphere 32.5 10
A03 Hemisphere 40 10
A04 Hemisphere 60 10
A05 Hemisphere 110 10

In order to properly apply periodic boundary conditions in the stream-wise direction, the

domain length has to be revised. This comes from the fact that an integer number of

roughness elements should fit in the domain, and uniform spacing between the roughness

10
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elements is maintained throughout the domain. The no-slip condition was applied to

represent the roughness elements, mesh resolution can stay the same (in terms of size of

computational cells) since each roughness element has the same size in each case and

represented by an integer number (8 across diameter) of finite elements in the computational

mesh. Table 3 presents a summary of the computational domain parameters for a channel

with rectangular roughened wall. The mesh size used in the simulation is approximately 22M

hexahedral elements. Fig. 7 shows the cross section of a single rectangular roughness

element.
Table 3 Rectangular roughness wall simulation mesh parameters
Direction Boundaries Number of nodes Resolution
X 0.0 ... 6.528nh 768 Ax"=3.4
Y -1.0h ... 1.0h 179 Ay'=0.5...65
z 0.0 ... mh 160 Az =78

Fig. 7 Side view of a rectangular roughness element with domain grid (hexahedral grid)

11
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2.2 Rough wall channels with hemispherical obstacles

Designing the mesh with hemispherical obstacles proved to be quite challenging since
adequate representation of hemispheres by a rectangular grid requires fine grid resolution.
Since the domain has periodic boundary conditions the dimensions were adjusted to allow an
integer number of roughness elements on the wall in x and z directions.

Table 4 summarizes the meshing parameters for this case. Also, the improved
resolution in z direction (Az" = 2.5 vs. Az" = 7.8 in rectangular roughness case) substantially
increases grid size. Even though the hemispherical obstacles are resolved with just 8 points
across diameter, the size of the structured mesh will reach 73.8M hexahedral elements
(992 x 496 x 150). Thus, to keep the computational costs reasonable, half of the domain
was split along the symmetry plane between the walls. This resulted in the reduction in the y-
direction resolution requirements by a factor of two and overall mesh size came down to

37.4M elements.

Table 4 Hemispherical roughness wall simulation mesh parameters.

Direction Boundaries Number of nodes Resolution
X 0.0...6.2h 992 Ax"'=25
Y 0.0h ... 1.0h 76 Ay'=05...6.5
Z 0.0...3.1h 496 Az"=25

The spacing between the roughness elements varies for each hemispherical roughness
case. Fig. 8 demonstrates individual hemispherical elements for A02 case (radius= 10y+) and

Fig. 9,

12
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Fig. 10, Fig. 11, Fig. 12 and Fig. 13 demonstrate density of roughness distribution for

the different cases for a comparative idea.

Fig. 8 Hemispherical roughness elements (cross sectional side view for AO1 case)

Fig. 9 Top view of roughness element distribution in most dense (A01) case

13
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Fig. 10 Top view of roughness element distribution in A02 case

Fig. 11 Top view of roughness element distribution in A03 case

14
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Fig. 12 Top view of roughness element distribution in A04 case

Fig. 13 Top view of roughness element distribution in most sparse (A05) case

2.3 Data acquisition and analysis

PHASTA has a special feature for collecting flow data via virtual probes. These
probes can be positioned anywhere in the domain regardless of the actual mesh structure. At
the first time step of the simulation each probe location is determined within the finite

element mesh and proper weights are computed and stored according to finite element shape

15
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functions values for quick computation of the velocity, pressure and temperature at each
subsequent time step.

Additional pre-processing and post-processing is required to obtain meaningful
results. The first step is to generate a list of probes where the velocity field will be recorded.
PHASTA uses this list to record time history of flow parameters at each probe. For quality
turbulent statistics the number of probes can reach 10,000 to 15,000. This is also an
approximate upper limit for the number of probes to keep the code performance loss within

10-15%.

2.3.1 Rectangular Roughness Elements
Probe positions for rectangular roughness element case are shown in Fig. 14. Four
sets of virtual probes were used to record the flow information in this case. The probes’
locations were consistent with the measurements of Ashrafian et al. [8]. The following
locations were used: x/S,=0.312, x/S, = 0.71, x/S, = 0.875, x/Sp, = 1.0, where S, is the

distance between the roughness elements.

-

== Flow
== Direction
-

| nomowv

:

0 0.25 0.5 0.75 1

|

Fig. 14 Measurement station locations with respect to rectangular roughness elements [8].
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2.3.2 Spherical Roughness Elements

In order to analyze the detailed flow behavior around hemispherical obstacles, 7 sets
of virtual probes were placed in the computational domain (Fig. 15). Spherical roughness
elements may be considered to be a first order approximation to nucleating bubbles thus the
advanced probe placement presented here will help us in generating data for multiphase
modeling in turbulent boiling conditions. We expect to see most of the difference in the

region of y* < 50 (note that the obstacles height corresponds to y* = 10).

