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Abstract

Centrifugal membrane and density separation (CMS) is a novel technology pro-
posed for treatment of waste water and industrial process streams. This cross flow
filtration process combines the energy recovery inherent to centrifugal reverse os-
mosis (CRO) with the potential alleviation of membrane fouling and concentration
polarization due to the favourable effects of centrifugal and Coriolis accelerations.

This dissertation presents a computational study of CMS undertaken to under-
stand the basic hydrodynamics and mass transfer of the processes and to provide in-
sight for the design of CMS devices. Two distinct membrane models were developed,
the porous wall model (PWM) and the source term model (STM), and incorporated
into Computational Fluid Dynamics (CFD) codes which solve the full Navier-Stokes
equations coupled to a scalar transport equation which accounts for dissolved species.
These models are used to simulate two and three dimensional laminar flows in both
non-rotating and rotating reverse osmosis membrane cartridges and to predict per-
meate fluxes.

Plate and frame geometries are first examined and it is determined that CMS
benefits most from channels with streamwise directions directed radially. It is also
shown that the benefits of CMS can be attributed largely to the secondary flows and
mixing associated with Coriolis acceleration, and the PWM and the STM are found
to perform similarly in the case of reverse osmosis. Next, the STM is used to perform
a parametric study of the flow and mass transfer in rectangular and square rotating
channels. It is shown that while normal rotation is preferable to spanwise rotation,
relatively small deviations from the spanwise orientation are adequate to achieve most

of the normal rotation performance, and that differences between the two orientations
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are minimal in the case of square channels. Also, the flow characteristics are again
shown to correlate well with the the magnitude of the Coriolis acceleration.

Flows in triangular and circular channels are also considered, and are shown to
perform similarly to rectangular channels. These channel orientations have applica-
tion in hollow fiber membrane modules and potentially in spiral wound membrane
modules.

Finally, the flow and mass transfer in channels with periodic streamwise obstacles
are considered. Such obstacles are related to feed spacers used in spiral wound mem-
brane elements and impact considerably on the flow characteristics and mass transfer
performance. Flow obstacles are shown to increase mass transfer performance in all
cases. with alternating surface mounted performing best. A preliminary investigation
is undertaken into rotating flows with periodic obstacles, and the flow fields are shown
to depend strongly on the blockage ratio and on the Rossby number. In most cases,
it is found that mass transfer performance does not necessarily correlate with either
wall shear stress or the local flow field.

Several general conclusions regarding CMS can be drawn from this work. [t is
preferable to operate a CMS devices at low flow rates, which is contrary to conven-
tional wisdom in membrane separation. Secondly, the mixing induced by channel
rotation is both more effective and more efficient than the mixing induced by the
feed spacers considered here. Finally, the magnitude of the Coriolis acceleration is
the dominant parameter in determining CMS performance. This means that a CMS
device can either operate at relatively low rotational speeds with flow in the radial
direction, or at higher speeds but lower angles of inclination with respect to the

rotational axis.
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Chapter 1

Introduction to Centrifugal

Membrane Separation (CMS)

1.1 Membrane Separation

Membrane separation processes are used in a wide variety of industries and processes
including the production of potable water. the de-inking of recvcled paper and the de-
watering of fruit juice. Membranes are finding increased use in all these industries due
to the energy efficiency of membrane processes which do not rely on phase changes.
The current worldwide membrane market is estimated at 6.53 billion US$ and is
anticipated to grow 8.3 % per vear [1]. Membrane separation is a process which
makes use of a semi-permeable membrane in order to separate a feed stream into a
permeate stream and a concentrate, or retentate stream. \While dead end separation.
wherein all the feed passes through the membrane, is sometimes used. this work will

focus on cross flow filtration. as depicted conceptually in figure 1.1.

The membranes used to perform the separation can be packaged in one of four
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Figure 1.1: Cross flow filtration

common arrangements: plate and frame, spiral wound, hollow fibre and tubular.

In both plate and frame and spiral wound modules the membrane is produced
as a flat sheet. In the case of plate and frame modules the membrane sheets are
simply attached frames which are stacked together in such a fashion that a feed flow
channel is formed between the frames. Plate and frame modules suffer from the fact
that the packing density, or the amount of membrane area which can be packed into
a given volume. is quite low and the manufacturing costs tend to be high. Spiral
wound elements neatly address both these problems. A typical spiral wound element
is shown in figure 1.2. First two membrane sheets are placed back to back separated
by a permeate spacer and sealed with glue on three sides. Next. the remaining side is
connected to a porous permeate tube which runs through the centre of the completed
module. Finally, a feed spacer is placed adjacent to each active membrane surface and
the membrane sheet is rolled around the permeate tube to create a cylindrical module.
The feed spacers create feed channels by insuring that the rolled up membranes do not
contact each other while the permeate spacers provide a spiral path for the permeate

to reach the central tube.

Both hollow fibre and tubular membranes consist of tubes of membrane material.
Hollow fibres are typically small diameter ( < 1lmm) and the entire tube is cast
from the desired polymer while tubular membranes are much larger (diameter ~ 2.5
cm) and are supported on a porous pressure vessel. Hollow fibre membranes are

typically packaged in large bundles and the feed flow can either be through the fibres
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Figure 1.2: Spiral wound membrane element

themselves (lumen-shell), or around the bundles with permeate flowing into the fibres

(shell-lumen).

[rrespective of the module chosen. cross flow filtration processes may be classified
into four subprocesses depending on the particle cut-off of the membrane: reverse-
osmosis, nano-filtration. ultra-filtration and microfiltration 1.3. as shown in figure

1.3.

Filtration spectrum

“pore sze”
{rmcrons) suspendeda solics
Microfitration [__—*
0.1 c 3
proteins
uttra filtration
0.0 C y
molecules
Nanofitration
0.00! s |
Reverse osrmosis sait
0.0001 [ 1
v

water

Figure 1.3: Filtration spectrum
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Two of the major problems associated with membrane separation processes are
membrane fouling and concentration polarization. Fouling occurs when the membrane
is physically obstructed, either by a buildup of particulates on the surface or by
membrane compaction, whereas concentration polarization refers to the formation of
a high concentration boundary layer adjacent to the membrane which results in a
local increase in the osmotic pressure and a reduction of the permeate production.
Also, in the case of reverse osmosis and specifically with regards to desalination, the
process energy requirements can be quite high since the feed stream pressure must be
increased significantly bevond the osmotic pressure of the the feed solutions: typical

feed pressures in sea water desalination plants are of the order of 3 MPa (735 psi).

While the methodologies developed herein are applicable to the entire spectrum of
filtration processes the focus of this dissertation will be reverse osmosis desalination
since CMS was originally developed in this optic and the experimental program has

also focused on this application.

1.2 History of Centrifugal Membrane Separation

Early CMS work focused on sea water desalination, which is a reverse osmosis process.
and accordingly, was referred to as centrifugal reverse osmosis (CRO). This work was
originally conceived primarily to conserve energy by taking advantage of a rotating

environment to recover the energy contained in the high pressure concentrate stream.