The post-processing step entails analyzing the PHASTA virtual probe data. Major

turbulence parameters can be determined using the following set of equations:

Ne Nu

13 @
Ui(®) =+ N—Z um(t +¢t;))
Cm=1\ "ij=1
1S 1SS
i 2

k() =+ N—ZZE(%(H@-) ) ©)

Cm=1\ Yj=1i=1

where, u;,il(t + tj) = u,in(t + tj) — U;(t) is the fluctuation of velocity component-i
computed during the ensemble run m at the time instant t + t;; N, is the number of ensemble
runs, N, is the number of velocity samples in each window, t is the current time, t; = (j —

N,,/2)At is the local window time, and At is the time step.

To ensure the convergence of the statistics obtained by the above data acquisition

technique, results from two consecutive time windows were individually averaged and

17
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compared. The quantity of interest is determination of wall shear parameter in terms of
friction factor as a function of roughness density. For this the following equation is used:
f = Shﬁ (6)
pUZ

where h is the 1/4™ of hydraulic diameter (and corresponds to channel half-width). A
deviation up to about 5% of mean velocity in stream-wise direction in successive time
windows was considered to be sufficient for the scope of this study. Fig. 15 shows the top
view of the probes as they are placed with respect to the spherical roughness elements. In
A02, A03, A04 and A05 cases d has been taken to be diameter of the roughness elements i.e.

d = di,gyghness- HOwever in AO1 (most dense) case the bubbles are so close together that

the probe locations situated at d distance from center actually overlap with the next bubble
(Fig. 16). In this case the d used is half the distance between the bubbles, i.e. d = Sz—bsuch

that probes 2 and 3 lie in the centre of gap between consecutive bubbles and probe 4 lies in
the center of the void between four adjacent bubbles Hence the probes 3 and 4 for A0l are

located in between the bubbles; probe 4 is in the center of four adjacent bubbles.
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Fig. 15 Location of 7 virtual probe sets in the hemispherical roughness case

¥

Fig. 16 Probe locations overlap with roughness elements in A01 case.
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3. RESULTS AND DISCUSSION
Results for channel with smooth wall [5] and rectangular roughness elements [7],[8]
are used as benchmarks to validate the performance of the finite element solver (PHASTA)

used in this work.

3.1 Validation Case: Smooth Wall
Full domain (two walls) smooth wall simulation was performed for 51,500 time steps.
The presented statistics was collected over the last 8,340 time steps. The mean velocity

profile is compared with the law of the wall, Fig. 17:

1
U+=;lny++B (7)

where, k = 0.4 and B = 5.8. We also show the laminar sublayer law of U* = y*, which is

expected to be valid for y* < 5.

3.2 Validation Case: Wall with Rectangular Roughness

Full domain (two walls) rough wall simulation was performed for 31,500 time steps.
The presented statistics were collected over the last 3,300 time steps and was also compared
with the next-to-last time windows of the same width to ensure that the solution is converged.
Fig. 18 shows the evolution of mean velocity and turbulent kinetic energy (TKE) profiles at
measurement station 2 averaged at two consecutive time windows to ensure statistical

convergence for rectangular roughness case. Note that TKE is not fully converged.
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Longer simulations are required to provide quality statistics for higher order terms

such as turbulence production, dissipation and diffusion.
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Fig. 17. Smooth wall channel flow compared with the law of the wall (solid lines).
PHASTA results are shown with circles.
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Fig. 18. Comparison of mean velocity and turbulent kinetic energy (rectangular

roughness case) for two consecutive time averaging windows.
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Fig. 19. Mean velocity profiles in inner coordinates for smooth and rough (rectangular
roughness elements) channel flow simulations by PHASTA (violet and blue solid lines)
and DNS results by [7] (symbols).

Fig. 19 shows the law of the wall plot of PHASTA results for both smooth and rough
channels compared with data of [7]. For a constant pressure gradient used in both simulations
we observe a decrease in average velocity due to roughness, as expected. The log-law region

is shifted according to the law-of-the-rough-wall

1
U+=;lny++B—AU+ (8)
where, AU" is roughness function which quantifies the increase of local drag due to

roughness. Bakken & Krogstad [23] suggested the following correlation for the roughness

function,

1
AU+=Ean++C 9)
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where, C = 1.9 for rod-roughened flows. This formula results in estimated value of AU* = 8.3
for the case under consideration [8]. Our results give the value of 7.8 and [8] obtained value

of 7.0. Note that we obtain good agreement with the previous results.

Fig. 20 shows mean velocity profiles at the 4 stations. We can observe a zero velocity
at station 4 below the roughness height, as well as backflow at stations 2 and 3 for y* < 6 and

at station 1 at y* < 9. This is consistent with the results observed by [8].