In conventional separation processes such as reverse osmosis, process pressures are
achieved using high pressure pumps. and, typically, a turbine is required downstream
to recover energy from the high pressure exhaust stream. Significant energy efficiency
gains have been demonstrated with CRO, shown schematically in figure 1.4. in which

process pressure is developed within a spinning centrifuge. The feed stream in CRO
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enters the axis at low pressure and is pressurized as it flows radially outwards to the
membrane. After exiting the membrane, the concentrate stream is depressurized as
it returns to the axis and exits the rotor. Thus, the feed stream in CRO enters at
low pressure and the exhaust stream leaves at low pressure, allowing inherent energy
recovery without the addition of an auxiliary turbine. Reduction in specific energy
consumption of more than 35% over non-rotating RO have been reported by Wild et
al. [2] for a prototype producing 7.5 m3/day of fresh water. It was also shown that
the theoretical energy efficiency of CRO increases with system capacity, and up to

70 % reduction in specific energy consumption was predicted for units producing over
1000 m?/day.

CENTRIFUGE ROTOR

-{ MEMBRANE CARTRIDGE ]

R =ty

PREFILTRATION

LOW PRESSURE

2

FEED PUMP PO CONCENTRATE
ROTARY ~
COLPLING Fﬁa\muus CARTRIDGE ]
PERMEATE
FEED ANMLVNL VRN NNNANNNN
RESERVOIR

Figure 1.4: Schematic of Centrifugal Reverse Osmosis and Centrifugal Membrane
Separation

Two prototypes, shown in figures 1.5 and 1.6, were built upon these ideas, and
used conventional spiral wound reverse osmosis elements arranged in a gattling gun
configuration around an axis of rotation. This means that while the bulk flow was
in an axial direction, the membrane had active faces directed both towards and away

from the axis of rotation. It was later proposed that the rotating environment could
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additionally effect membrane performance, but since the focus of the original pro-
totypes was to show energy efficiency, there was never any direct comparison of the
membrane performance in these devices with those of similar non rotating systems.
If additional benefits exist then the concept of rotating membrane separation extends
bevond reverse osmosis to the entire filtration spectrum. This concept is a general-

ization of CRO. and is given the name Centrifugal Membrane Separation (CMS).

i F . O L2

Figure 1.6: The second CRO prototype
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In order to isolate the effect of membrane orientation, a CMS test apparatus,
shown in figure 1.7, was designed and built which could accommodate custom plate

and frame membrane discs.

Figure 1.7: CMS experimental apparatus.

Early CMS experiments were carried out using these plate and frame membranes.
depicted in figure 1.8. Lexan discs were machined such that when stacked, they formed
feed flow channels of length 0.084m with a 0.0571m x 7.62 x 10~ m (4.34 x 10™>m?)
cross section. Membrane material was then glued onto the face of the discs such that
the resulting channels had an active membrane on one face. The membrane stack
could be rotated allowing various membrane orientations with respect to the axis of

rotation.

Typically, there were nine open channels stacked in the CMS apparatus, four of
which had active membrane on one face, and five of which were plain machined lexan

channels.

This work, and the associated modelling which will be presented in Chapter 3,
clearly showed that the effect of membrane orientation with respect to the axis of
rotation was significant and that CMS performance could be enhanced by a judicious

choice of membrane orientation.
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Figure 1.8: Membrane stack

In order to capitalize on this additional benefit and to scale up the experiments. a
new CMS head. capable of housing a small radially oriented commercial spiral wound
membrane element, was constructed. The primary difference between the plate and
frame membranes (figure 1.8) and the spiral wound membranes (figure 1.2) is that the
spiral would elements require the use of a feed spacer in order to keep the membranes
from contacting. Two representative spacers taken from modules used at UVic are
shown in figure 1.9. Clearly, these spacers have a profound effect on the flow in the
resulting channels and, it is expected. on membrane performance. This effect must
be correctly modelled if membrane performance is to be understood. In either case.
though. it is important to quantify the flow regime of a given point in the operating
space. A detailed account of the operating range of the various CMS devices is given

in Appendix A.

Since the focus of this work is the fluid dynamics and mass transfer in rotating
systems, it is instructive to set the stage by reviewing the parameters governing such

types of flows.
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Figure 1.9: Feed spacers removed from modules at UVic. Ladder type spacer on the
left and diamond type spacer on the right.

1.3 Fluid Mechanical Parameters

There are five basic non-dimensional parameters which are important in characteriz-
ing the flow in a CMS device: the Reynolds number (Re), the wall Reynolds number
(Rey,) the Rossby number (Ro), the Ekman number (EX) and the Schmidt number
(Sc).

The Reynolds number is a classical parameter characterizing non-rotating viscous
flows, such as flow in conventional membrane separation. This parameter is also

relevant to rotating cases and represents the ratio of inertial to viscous forces.

pUD
7

RGD = (11)

where p. U. D and u represent respectively density, bulk velocity, hydraulic diam-
eter and dynamic viscosity. Since fluid permeates through the membrane, the normal
component of velocity at the membrane surface is non-zero. The wall Revnolds is de-
fined as above, with the velocity scale replaced with the normal component of velocity,

Vi,

Re, = (1.2)
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The Rossby and Ekman numbers characterize flows in rotating channels such as in
CMS. The Rossby number represents the ratio of convective acceleration to Coriolis

acceleration,

Ro= — (1.3)

and the Ekman number represents the ratio of viscous forces to Coriolis forces

v
QD2

Ek (1.4)

where €2 and v are the rotational speed and the kinematic viscosity. The Revnolds,

Rossby and Ekman number are related by

Ro -
Re = E:I: (10)

Finally, the Schmidt number relates the viscous diffusion of momentum to the

mass diffusion of dissolved species (in this case NaCl).

=L (1.6)

1.4 Objectives of the Present Study

The primary objective of this work is to examine the flow and mass transfer in ge-
ometries of significance to both conventional membrane separation and to CMS. This
will necessarily involve the application of membrane models to flows in both rotating

and non-rotating channels. The insight gained from this study will both lead to a
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better understanding of the transport phenomena involved in membrane separation

and will provide guidance in the design of future membrane separation devices.

1.5 Outline of Thesis

Each chapter in this dissertation is written to stand alone as much as possible, and
accordingly, an independent literature overview is presented in each chapter. Chapter
2 sets the stage for the dissertation by outlining the basic equations governing the
transport phenomena in membrane systems. Also presented and discussed are two
different membrane models which can be applied to membrane flows: the porous wall
model (PWM) and the source term model (STM). In chapter 3. the PW) is applied
to reverse osmosis desalination in geometries representative of the plate and frame
CMS device. These results indicate that radially outward flows are favourable and
that the STM is adequate for parametric studies of reverse osmosis flows. Chapter 4
presents a parametric study of fluid flow and mass transfer in rectangular channels
with flow in the radially outward direction while chapter 5 investigates similar flows
in channels of both triangular and circular cross sections. Chapter 6 presents a
preliminary investigation of fluid flows in geometries representative of spacer filled
channels. Both non-rotating and rotating flows are considered. Finally, in chapter

7. the impact of the results on CMS is considered. Conclusions are drawn, and

recommendations made.



Chapter 2

Flow and Membrane Modeling

2.1 Flow Field Equations

The flow in a CMS device is governed by the conservation of mass, the Navier-Stokes
equations, and, when a dissolved second phase is present. a scalar transport equation.
As shown in appendix A, the Revnolds number of the flow in a reverse osmosis
membrane channel is of the order of 10° and the flow may therefore be assumed to be
laminar. The governing equations in a rotating frame of reference take the following

conservation form:

dp d _ R
5 a—l‘)(ﬂuj) =0 (2.1)

9 9 aP
gt-(pui) + -a—I—J-(pu,u,-) + pR; = 7z + pg;

L9 Oui Oy 2 Ouw, (
oz H dz; Oz, 3#61‘1 Y ’

(V]
V)
~—
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N = —_ (rZ2 9

where ¢ is the mass fraction of dissolved species, g; is the gravity vector and R,
is an acceleration term which can be used to solve the equations in rotating frames

of reference,

lzi = €im«1€mnkWn Lk + szlm"v‘-'lum (24)

or. alternatively in vector notation. as

(V]
[@]]

E:Ex(ﬁx?)%—?ﬁx_f. (2.3)

where the first term corresponds to centrifugal acceleration. the second term corre-
sponds to Coriolis acceleration. w (5) is the rotation vector. ry (E) is the position
vector with respect to the rotational axis and ¢ is the alternating tensor. which
takes a value of 1 for cyclic permutations of ijk. -1 for acyclic permutations and 0
otherwise. The centrifugal acceleration is often combined with the pressure through

the definition of a reduced pressure.

p:P—HX(HX?) (2.6)
In the case of variable fluid properties. the fluid density and viscosity is determined
based on the local concentration using empirical correlations developed in [3].

The governing equations can also be presented in non-dimensional form.

%+ROU-VU+‘.’QXL'=—Vp+EkV2v (

)
~1
A
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where the fluid is assumed to be incompressible with constant properties and all
variables have been non-dimensionalized. The governing equations in this form are
the starting point for asymptotic solutions, since it is clear that the Rossby number
and the Ekman number indicate the relative importance of the inertial and viscous

terms respectively.

In component form, assuming steady fully developed conditions with flow in the
x direction(d/dx = 0), and an axis of rotation parallel to the y axis the governing

equations become

3—734-?)—1; =0 (2.8)

Ro (ug—; + lL'Z—Z) +2w=1+Fk (g}; + %) (2.9)
Ro <Lg—;-—ug§) = —g—z-i-Ek (%%—%) (2.10)
Ro (u%+wg—“> = —%?+Ek (gy“ +%) (2.11)

[n addition to the standard boundary conditions (inlet. outlet, no-slip), a selective

membrane boundary condition must be specified for the CMS problem.

2.2 Membrane Boundary Condition

The equations governing a perma-selective membrane can be derived using irreversible

thermodynamics [4]. Assuming that dynamic reversibility is valid for all cases con-
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sidered, and that the membrane is a perfect rejector with respect to convection, then

the flux of solution and solvent are respectively given by [3].

jo = Ly(AP — AI) (2.12)

= jv(l — R)

I
R

(cf —¢p) (2.13)

where L, is the membrane permeability, R is the rejection of the membrane, AP
and AIT are the hydrostatic and osmotic pressure differences across the membrane.
¢y and ¢, are the concentrations of the feed and permeate respectively. In the above
equations, the solution flux is presented as a volume flux and the solute flux is pre-

sented as a mass flux. Further detail are given in appendix B.

Two different implementations of the above equations are outlined in the following

section.

2.3 The Porous Wall Model and the Source Term
Model

The Porous \Wall Model (PW)M). shown on the left hand side of figure 2.1 allows
permeate to pass through the membrane, but selectively inhibits the transport of dis-
solved species. The solute which does not pass through the membrane remains in the
feed channel, adjacent to the membrane surface, and the bulk concentration increases.
This model correctly accounts for the mass permeating through the membrane, and
hence the flow rate in the feed channel decreases along the flow direction and there

is a component of velocity normal to the membrane. Since the permeation velocity
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is a function of both the local pressure and concentration through equation 2.12 the

hydrodynamics and the mass transfer are coupled.

N Solute Source Region IS

— ]

PWM ST™M

Figure 2.1: The porous wall model (PWM) and the source term model (STM)

Reverse osmosis affords two significant simplifications to the above model: i) The
transmembrane pressure is much larger than the pressure drop along the channel,
and ii) the permeate flux is vanishingly small such that the effect of permeation
velocity and of decreasing flow rate are unimportant in the equations of motion. The
permeation is however critically important to the mass transfer equation. as it is

solely responsible for the increase in bulk concentration in the feed channel.

The source term model. shown on the right hand side of figure 2.1. takes advantage
of this and decouples the hydrodynamics and the mass transfer. The hydrodynamics
are solved using a conventional wall boundary condition and can accordingly be solved
by any ‘standard’ CFD code without modification. The mass transfer equation is
then solved with the addition of a source term adjacent to the membrane surface to
account for the concentrating effect of the membrane. Equation 2.12 can be used
with a constant transmembrane pressure to determine the local permeate mass flux.

and the amount of solute which must be added locally in the source region is given
by

Osource = OpAijy — Js (.)”14)

where A; is the area of the section of membrane under consideration.
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The main benefit of the source term model is that the hydrodynamics and the mass
transfer are decoupled. This means that a hvydrodvnamics solution can be calculated
for a given geometry and flow rate and this solution can be used to predict membrane
performance over a range of feed concentrations and operating pressures. Since the
hydrodynamics solution is orders of magnitude more costly than the mass transfer
solution. this greatly reduces the cost of the predictions. Also, a commercial CFD
package can be used without modification for the hydrodvnamics solution and the

mass transfer can be calculated either using the same package or separately.

2.4 Model Limitations

The P\WM is applicable over the entire range of membrane processes since the perme-
ation velocity is explicitly accounted for in the formulation. Not only does this ensure
the correct mass flow at each section in a module. but it also ensures that the correct
module pressure drop is calculated. This pressure drop is especially important when
the process pressure is low since it results in a reduced driving force for the separation.
An additional benefit of the PW)I is that it is possible to vary fluid properties with

concentration in order to account for the effect of density stratification.

The STM allows for a great increase in computational efficiency by decoupling the
mass transfer solution from the hydrodynamics solution. The compromises for this

model are:

e The permeation velocity at the wall is neglected

e The channel pressure drop is usually neglected in determining the trans-membrane

pressure
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e The solution properties must remain constant with respect to the hydrodynam-

ics solution

For these reasons. the STM is limited to reverse-osmosis separations with trans-
membrane pressures significantly higher than the channel pressure drop. An addi-
tional limitation of the STM is that the membrane area must be sufficiently small
to ensure the mass flow through the membrane remains small compared to the feed
mass flow. Even when the permeation velocity is everywhere small. if the membrane
is large enough it is possible that the concentrate flow rate could decrease enough
that the mass transfer would be affected. The validity of the STM is examined in

detail in chapter 3.

Both models are capable of modelling the effects of concentration polarization up
to the point when gel layers begin to form adjacent to the membrane surface. Once
these lavers form. a new phase is present in the channel. At the very least. this
imposes an additional resistance to flow through the membrane. \While the models
will indicate that the gel concentration has been surpassed. additional physics and

chemistry would have to be included to correctly model the flow bevond this point.