—=Mean velocity, Station1 —Mean velocity, Station2

—NMean velocity, Station 3 —Mean velocity, Station4
14

12

10

0 Mﬂ
-2
1 10 100

y+

Fig. 20 PHASTA results of inner scaling mean velocity profiles at 4 stations shown in
Fig. 14 for the rectangular roughness case.
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3.3 Hemispherical Roughness Channel Case

Three cases for hemispherical roughness were analyzed for various bubble densities

as given in Table 2. Table 5 presents the statistical sample sizes and simulation times for the

three cases.

Table 5 Statistical sample size summary.

Total simulation Time steps used for

Case . o
steps averaging for statistics

A0l 76,600 10,200
A02 51,550 7,808
A03 39,900 4,700
A04 75,750 8,972
A05 34,200 5,696

The results were also compared with the next to last time window of the same width

to ensure that the simulation has achieved fully developed, statistically steady-state

conditions. Fig. 21 gives an example of the length of time the data is averaged over to

produce smooth statistics.

The comparison between statistics produced by averaging is

shown for the rectangular roughness case in Fig. 18 and for A03 case in Fig. 27.

Table 6 shows the mean velocity deviation for all five cases between the last three

averaging windows. The cause of deviation may be explained by the example of the velocity

signal shown in Fig. 21 and the large Eddies visible in the cross section of flow field in Fig.

22. Due to large time scale of these evolving eddies different averaging windows will not
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give the exact same mean velocity. The long time scale evolution of large turbulent structures
in the flow influence the flow and affect the mean velocity data gathered over different times

leading to an uncertainty in the overall mean velocity calculation.

1

0.9 Averaging time window

0.8 A

- f 1 k. .

oo I W e [ VA 1l o
Speed v *V
signal
atpl‘obeo‘5 u

0.4

0.3

0.2

0.1

0

0 10 20 30 40 50 60 70

Time

Fig. 21 Example of data averaging window (average velocity over time)

Velocity Magnitude

Fig. 22 Cross section of velocity field for A02 case (small roughness elements are visible at
the bottom wall)
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The mean stream-wise velocity was calculated by averaging the velocity calculated

for station 2 along the y direction. This was done using the following equation: (n, is the

probes in the normal to the wall direction which is 76 in our case)

Un =

Table 6 Standard deviation in mean velocity

n
D
Zi:l AyiUi,station=2

Z?:pl Ayl

(10)

Window 1 Window 2 Window 3 % Standard
Case oL
deviation
A0l 0.878 0.854 0.829 2.849
A02 0.813 0.797 0.789 1.530
AO03 0.876 0.867 0.867 0.589
A04 0.882 0.906 0.896 1.351
A05 0.925 0.931 0.925 0.416
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Timestep: 96400 A onehy 2

Fig. 23. Y-Component of vorticity induced by the roughness elements (A03 case)

Velocity Magnitude

02> 05 ﬂs.._

0.081 0.85

Fig. 24 Near wall velocity field above the roughness elements (A02 case)

Fig. 23 shows the Y component of vorticity, which is (V x V),, (or, — (% - %")). Fig. 23

and Fig. 24 show how the vorticities and turbulent eddy structures tend to align with the
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roughness elements. This explains the different nature of turbulence observed in the five

cases as the configuration of roughness elements varies.

I ey 3
=+ Time: 79720

J Velocity Magnitude
b o002 oo0s .

(0] 0.05

Fig. 25 Velocity vectors for A04 case

Further, Fig. 25 shows a recirculation region being developed behind and in front of the
roughness elements for A04 case. This is expected, however as we can see in the next figure
(Fig. 26) in the AO2 case that as the roughness elements get closer together the recirculation

regions merge together and form a larger recirculation region.

Fig. 26 Velocity vectors for A02 case

This effectively changes the near wall flow behavior and is the cause of different flow

physics observed in the cases as the density of roughness varies.

28

www.manaraa.com



20.0
Y.

18.0

16.0 /

14.0

12.0 e
+
U* 100

k* 8.0
/

6.0
/
4.0 2T

0.0 ==
1 10 vyt 100 1000

Fig. 27 Successive evolutions of mean velocity and turbulent kinetic energy profiles at
measurement station 2 averaged at two consecutive time windows to ensure the statistical
convergence for case A03.
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Fig. 28 Mean velocity profiles at different measuring stations compared with the smooth