Neither model as presented is suitable for modelling membrane fouling. Fouling
is inherently a time dependent process where the permeate flux decreases with time
due to pore narrowing, pore blocking or the build-up of a fouling layer adjacent to
the membrane surface. Again. the additional physico-chemical processes would have

to be accounted for.

2.5 Overview of Numerical Solutions

The PWM was implemented in the commercial code TASCflow 2.6 [5]. TASCflow

is a finite volume based finite element code which solves the complete Navier-Stokes
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equations on collocated body fitted multi-block meshes. The continuity equation and
the momentum equations are solved in a fully coupled manner which makes this code
particularly well suited to both rotating flows and to flows with transpiration. Steady
state solutions are arrived at by a physical time marching procedure and this means
that unsteady solutions are possible provided a small enough time step is used. The
implementation of this model required additional source code beyond the standard

user modifiable routines.

The STM was implemented in the commercial code cfx 4.2 [6]. Cfx is a finite
volume code which also solves the complete Navier-Stokes equations on collocated
body fitted multi-block meshes. The hyd:rodynamics and the continuity equation
are not solved in a coupled fashion and while the code has options for unsteady
flow, steady flow solutions are arrived at through the use of relaxation techniques.
The STM was implemented using only the standard user modifiable Fortran routines

provided with the Cfx code.



Chapter 3

The Effect of Membrane

Orientation

3.1 Introduction

Two of the major problems associated with membrane separation processes are foul-
ing and concentration polarization. Fouling occurs when the membrane is physically
obstructed. either by a buildup of particulates on the surface or by membrane com-
paction, whereas concentration polarization refers to the formation of a high concen-
tration boundary layer adjacent to the membrane which results in a local increase
in the osmotic pressure and a reduction of the permeate flux. To capitalize further
on the rotational effects present in CRO. a combined experimental/numerical inves-
tigation was undertaken to develop membrane configurations which reduce fouling
and concentration polarization due to the secondary flows induced by centrifugal and
Coriolis accelerations. This work complements the current experimental work which

is aimed at applying the CMS process in reverse osmosis [7] and in ultrafiltration of
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protein solutions and colloidal mixtures [8] where the potential benefits are greater

still.

In this chapter, the porous wall model is applied to geometries consistent with
the CMS plate and frame configuration. The purpose is to develop an understanding
of the effect of membrane orientation in a rotating environment. Various membrane
orientations with respect to the axis of rotation are investigated. This orientation,
which affects both Coriolis and centrifugal accelerations. is defined by assigning a
reference configuration. and three successive rotations, (pitch. roll, vaw) about the
z.x and v axes respectively. A coordinate system is attached to the membrane. with
feed flow in the x direction and the membrane normal in the ¥ direction Figure
3.1 depicts the reference. (0.0.0), position and three sample orientations as viewed
from the viewpoint of the membrane, while figure 3.2 depicts sample orientation with

respect to a viewpoint attached to the axis of rotation.

The specific objectives of this work are to apply the PW)MI to investigate the effect
of system rotation on the reverse osmosis membrane separation of aqueous NaCl solu-
tions. Of specific interest is an in-depth understanding of the parameters influencing
the permeate flux, and the membrane surface concentrations in the experimentally
difficult environment of a CMS device. The model will also be used to determine

optimal membrane configurations and orientations.

3.1.1 Fluid Mechanical Background

Flows in partly porous stationary and rotating ducts are also found in heat exchang-
ers, solar-energy collectors, porous walled flow reactors., pulp and paper processing,
and fuel cell stacks. Laminar flow in a 2-D channel with porous walls was consid-

ered by Berman [9] who obtained a first-order perturbation solution often used for
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(0.180,180) (90.90.270)

Figure 3.1: Membrane orientation with respect to the axis of rotation from the view-
point of the membrane. Angles represent successive rotations in (Pitch. Roll. Yaw).
The dark shaded sections represent reference planes on which visualizations will be
presented. Note: in the physical device the rotation axis is held constant and the
membrane orientation is altered.

validation. An experimental study of laminar flow and heat transfer in square ducts
with a single porous wall {10} has shown that significant changes occur with respect
to pressure drop, Nusselt number and entrance lengths depending on the wall veloc-
ity. Numerical modeling of membrane flows to 1994 was reviewed by Bouchard et.
al. [11], wherein all models used simple analytic solutions, such as that of Berman.
for the fluid flow and numerically solved a convection diffusion equation to account
for solute transport. The most comprehensive numerical model related to membrane
flows is that of Pellerin et al. [12], in which the steady 2-D Navier-Stokes solu-
tions were solved in conjunction with a transport equation for the dissolved phase

and Darcy’s law to determine the transpiration velocity. Turbulence was modeled
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Figure 3.2: Membrane orientation with respect to the axis of rotation from the view-

point of the rotational axis. Angles represent successive rotations in (Pitch. Roll.
Yaw).

using the density-weighted ensemble-averaged equations (Favre averaging) together
with the & — ¢ model. The model did not properly account for low Reynolds num-

ber turbulence. but nonetheless highlighted the significant differences arising from

turbulence.

The potential benefits of fluid dynamical instabilities in alleviating concentration
polarization and fouling have been recognized for some time. Belfort {13] discussed for
instance the effect of unsteadiness due to oscillating pressure gradients, "furrowed”
flow channels and centrifugal acceleration. In a series of subsequent papers, Belfort
and co-workers investigated the effectiveness of Dean vortices in flux enhancement and
fouling reduction (see, e.g. Ref. [14]). The reduction in concentration polarization
due to centrifugal acceleration was also investigated by Andeen {15] using commercial

hollow-fiber membranes. The same system was subsequently used to demonstrate
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reduced particulate fouling as well [16]. Pulsatile flow is another method that has
been proposed for controlling and minimizing concentration polarization and fouling
(17. 18]. In the present study the focus is the combined effect of centrifugal and
Coriolis acceleration. To our knowledge this thesis and the companion paper [19] are

the first to report on the latter in the context of membrane separation.

A general review of the fluid mechanics of centrifugal separation of mixtures in
rotating vessels is given in [20], with an emphasis on the importance of Coriolis forces
under various conditions and a discussion of various approaches for modeling monodis-
perse suspensions and their limitations. Three-dimensional numerical investigations
of flow and heat transfer in rotating square ducts. together with reviews of earlier
work. are presented in [21] for laminar flow and in [22] for turbulent flow. Investi-
gations of flow in rotating ducts with a porous wall are scarcer. but a recent 3-D
numerical study of the mixed convection problem is presented in {23]. A vorticity-
velocity formulation was used and the equations were parabolized to allow a marching

integration in the axial direction.

In this chapter we present three-dimensional computations, using the full Navier-
Stokes equations. of the low Reynolds number laminar flow of a salt-water solution in a
long channel with a reverse-osmosis filtration membrane on one side. Both stationary
and rotating cases are considered and the relative effects of centrifugal and Coriolis

accelerations are investigated.

3.2 Implementation

The present version of the PWM has been implemented into the commercial CFD
package TASCflow3d [5]. TASCflow3d is a Navier-Stokes code which solves the Carte-

sian form of the equations presented in chapter 2 over collocated body fitted grids
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[4]]

using a finite volume based finite element method. Steady solutions are arrived at
by stepping through time using first order backwards differencing. While the code
provides several options for the discretization of the convective terms, all of the sim-
ulations presented here employed a flux limited higher order upwind scheme for these
terms. Centrifugal buoyancy is implicitly included. as the dependence of density and

viscosity on the local value of the concentration in accounted for.

Figure 3.3 depicts a flux element on the membrane surface which is made up of
partial faces from the four nodes bounding the flux element. Properties and variables
are constant over a flux element and are determined as numerical averages of the
four surrounding nodal values. The solute flux is specified by setting the value of
Oour based on the experimentally determined rejection. This value of ¢, is then
used in calculating all fluxes through the membrane surface. All the other terms are
based on the flux element values so that the viscous terms and the fluxes through the
other faces are still based on the higher concentration present on the feed side of the

membrane.
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Figure 3.3: Flux element on membrane surface.

The velocity components parallel to the membrane surface are set to zero in ac-
cordance with the no slip condition, and the normal component of velocity is set

according to Equation (2.12).
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3.3 Model Validation: Non-rotating flow

3.3.1 Berman Solution

In a preceding study (3], the present model, designated as the Porous Wall Model
(PWM), was initially validated against the Berman solution [9] consisting of sym-

metrical flow between two parallel membrane plates as in figure 3.4. The channel

v

w
RAARAARARAARAARARAAARARAAARRARARARAAARAARAAA]
y Porous Wall
h
Inlet Qutlet
.......................................... — Y

Axis of Symmetry /Centerline

Figure 3.4: Geometry used for initial validation against Berman solution.

dimensions used for these simulations were those of the actual CMS channel. and the
feed solution was taken to be 22.000 ppm salt at 26°C (density p = 1012.12kg/m3
and kinematic viscosity v = 9.0344 x 10~™*kgm/s). Figures 3.5 and 3.6 present com-
parisons of the calculated velocity components at various distances along the channel
for a channel Reynolds number of Re, = 2hlU /v = 250. and a wall Reynolds number

Ren = hv, /v = 0.1. Two different grid sizes were used. and excellent agreement was

obtained on both grids.
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Figure 3.5: Profiles of U normal to the porous wall at various distances along the
channel. Re, = 250. Re,, = 0.1
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Figure 3.6: Profiles of V' normal to the porous wall at various distances along the
channel. Re, = 250, Re,, = 0.1
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3.3.2 Conventional membrane separation

Next, the model was further validated considering conventional (non-rotating) reverse
osmosis desalination. Experimental data was generated in a parallel study using a
static test bench, designed to house the custom CMS membrane stacks described
above, and employed nine parallel flow channels. four of which had an active mem-
brane on the one side of the channel. A full description of the experimental program
is given in [7]. The feed flow rate was 2 L/min, which results in an average chan-
nel Revnolds number of Rep, = 72.5. where h is the channel half height. Figure 3.7
compares the predicted permeate fluxes with the measurements. The numerical re-
sults were obtained using the parameters outlined in the validation column of table
3.2 for three inlet concentrations and. with one exception. assumed the flow was two
dimensional. Additional three dimensional predictions which account for side wall
effects were obtained for feed concentrations of 35.000 parts per million NaCl using

feed rates of 4L/min (Re, = 1435) and a process pressure of 500 psi (3.4 MPa).

Two trends are immediately apparent in examining Figure 3.7: the model cor-
rectly predicts the trends shown in the concentration polarization experiments. but
over-predicts the experimentally determined permeate fluxes. Also, as expected. in-
creasing the feed flow rate increases the permeate flux and accounting for side walls
(500 psi case) decreases the permeate flux. The absolute error between the simu-
lations and the experiments is of the order of 4 x 10~*kg/(m?s). giving a relative
error of 6% at the highest flux. The relative difference between the slopes ranges
from less than 1% to 4.8%. These differences are not unreasonable considering the
difficulty in controlling experimental parameters such as membrane permeability. feed

concentration and applied pressure.
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Figure 3.7: Comparison of experimental permeate mass flux data and CFD calcula-

tions for conventional membrane separation. Concentrations are in parts per million
NaCl

3.4 The Effect of Rotation and Orientation

Rotation can be expected to induce asymmetry and spanwise motion and hence a
breakdown of the two-dimensionality. In order to investigate the relative effects of
channel orientation, three-dimensional simulations were carried out in a channel of
half height h = 0.381 mm. of length 220h. and aspect ratio 8. A constant inlet velocity,
corresponding to a Reynolds number of 143, was specified with an NaCl concentration
of 22.000 parts per million (¢ = 0.022). The membrane boundary condition is applied
on the y=-h face between x/h=T7.4 and x/h=213 with the remainder of the y=-h
surface set as an impermeable wall. A fully developed outlet condition was used
on the x=220h face. and while this is not strictly correct with wall permeation, it
is anticipated that this will affect the simulation only locally near the exit since

membrane fluxes are small compared to the bulk flow. The remaining boundary faces
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(v=h, z=+/-8h) are specified as impermeable walls. The axis of rotation is located
1650h (0.6286 m) away from the center of the membrane and the rate of rotation is

30 rad/s. A uniform grid of [120.20.153] was used for all simulations.

The various simulations performed are summarized on table 3.1, which also in-
cludes the sense of the Coriolis and centrifugal accelerations. The additional simula-

tion parameters are listed in table 3.2 under the CMS column.

orientation | properties | Coriolis | centrifugal
Static Variable 0 0
(0,0,0) Variable +y +y
(0.0.90) Variable 0 +y
(0.180.180) | Variable +v -V
(90.90.0) Variable -Z +X
(90.90.270) | Variable -z -z
(90.90.0) Constant -z 0
(90.90.270) | Constant -z 0

Table 3.1: Simulations performed to investigate the effect of system rotation for
various membrane orientations. The direction in which the additional acceleration
terms act are given for each case. Centrifugal accelerations are listed as 0 when no
density gradients exist.

Properties Validation | CMS
Temperature [°C] 26 25
Permeability, L, x 10'* 1.83 2.24
(m/(sPa)]
Rejection. R [%] 98.5 98.0