wall result and the law of the wall plots for AO3 case.
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Measurements were performed at the 7 stations (Fig. 15), and the mean velocity
profiles demonstrate the effect of the roughness elements on the flow at each probe location
along the wall-normal direction (Fig. 28). We can see that the station #1 has zero velocity up
to the height of the roughness elements (y* = 10). Comparative velocity and TKE profiles for
four cases are shown in Fig. 29 and Fig. 30. Based on the figures we might notice that the
velocity profiles are affected by roughness density in a non-monotonic fashion. The velocity
profiles of A02, A03, A04 and AO5 shift upward progressively as the roughness density
decreases from A02 to A04. However as the roughness density decreases from A01 to A02 it
can be seen that the velocities above 20y+ are higher in A01 case. This suggests that the flow
is being affected by the higher roughness density in a manner which reduces overall wall
shear on the flow. Further, the plot of non-dimensional turbulent kinetic energy shows that its
peak shifts away from the wall (Fig. 29) as the roughness density increases. This may be
explained by the fact that as the distance between roughness elements decreases the turbulent
flow structures that are generated by the wall are suppressed. Thus the overall TKE peak

shifts upwards where the roughness elements don’t block the flow structures (Fig. 23).
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Fig. 29 Comparison of TKE profiles in wall coordinates for the five roughness cases
under investigation.

As was demonstrated earlier in the case of rectangular roughness channel, the law of
the wall changes considerably in presence of wall roughness (Fig. 20). To measure the effect
of roughness density U™ and y* were plotted on a logarithmic scale compared with the law of
the wall in Fig. 30. It may be seen that A02 case has the curve which is below A01, A03,

A04 and A05. The values of k and B of the obtained Law of the rough wall are presented in

Table 7.
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Fig. 30. Effect of roughness on law of the wall. Black lines show the smooth wall result.

Table 7 Law of the rough wall constants.

Case K B
A01 0.34 1.0
A02 0.375 1.2
A03 0.36 2.1
A04 0.36 34
A05 0.4 4.78
Smooth 0.4 5.8
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It may be observed that the velocity profiles for all the cases are tending to merge
together at higher y+ range. This is quite reasonable and may be explained by the fact
that as distance from the wall becomes larger the effect of the roughness elements on the
flow becomes smaller. From the values of kx and B it may be seen that the different
roughness element spacing produce different wall shear rates and thus alter the constants
of law of the wall. No particular trend is observable in the k with respect to the roughness

density however a clear trend emerges for B versus roughness density.

T~

0 50 100 150 200 250 300
Bubble density per unit area(cm?)

Fig. 31. B versus roughness density.
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As the B curve flattens out it suggests that B will attain a minimum value for a
particular roughness density. Further it may be argued that as the roughness density tends to a
very high number the roughness elements will start to merge with each other and eventually
they will smoothen out the wall. Thus it is expected that B will attain a minimum value. As
the roughness elements merge together completely and essentially create a smooth wall we

also expect to see a maximum in the friction factor with respect to roughness density.

3.4 Friction factor

To study the behavior of friction factor with respect to roughness density it was
calculated from the numerical data and is plotted as a function of the roughness element
density (Fig. 32). Friction coefficient was estimated using Eq. ( 6 ). Considering the
smooth wall conditions with Rep = 29,500 (based on hydraulic diameter, corresponds to
Re; = 400) the Moody’s diagram friction factor estimate is 0.024. The obtained DNS

based result for smooth wall is f = 0.02419.

For the rectangular roughness case, 2 = 0.0085; Rep = 17,000 (based on hydraulic

diameter, and computed velocity) the Moody’s diagram friction factor estimate is 0.039. The
obtained DNS based result is f = 0.071 for rectangular roughness case. This result compares
very well with the values reported by [7]: 0.073 for DNS and 0.079 for experiments. This
demonstrates that not only the height, but the shape of roughness elements has critical

importance on the friction factor.
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For the hemispherical roughness cases (A01, A02, A03, A04 and A05) the friction

factor was also estimated. Considering the rough wall conditions with roughness;gz

0.00625; Rep = 26,000 (based on hydraulic diameter, and computed velocity) the Moody’s
diagram friction factor estimate is 0.035. Note according to Moody’s chart this value is
independent of the density of roughness elements. The obtained DNS based result is
f = 0.0347 for AO1, f=0.0379 for A02; f = 0.0314 for A03, f =0.0293 for A04 and f= 0.0278
for AO5, (plot shown in Fig. 32). Table 8 gives the friction factor with the uncertainties. The
uncertainty in friction factor may be attributed to the variation in mean velocity. By the

formula for propagation of uncertainty we have:

af \°
2 _ .2 11
% = Um (aum) ()
2f
Or = mO’Um (12)

Substituting values from Table 6 and Eq. ( 6 ), (11) and (12) the friction factor and the

uncertainty may be found out (given in the following table).
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Table 8 Calculated friction factor.