Table 3.2: Parameters used for the numerical simulations.
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3.4.1 Secondary Flow Patterns and their Effect on Salt Con-

centration

Figure 3.8 depicts the distribution of salt concentration (in terms of mass fraction)
on the membrane surface. All simulations involving additional acceleration terms
show a greatly reduced surface concentration and accordingly. a significant increase
in permeate production over the conventional process. Each case, however, features
a distinct concentration pattern, which can be understood by investigating the flow
patterns inside the feed channels. Figure 3.9 shows the secondary, or in-plane, velocity
vectors for various sections along the channel for the (0.0.0) case. Initially, there are
only wall bound vortices which grow towards the center of the channel as the distance
from the inlet is increased. These vortices account for the reduced concentration
adjacent to the sidewalls for this case. As these vortices meet. additional vortex pairs
are formed, first at the center of the channel. and finally filling the entire channel.
Again, the effect of the formation of these additional vortex pairs is clearly evident

on the surface concentration distribution.
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Figure 3.8: Surface salt concentration along the channel for various orientations. Dark
shading indicates high concentrations, as per contour legend at top.
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Figure 3.9: Secondary velocity vectors for orientation (0.0.0).
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Figures 3.10 and 3.11 show the corresponding in-plane velocity vectors and salt
concentration contours at z/h = 200 for the four cases presented above. In the
static case, there is no secondary motion and a large buildup of concentration occurs.
Orientation (0,0,0) features a number of vortices, or roll cells, which form adjacent to
the membrane and mix the fluid locally. Orientation (90,90,0) features two elongated
cells which cover the entire span causing a complete breakdown in the symmetry
of the velocity profile and concentration distribution. Finally, orientation (0,0,90),
which has no Coriolis acceleration on the bulk flow, features very weak convection
cells ( < 10% of the strength of the previous cases) which are considerably smaller
and more numerous than the Coriolis induced structures evident in the (0.0.0) case.
These cells form first next to the channel sidewalls. and spread inwards to fill the

channel.
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Figure 3.10: In plane velocity vectors at x/h=200 for various simulations. Velocity
vectors are magnified 10 times in the (0,0,90) case.

The relative strength of these secondary motions is demonstrated in figure 3.12
which shows relief surfaces of the streamwise velocity at the same position in the

channel. The static case is typical of unperturbed laminar flow with a maximum
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Figure 3.11: In plane salt concentration contours at x/h=200 for various simulations.
Fifteen evenly spaced contour lines are plotted between © = 0.0222 and o = 0.026.

velocity at the center of the channel. whereas the effects of the secondary motions
are readily apparent in the cases (0.0.0) and (90,90.0). In orientation (0.0.0). the
entire profile is shifted towards the membrane surface (y/h = —1) and the influence
of the roll cells is clearly evident. In orientation (90.90.0) the secondary structures
carry fluid towards the lagging sidewall (z=8h) and significantly broaden the profile
perpendicular to the membrane. This broadening of the profile, which is evident to
a lesser degree in the (0.0,0) orientation, will serve to increase the shear stress on the
membrane surface. There is no noticeable effect of the secondary motions in the case
(0.0.90). which has no Coriolis acceleration on the streamwise velocity component. as

might have been anticipated from the weakness of the secondary motions.
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Figure 3.12: Relief plot of streamwise velocity component for conventional (static)

membrane separation.
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3.4.2 Spanwise Averaged Evolution of Membrane Surface

Salt Concentration

In order to assess the overall effect of system rotation on surface concentration, the
values presented in Figure 3.8 were averaged in the spanwise direction (z) at each
position (x) along the membrane surface. These spanwise averaged salt concentrations
are presented in Figure 3.13 and provide a good overview of the effect of rotation.
Both orientations using a pitch and a roll of 90° (Coriolis in the spanwise direction)
feature a flat concentration distribution which is only marginally higher (= 1%) than
the feed concentration. offering the potential for both significantly enhanced permeate
production and for the use of longer flow channels. The remaining rotating cases are
similar in the sense that the surface concentration builds until it reaches a maximum
and then rapidly decreases to a seemingly constant level. Simulations (0,0.0) and
(0.180.180), which both have Coriolis accelerations directed away from the membrane
surface. have the same initial concentration growth rate; but in the former case. where
the centrifugal acceleration is aligned with the Coriolis acceleration, the drop off
occurs by x/h= 60. In the (0.180.180) case. the Coriolis and centrifugal accelerations
are opposed, and the concentration drop off does not occur until x/h = 125. The
static case and (0,0,90), neither of which have Coriolis acceleration on the bulk flow,
have the same initial concentration growth rate, with the latter beginning to decrease

by x/h = 60, but remaining higher than the case with Coriolis accelerations on the
bulk flow.

Several of these results are well correlated with the parallel experimental program
[7]. In particular, a decrease in performance of the (0,0.90) and the (0.180,180)
orientations with respect to the (0,0.0) orientation is found. The overall agreement
of the computational model with observations is very satisfactory, particularly when

noting that experimental variations due to changes in permeability from membrane
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Figure 3.13: Evolution along the channel of the spanwise averaged salt concentrations.

to membrane are not adjusted for in the numerical model.

3.5 Further Analysis of System Rotation

3.5.1 The Effect of Density Variation

Figure 3.14 compares the (90,90,0) and (90.90,270) orientation with and without den-
sity variations. In the latter case the centrifugal instabilities are removed by switching
off the terms corresponding to variation of density with concentration in the numeri-
cal solution. The figure shows that the relative increase in surface concentration when
density variation is used to account for centrifugal accelerations is less than 0.5% for
both cases. At this level of refinement, a small distinction can be made between

the (90,90,0) case and the (90,90,270) case: in the latter the Coriolis and centrifugal
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accelerations are aligned and the performance is marginally improved. Another effect
of density is revealed by referring back to figure 3.13. The only difference between the
(0,0,0) case, and the (0.180,180) case is that the sense of the centrifugal acceleration
term has changed with respect to the density gradient created at the membrane sur-
face (the sense of the Coriolis acceleration is the same in both cases). In the case of
(0,0,180) the feed solution is stably stratified with respect to centrifugal acceleration,
and the development of the roll cells in the interior of the channel is delayed by ap-
proximately 60 channel half heights. This shows that while centrifugal instabilities on
their own produce weak secondary motions there are clear interactions between the
two instabilities. The overall significance of this interaction, however, would diminish

greatly with increasing channel length.
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Figure 3.14: Spanwise averaged increase in surface concentration with the addition
of centrifugal forces through variable density.
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3.5.2 Shear on the Membrane Surface

All membranes considered in this work have a surface normal that is parallel to the
v coordinate direction. For this configuration, we can derive two components of the

shear on the membrane surface,

du v
Try = U (é)_y-*"a_r) (3.1)
Jdw Jdv
= — e — 9
(2222 o2

and the magnitude of the shear stress.

T = /T3 + T (3.3)

Since, in the present work, the viscosity varies as a function of the local concen-
tration, the above shear stresses are calculated using the local viscosity, and a shear

rate is defined using the feed viscosity. Figure 3.15 presents the spanwise distribution

eed

of membrane surface concentration and shear rate, S = l" at x/h=200. Each of
the four cases presented are markedly different, with, in general, a maximum in shear
rate corresponding to a minimum in concentration. The static case features relatively
flat profiles and a high concentration, while all other cases have gradients in the span-
wise direction. The (0.0.0) case features a large amplitude, low wavelength, variation.
while the (0.0.90) is characterized by a small amplitude short wavelength variation.
Clearly, in comparing the static and (0,0,90) cases, the magnitude of the shear rate

is not the determining factor in the reduction of membrane surface concentration.
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Figure 3.15: Distribution of membrane surface concentration and shear rate across
the channel at x/h=200
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3.6 Comparison with Source Term Model