Case Friction factor (f) Uncertainty

A01 0.033 0.002 (5.70%)
A02 0.038 0.001 (3.06%)
A03 0.0314 0.0004 (1.18%)
A04 0.029 0.001 (2.70%)
A05 0.0278 0.0002 (0.83%)

0.0400

0.0380 I
0.0360 / 1\

0.0340 /

0.0320

Friction /
0.0300 T

Factor
0.0280 f
0.0260

0.0240

0.0220
0 50 100 150 200 250 300

Bubble density

Fig. 32 Friction factor with respect to number of bubbles per cm? (with observed error of
0.83 to 5.7%)
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Clearly as expected a maximum in friction factor is observed. Further it must be noted
that as the roughness density tends to infinity the wall must essentially become smooth as

the roughness elements merge into one another (Fig. 33).

—d—

LKA 88 KK KN

Fig. 33 Roughness elements merge as distance approached the roughness element diameter.

By this argument, we may get one more data point. Since infinity cannot be plotted, it was
assumed that the behavior of the wall with infinite nucleating bubbles might be close to a
wall with bubbles whose centers are at a distance equal to 1 radius (10y+) and hence have
already merged together. By plotting an overall shape of the friction factor function as

obtained and which was fitted with a function (Fig. 34).
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Fig. 34 Friction factor-roughness density function (number of bubbles per cm?)

Friction factor function is given by the following piecewise equation as a function of

density (d is the number of bubbles per cm?).

-5
7.9158 x 107>d + 0.025534 ,d < 152 (13)

0.0988d791°1,d > 152

3.5 Correlation between heat flux and friction factor in subcooled boiling regime
During subcooled nucleate flow boiling in heated channels the bubbles at the wall

surface can be approximated as roughness elements at the wall. To understand what effect
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these bubbles have on the flow one must model the bubbles. Given the limited resources in
this work the bubbles have been approximated as rigid non-moving roughness elements. This
approximation was used to quantify the effect of nucleating bubbles on the turbulence. For
application of the previously obtained correlation the surface tension forces of the vapor-
water-wall interface must be strong enough to keep the bubble from either moving or

deforming.

When the bubbles behave nearly rigid and stationary the function of friction factor
with respect to roughness (bubble) density (Fig. 32) can be applied at the wall in conjunction
with the heat flux associated with that particular nucleating bubble density. The correlation
between heat flux and friction factor for subcooled flow boiling is given by Dhir et. al.[10]
for a range of inlet subcooling and contact angle values in the turbulent flow regime as given

in Eq. (14).

0.34(1 — cos(0,))AT2® ,if AT,, ong < AT,, < 15°

s 53 (14)
3.4 x 107°(1 — cos(0))AT,” ,if AT,, > 15°

where, O,is the contact angle and AT, is the wall superheat. These equations may be used

with equation (9) to obtain a correlation between wall superheat and friction factor. Using

(13) and (14) we get (for a contact angle of 90°),

2.6914 x 107°AT;2° + 0.025534,AT,, < 15°C

f =12.6914 x 107°AT;* + 0.025534, 15°C < AT,, < 18°C
(15)

\ 0.70509AT,; 10123 AT, > 18°C
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Fig. 35 shows the plot of proposed fit (i.e. Eq.(15)) with the plot of the observed friction

factor as a function of the wall superheat.

0.0400
0.0380 A
0.0360
0.0340 J
0.0320
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Factor >18

0.0300 =#-0-15

\ —415-18
0.0280

0.0260 \

0.0240

0.0220 \
0 5 10 15 20 25 30 35 40

Wall Superheat

Fig. 35 Friction factor versus wall superheat

The proposed correlation uses the nucleation site density to the wall superheat dependency
proposed by Dhir et.al. [10] which was reported to have an accuracy of +40%. The friction
factor — nucleation site density correlation has an error range of 0.83% — 5.7 %. Since both
the steps of relating nucleation site densities to wall superheat and friction factor to
nucleation site density are independent, it may be thus inferred that correlation proposed in

Eqg. (15) thus has an overall uncertainty of +43.3%. Using Eq. (15) we can modify the
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boundary conditions for CMFD simulations for boiling flows in using high Reynolds number

k — £ models.
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4. APPLICATION OF INTERFACE TRACKING FOR BUBBLE ON WALL

Fig. 36 shows the schematic of the contact forces that act on a bubble. A spatially
varying force is applied in a force application region (FAR) around the interface which acts
as the contact force. The requirement is to apply a numerical force in order to achieve the

prescribed contact angle.