In order to assess the validity of the simplified source term model approach, a STM
simulation was performed and compared to the corresponding PWM simulation of
(90,90.0) which includes the effect of variable density and viscosity. The STM model
was implemented in cfx 4.2 by modifying the standard user Fortran routines provided
with the code. This simulation used a constant solution density and viscosity, corre-
sponding to a 22,000 ppm NaCl solution and neglected the transpiration velocity at
the membrane surface. Figure 3.16 compares velocity profiles near the channel cen-
trelines while figure 3.17 presents comparisons of relief plots of streamwise velocity
in the fully developed region. The agreement between the two models is very good,

with minor differences evident along the short channel centreline.
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Figure 3.16: Comparison of PW)M and STM: streamwise velocity near the channel
centrelines.
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STM

Figure 3.17: Comparison of PWM and STM: relief plots of streamwise velocity in the
fully developed region.
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The PWM predicted a permeate flux through the membrane of 3.070 x 10~° kg/s,
and the STM is in excellent agreement differing by only 0.5%. Figure 3.18 depicts
the spanwise averaged surface concentrations predicted using the two models and uses
the same scale as in figure 3.13. The STM predicts a slightly lower concentration,
corresponding to the higher permeate flux prediction, with the largest differences
occurring where the concentration is increasing. This is perhaps not too surprising
considering that the STM is based on volumetric averages adjacent to the membrane
while the PW)I relies on membrane surface concentrations. Overall though. the dif-
ferences between the two models are significantly smaller than the differences between
the different cases presented in figure 3.13 and the mass flux predictions are in very

good agreement.
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Figure 3.18: Comparison of PWM and STM: spanwise averaged surface salt concen-
trations.
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3.7 Closure

A porous wall model applicable to membrane separation processes has been developed
and implemented into the TASCFlow CFD code. The model is able to correctly
model the flux vs. pressure behavior in conventional membrane separation. This
model has also been used to demonstrate the potential for significantly improved
permeate production rates in the case of CMS and to identify three distinct flow
regimes depending on channel orientation. This improvement is made possible largely
by the Coriolis acceleration, with centrifugal accelerations providing a further modest
gain. When considering flows susceptible to concentration polarization, there is no
direct correlation between high shear rate and reduced surface concentration - small
secondary motions are adequate to significantly reduce flux decline associated with

concentration polarization.

The lowest surface concentrations. and hence the highest permeate fluxes are found
in channels with radially outward flow, when the Coriolis acceleration is normal to the
streamwise velocity. These geometries exhibit lower concentrations along the entire
length of the membrane in contrast to the alternative orientations which take longer

to develop secondary motions.

All CMS simulations presented above were carried out at a rotational speed of
50 rad/s while the actual CMS experimental apparatus runs at 158 rad/s to develop
this pressure. Physically, the simulations correspond to a hybrid combination of a
centrifuge and a high pressure pump to develop the process pressure and vet signif-
icant benefits are evident even at this rotation rate. Accordingly, it is desirable to
perform a systematic parametric study of rotational flows with a view to determining
performance over a range of operating speeds. The STM, which is computationally

more efficient than the PW)M will be used in the next chapter to undertake such a
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study.
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Chapter 4

Rotating Channel Flows

4.1 Introduction

Generalized rotating channel flows can be found in many engineering applications,
from blade and cooling passages in turbomachines to specialized heat exchangers to
novel membrane separation processes. The specific interest here stems from work
in developing new technology for membrane separation processes which relies on the
beneficial effect of Coriolis acceleration to alleviate concentration polarization and
fouling [19]. In single phase flow. with small temperature and concentration gradients,
it is solely the Coriolis acceleration, present any time there are flows that are not
aligned with the rotational axis. which brings about these features. These flows
present many interesting features including complex secondary flow patterns which.
if properly understood and harnessed. can be of great benefit to design. While many
researchers have examined aspects of rotating channel flows the picture is far from

complete.

When the Navier-Stokes equations for an incompressible fluid are written in a
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rotating frame of reference, as in equation 2.7, the Rossby number multiplies the
inertial term while the Ekman number multiplies the viscous term. This makes it
plausible to consider asymptotic solutions to these equation as in the early work in
rotating flows {24, 25, 26, 27]. In this approach. it is common to assume that the flow
is fully developed (translationally invariant), and that a geostrophic core exists in
which viscous effects are unimportant and in which the Coriolis term is balanced by
the pressure gradient. This implies then that the flow must adjust to the no slip walls
through boundary layers in which the viscous terms dominate, and the inertia forces
are negligible. These layers are given different names, and have different dimensions
depending on their location with respect to the axis of rotation. The layers on the
leading and lagging sidewalls are called Stewartson layers, while the remaining two
are called Ekman layers. In the case of normal rotation. shown below in figure 4.1 the
axis of rotation is aligned with the y-axis. and flow is in the x-direction. In this case,
the translationally invariant non-dimensional: Navier-Stokes equations in a rotating

frame of reference become

g—; + g—t =0 (4.1)

Ro (a?—; + u%) +2w=1+ FEk (g% + %) (4.2)
Ro (v%ﬁ-w%) = _%+Ek <%+%) (4.3)
Ro (vg—;-kw-a—l:) —2u= —%-%Ek (%z—lg+g—?u2—) (4.4)

In the limit of rapid rotation, Ekman layers of order Ek!/? form on the y=0 and
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v=D surfaces while Stewartson layers form on the z=% 1.5D sidewalls. The Stewart-
son layer on the leading sidewall (z=-1.5D) is of order Ek!/* while the Stewartson layer
on the lagging sidewall is of order Ek'/*. Kheshgi and Scriven [28], who performed
finite element solutions of the translationally invariant Navier-Stokes equations, pre-
sented the following asymptotic solution for the Ekman layers in the case of rapid

rotation

u= %Ek"’""[l — exp(—y/Ek'?) cos(y/ Ek'/?)] (4.5)

w= %Ek"/zexp(—y/Ekl/"’)sin(y/Ek”"’)] (1.6)

These equations will be used in section 4.3 in support of the unusually fine grid

resolution requirements in such flows.

Hart [29] performed experimental work and linear instability analysis on pressure
driven flow rotating about an axis perpendicular to the plane of the bulk flow (span-
wise rotation) and identified four distinct flow regimes as rotation rates increased
from zero; stable parabolic. parabolic modified by secondary motion, axisymmetric
rolls and stable Taylor-Proudman. Lezius and Johnston [30] confirmed and extended
Hart's work. while Speziale and co-workers [31. 32, 33| performed numerical simula-
tions considering fully developed flow in rectangular channels of finite aspect ratio.
including the effect of heat transfer. Kheshgi and Scriven [28] and Nandakumar [34]
examined fully developed pressure driven flow in rotating square channels, and found
a rich set of flow structures with up to five solutions at certain Rossby numbers.
Developing flow in rotating square channels has also been investigated in the laminar
regime [21] and in the turbulent regime [22]. Experimental work has also been carried

out in laminar square channels [35] and in high aspect ratio turbulent channels [36].
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In much of the previous works, the axis of rotation was parallel to the spanwise
channel dimension, and increases in aspect ratio were along this axis. Since the
Coriolis acceleration is dependent only on the cross product of the fluid velocity and
the rotation vector, it is possible to translate the rotational axis with respect to
the channel, and to get identical results. Accordingly, radial outward flow (normal
rotation) in a rotating channel is equivalent to the previous cases of spanwise rotation
with the spanwise and normal directions switched and hence with the inverse of the

aspect ratio.