Bubble

, Interface
Surface tension

Force application Region

fContact Angle

Fig. 36 Contact force schematic and force application region

\ Net Cor{tact Force

The model testing was performed on a sample case representing a single bubble
sitting on a wall. The initial condition for the simulation is shown in Fig. 37. The simulation
domain was 20x10x10 [mm3, mesh size = 100 x 100 x 100] with bubble radius of 2.5

[mm]. The initial level set distance field represents a semi-spherical bubble and is given by

the following equation:

¢ =+/(x — 0.01)2 + (v + 0.005)2 + (z — 0.005)2 — 0.0025 ( 16)
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Fig. 37 Simulation domain and bubble

4.1 Contact Angle Control Algorithm

The contact angle control algorithm involves application of a force which has

dependence on three parameters:

e deviation of contact angle from true value (A8)
e distance from interface (¢p)and

e distance from wall (d,,41)-

The respective components of the contact force have been named F,, F,, F5 respectively. The

contact force varies smoothly in space and with the difference between the current and the
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desired contact angles. The proposed functional dependence of contact force on contact angle
is given as following:

1 1 AO — Mgy,
F; =K(§+;*atan(T>—Yadv> (17)

where, K =8x10°%is a model constant, M, is the offset of the atan function along X axis
and Y4, is the offset of the atan function along the Y axis for advancing values of contact

angle.
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W
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-200 -150 -100 -50 0 50 100 150 200
Deviation from desired contact angle (A8)

Fig. 38 Force dependence on contact angle deviation.

The plot of F; is asymmetric as it allows for individual tolerances for advancing and
receding contact angles. A@ is the deviation of contact angle from the desired range of

contact angle. Fig. 38 shows the force dependence on contact angle graphically.
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Fig. 39 shows the spatial dependence of the force on the scalar field in the direction
along the wall and Fig. 40 shows the dependence on the perpendicular distance to the wall.
Equations (18) and (19) show the dependence on the scalar field and on the normal distance

from the wall.

F, = cos (% * g) * P (18)
Fy=(H - dwall)2 (19)

where, H is the height and T is the thickness of the FAR. In this study T was used as 0.3184
mm and H was 0.398 mm. These values were found with a trial and error method and they

may be correlated with the bubble size.

700

a
\
.
[
/)
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Distance from Zero level set

Fig. 39 Spatial dependence on distance field.
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Fig. 40 Spatial dependence on distance from wall

Net contact force is the product of all three force components, i.e. F;F,F;. Note pisa
function of the scalar. This force was applied to the bubble and the average contact angle and
force was monitored in the FAR. It is assumed that the force formulation which allows the

achievement of the desired contact angle should be a close approximation of the contact force

that acts on the bubble.
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Fig. 41 Contact angle-contact line speed model

The desired dynamic contact angle along any point was determined by the model
shown in Fig. 41. All the three interpolation models shown were tested for dynamic contact

angle.

4.2 Influence of control algorithm on bubble wall interaction

The development of the control force algorithm is necessary for realistic modeling of
sliding bubbles on walls. This force was applied to a single bubble and different parameters
were varied to capture the effect of the force. Initially testing was done on static bubble cases

without any buoyancy for studying the effect of force for static contact angles.
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Fig. 42 Static contact angle of 110°

Fig. 42 shows the snapshot of the evolution of a static bubble in contact with the wall
with a prescribed contact angle of 110°. This was also performed for acute contact angle of
60° and is shown in Fig. 43. In the study of static contact angle no speed-angle model was
implemented and the contact angle was the same at every point on the contact line. It was
observed that the obtuse contact angle could be readily achieved however the acute contact

angle was not achieved with desired accuracy.

Fig. 43 Static contact angle of 60°
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This may be attributed to the fact that during application of contact force inwards a

sharp kink in the interface tends to form and increase the local surface tension. This in turn

makes the interface recover to smoothen the interface and thus it stops at a higher contact

angle value than desired. Fig. 44 shows the evolution of the average static contact angle with

respect to the time- step. Mesh independence study was carried out for static contact angle

cases and the dashed line shows fine mesh simulation for 110° and the dash-dot line shows

coarse mesh simulation for 60° contact angle.
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Fig. 44 Evolution of static contact angle

After establishing the application of static contact angle dynamic contact angle was

implemented by applying different speed varying models. To study the effect of speed-

contact angles three different models were proposed to relate contact line speed and contact
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angle. It was found that for a bubble sliding on the wall it attained a terminal velocity (v¢erm)
and v;.,-n Was not dependent on the type of interpolation applied. The shape and the wall
dynamics were not affected by changing the interpolation model. After establishing the
independence of this model this all the studies were done using a linear interpolation model
in order to preserve continuity to maintain simplicity and rule out possible initiation of

instabilities due to discontinuities.

0.25

0.2 /
0.15 /
Y/
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Speed —Step
0.1 —Sine

=—No-control

0.05
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Fig. 45 Evolution of bubble velocity in no-control model and different interpolation models

Fig. 45 graphically depicts the temporal evolution of the average bubble velocity for

no control force applied for advancing contact angle of 40°, receding angle of 130° and for
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the three types of interpolation models. Fig. 46 shows the shape of the bubble for different
interpolations at time step 400 (with a constant time step of 10~* units). It may be concluded
that the choice of interpolation model is not important and one might be able to use the step

function to minimize computational effort.

Time: 400

Linear interpolation Sine interpolation Step interpolation

Fig. 46 Comparison of contact angle-speed models

To quantify the angular accuracy that may be achieved by the present control force
algorithm the maximum and minimum angles were recorded with respect to time. It is
assumed that the maximum and minimum contact angle should be close to the receding and

advancing contact angle respectively. It was found that an accuracy range of about —5° and
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+20° was achieved for advancing and receding angles. This is shown in Fig. 47 which

depicts evolution of maximum and minimum contact angles in the force application region.
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Fig. 47. Variation of advancing and receding contact angle over time (Target values
shown as dashed lines)
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5. CONCLUSION

A separate effect study was conducted to investigate the effect of nucleating bubbles
on turbulent flow. Effective friction factor was estimated to develop boundary conditions for
multiphase CFD applications. A rectangular half channel with periodic boundary conditions
in the stream-wise and span-wise direction was meshed with a hexahedral grid and flow was
simulated for Re, = 400 . Nucleating bubbles were approximated as rigid stationary
hemispherical roughness elements at the wall and law of the wall constants and friction factor
were calculated to characterize the effects of these roughness elements. It was found that
different roughness densities affect the flow differently. As the density of roughness elements
was varied a maximum friction factor of 0.038 was observed for roughness density of 151
roughness elements per cm?. Uncertainty in the calculated friction factors was calculated for
each case and the uncertainty was observed to be ranging from 0.83% to 5.7%. The
uncertainty can be further reduced by accumulating more statistical data for these
simulations. The effect of roughness density on law of the wall constants was also quantified.
The law of the wall constant “B” flattens at the value of 1.0 at high roughness densities. It
was observed that the turbulent kinetic energy peak shifts away from the wall as the
roughness density increases. This was attributed to the suppression of turbulent flow
structures occurring due to close spacing of the roughness elements. It was also observed
that farther away from the wall the velocity profiles for different cases showed a tendency to
merge together. Further the friction factor was found as a function of bubble density and was
further correlated with wall superheat using the relation given by Dhir et. al. [10] for

nucleation site density for subcooled flow boiling. The accuracy of this function was
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calculated to be within +£43.3%. The large error comes from the experimental uncertainty
and is considered to be typical of experiments concerning heat and mass transfer. This
particular result will help in estimating wall shear boundary conditions in low Weber number
flows with nucleate boiling in heated channels. Relatively good uncertainty results from DNS
simulation because of more available statistics. It may be remarked that this indicates the
promise of DNS in the future. A large amount of data can be assimilated and processed
through DNS in a cost effective manner which will lead to finer understanding of flow

phenomenon such as that presented in this study.

Finally, a contact angle control algorithm was implemented in PHASTA to model the
bubble-wall interaction. This force application is local and may be applied for multiple
bubbles on the wall with a prescribed advancing and receding or static contact angles. The
algorithm was tested on a single bubble sliding on the wall. It was shown that the
interpolation used for relating the contact angle speed to the target local contact angle does

not have a significant impact on the terminal bubble velocity.
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6. FUTURE WORK

This study focused on channel flow simulations in order to develop fundamental ideas
of influence of nucleating bubbles on turbulent flow.

Simulation of boiling in turbulent flows remains a challenge to the engineering
community. Knowledge of effect of nucleating bubbles on the flow gives insight into the
physics of subcooled nucleate boiling. Simulation of this regime is required to proceed
towards simulation of flow boiling. Appendix | demonstrates implementation of the level set
method in PHASTA to develop a bubbly flow simulation for a reactor subchannel.
Combining the separate effect studies of bubbly flows and nucleating bubble flows we will
develop better understanding of boiling flows. This study thus should be used as a stepping
stone towards this goal.

The friction factor and the law of the wall developed here may also be implemented
in flows with nucleating bubbles to have more efficient multiphase CFD simulations. The
important limitation of this study has been the modeling of the bubbles as rigid elements.
Contact force algorithm that was developed in this study may be used to simulate bubble
behavior at the wall more accurately. This was done to expand the current study by using
level set modeling in PHASTA for a bubble sitting at the wall. However it remains to be
investigated as to how such algorithms function on large meshes such as the ones used in this
study (~40M) and how do they handle bubble coalescence which is bound to occur while
simulating higher densities of multiple deformable nucleating bubbles. This study should also
quantify the variation of results due to difference in modeling of bubbles. The future studies

in this particular area will be invaluable in understanding boiling in turbulent flows and will
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benefit the fundamentals of fluid dynamics, multiphase CFD, two-fluid models and heat

transfer applications.
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APPENDIX

61

www.manharaa.com




Appendix | : Law of the wall for smooth subchannel

A subchannel simulation for Re,= 400 was developed and run locally. However
the mesh had to be kept coarse at 0.8 million nodes instead of the required 9 million
nodes because of the limited local memory resources. This simulation was run on just 64
cores (compared to the cases studied in the main text that were run on 6000-10000 cores).
Thus, as such this simulation does not resolve the turbulence entirely. A smooth
subchannel simulation was developed with periodic boundary conditions in the stream-
wise (x) and both transverse (y, z) directions. All the curved surfaces were designated as
walls with no slip boundary conditions. The boundary layer was resolved with 13 layers
varying in thickness from estimated 1 wall units (w.u., equivalent to size of one y+) at the
wall to 10 w.u. in the bulk with a growth factor of 1.2. The mesh for the subchannel is

shown in Fig. 48.

Fig. 48 Mesh for subchannel simulation.
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The table detailing the mesh for boundary layer growth (for 13 layers) and bulk mesh is

given in Appendix II.

Velocity Magnitude
0.1 0.2

0.3
——

0 0.32

—

Fig. 49 Subchannel flow field

Fig. 49 shows the flow field within the subchannel. To gather statistical data a
number of probes were deployed within the subchannel near the inlet plane. The plane
containing the probes for measuring the flow was kept perpendicular to the flow direction.

The Probe locations are shown in Fig. 50.

The probes are placed in such a way that for a constant radial distance the azimuth of

probes varies. In this way we may get an averaged velocity at a particular distance from the
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wall. When this averaging is done for each distance from the wall to the centerline we may

get the law of the wall.

Fig. 50 Probe locations for subchannel

Using the capabilities of PHASTA it is possible to introduce vapor phase into the
developed single phase turbulence. The study of the influence of bubbles on the flow within a
subchannel holds considerable interest for the nuclear engineering community. To introduce
the bubbles (1% void fraction) the mesh size has to be increased considerably to properly
resolve the bubbles (with at least 20 nodes across). Mesh refinement was done for the coarse
subchannel case presented earlier and the single phase solution was transferred to this new
refined mesh using PHASTA tools. Fig. 51 shows the bubbles that have been introduced in

the domain with the developed single phase turbulence.
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Velocity Magnitude
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0.3

Fig. 51 Two-phase bubbly flow simulation snapshot for subchannel in developed turbulent
flow field
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Appendix Il : Mesh for the subchannel

Table 9 Mesh node height from the wall for subchannel case

Boundary Cell Node Resolution,(innon | Distance from
layer resolution, (in | Distance from | dimensional wall | the wall (in wall
number meter) wall(m) units units)
1 2 46E-05 0.00E+00 2 54E+00 0.00E+00
2 2.95E-05 2.46E-05 3.05E+00 2.54E+00
3 3.54E-05 5.40E-05 3.66E-+00 5.59E-+00
4 4.24E-05 8.94E-05 4.39E+00 9.25E+00
5 5.09E-05 1.32E-04 5.27E+00 1.36E+01
6 6.11E-05 1.83E-04 6.33E400 1.89E+01
7 7.33E-05 2 44E-04 7 59E+00 2.52E+01
8 8.80E-05 3.17E-04 9.11E+00 3.28E+01
9 1.06E-05 4.05E-04 1 09E+00 4.19E+01
10 1.27E-04 5.11E-04 1.31E+01 5.29E+01
11 1.52E-04 6.37E-04 1.57E+01 6.60E+01
12 1.82E-04 7.90E-04 18.9E+01 8.17E+01
13 2.19E-04 9.72E-04 2 27TE401 1.01E+02
14 2.05E-04 1.19E-03 2 12E4+01 1.23E+02
15 2.05E-04 1.40E-03 2.12E+01 1.44E+02
16 2.05E-04 1.60E-03 2 12E+01 1.66E+02
17 2.05E-04 1.80E-03 2.12E+01 1.87E+02
18 2 05E-04 2.01E-03 2 12E+01 2.08E+02
19 2.05E-04 2.21E-03 2.12E+01 2.29E+02
20 2 05E-04 2.42E-03 2 12E+01 2 50E+02
21 2 05E-04 2.62E-03 2 12E+01 2.72E+02
22 2.05E-04 2.83E-03 2.12E+01 2.93E+02
23 2.05E-04 3.03E-03 2 12E+01 3.14E+02
24 2.05E-04 3.24E-03 2 12E+01 3.35E+02
25 2 05E-04 3.44E-03 2 12E+01 3.56E-+02
26 2.05E-04 3.65E-03 2 12E+01 3.78E+02
27 2 05E-04 3.85E-03 2 12E+01 3.99E+02
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28

2.05E-04

4.06E-03

2.12E+01

4.20E+02

29

2.05E-04

4.26E-03

2.12E+01

4.41E+02
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