When additional effects are important. such as buoyancy (due to temperature or
concentration change), transpiring channel walls [23] or channel curvature [37], this

invariance to axis translation no longer exists.

The objective of the present study is to investigate developing flow with mass
transfer in rotating rectangular channels with variously oriented axes of rotation.
In contrast to several of the previous studies. the flow rate (Reynolds number) will
be held constant as the rotational speed is varied. This situation is more relevant
to membrane separation. where feed flow rates can strongly impact the separation

recovery ratio and hence performance.

4.2 Problem Setup

The geometry of interest, shown in figure 4.1. is a rectangular channel rotating about
an axis variously oriented with respect to the axis of rotation. While the figure depicts
a channel of aspect ratio 3(L. = 3D), channels of aspect ratio 1 are also considered.

A channel length of L, = 120D is used.

Solutions are obtained using the commercial CFD package Cfx 4.2 to solve the

constant property Navier-Stokes equations in Cartesian form with the addition of
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Figure 4.1: Rotating channel geometry. Geometries with radial flow include ‘span-
wise’, ‘normal’ and ‘general’ rotation while ‘streamwise’ and ‘streamwise to normal’
rotation feature axial flow and flow inclined to the axis of rotation.

acceleration terms to model channel rotation. While the code provides several options
for the discretization of the convective terms, all of the simulations presented here

employved either a QUICK scheme. or a higher order upwind (HUW) scheme.

All simulations were carried out in the laminar regime, at a Revnolds number
(Rep = UD/v) of 100, where U is the uniform velocity specified at the x=0 face. A
fully developed condition is specified at the x=120D face, and all remaining faces are
solid walls. Rotation was varied from 0 rad/s to 300 rad/s; the corresponding flow

parameters are given in table 4.1.
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Q[rad/s] | Ro | 1/Ro Ek
0 o 0 o
+4.36 20.91 | 0.0478 | 0.2091
10 9.12 } 0.1096 | 0.0912
25 3.65 | 0.2740 | 0.0365
30 1.82 | 0.5480 | 0.0182
100 0.91 | 1.0960 | 0.0091
125 0.73 | 1.3700 | 0.0073
150 0.61 | 1.6440 | 0.0061
200 0.46 | 2.1920 | 0.0046
250 0.37 | 2.7401 | 0.0037
300 0.30 | 3.2881 | 0.0030

Table 4.1: Computed Rossby and Ekman numbers

each geometry and orientation.

. Not all cases were considered for
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4.3 Grid Sensitivity Study

In the case of normal rotation, in the limit of rapid rotation, and far from the z =
£ 1.5D walls, the flow should approach the solution given by equations 4.5 and 4.6.
Figure 4.2 plots the spanwise velocity for various Ek, and clearly shows the Ekman
layer is comprised of a wall jet which grow in magnitude and which approach the walls
with increasing Ek. These wall jets result in a spanwise component of wall shear stress,
which is zero in non-rotating channel flow. Figure 4.3 plots the numerical wall stress
relative the analytic wall stress for both Poiseuille flow and for various Ek. In the
case of Poiseuille flow, the stress is in the streamwise direction. while in the case of
rotation. only the additional spanwise component is considered. Since the Poiseuille
solution is quadratic. a second order stress calculation has zero error at all grid sizes.
The errors, even with a second order stress calculation, increase significantly with
increasing rotation. In the case of Ek=0.0001. a second order calculation on a fine
grid (dy/D = 0.006) underpredicts the analytic solution by over 20%. This error
does not fall below 1% before a very modest Ek=0.01. The first order calculation

underpredicts the stress by 6% even in this low Ek.

Q3r "

[+-13 . ELg

YT I ToN

»0

©

@

e .

paaadsadd

o7

-

2

>
csonnuenaaneenn

n
8
|
'r\7.*
E

-
8
o
ul
&©

59
R

Figure 4.2: Spanwise velocity in the Ekman layer for various Ek.
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Figure 4.3: Comparison of analytical and numerical wall shear stress for various Ek.

In order to verify these results and the impact of grid resolution. a shorter domain

was used. and the flow was solved with four different grids described in table 4.2.

The first two grids were uniform in all dimensions. whereas NU3 and NU4 were non-

uniform in both y and z with 3 uniform volumes adjacent to both the y=0 face and

the y=D face. While second order shear calculations are used in the computational

procedure. the following results are obtained from first order calculations from the

computed velocity fields.

Figure 4.4 depicts the calculated shear stress on the y=0 face for each grid relative

to BASE for a channel rotating with Ek=0.0076 (2 = 120 rad/s), where h is the half-

height of the channel. The streamwise shear component increases by approximately
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(3]
(1}

Grid Grid Volumes | dy /D
BASE | [59 x 39 x 79] | 0.02564
HALFDY | [39 x 78 x 79] | 0.01282
NU3 [539 x 60 x 80] { 0.00600
NU+4 [539 x 60 x 80] | 0.00300

Table 4.2: Grids employed for numerical simulations.

2% over the BASE grid and there is little change between grids NU3 and NU4. The
spanwise component changes significantly, increasing by more than 14 % over the
base grid and by about 2% between grids NU5 and NU4. The vector sum of the 2
components is shown in part C) of figure 4.4, and shows a 6% increase over the BASE

grid and less than 0.5% change between grids NU5 and NU{.
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Figure 4.5 plots the magnitude of the spanwise average shear at the outlet, non-
dimensionalized using the shear on the base grid, as a function of the grid spacing
above the y=0 wall. In the rotating case, a linear increase in shear with decreasing
grid size is evident, while in the non-rotating cases the curve is clearly approaching
an asymptotic value. In terms of dimensional quantities, the shear in the rotating
case is almost three times the shear in the non-rotating case. This and the causes of

the differing behaviours will be re-visited in the next section.
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Figure 4.5: Average shear stress as a function of grid spacing normal to the long wall.
Due to the continued dependence of the shear stress on dy, in the case of rotat-

ing channel flow, Grid NU4. with the finest near wall spacing, was chosen for the

remainder of this study.
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4.4 Radial Flow Channels

4.4.1 Normal Rotation

In the case of a channel of aspect ratio 3 undergoing normal rotation with Q > 0,
the leading wall corresponds to z = -1.5D while z = 1.5D is the lagging sidewall.
Figure 1.6 presents a relief plot of the streamwise velocity in the fully developed
region for various Ro. As Ro decreases (the rotation rate increases) the high speed
fluid near the centre of the channel is directed toward the lagging (z = 1.5D) wall
causing a maximum far from the channel centre. At Ro = 1.8 two local maxima
are beginning to form parallel to and near the y=0 and y=D surfaces, and as Ro
decreases further, the profile becomes increasingly symmetric. Figure 4.7 shows the
secondary velocity vectors in the case of Ro = 0.3, and clearly illustrates the reason
for the formation of local maxima in the velocity profile: a pair of wall jets form and
serve to transport fluid back towards the leading sidewall. Figure 1.8 plots contours

of streamwise velocity for various Ro in the cases of rectangular and square channels.
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Figure 4.6: Relief plots of streamwise velocity in the fully developed region for various
Ro. Normal rotation.
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Figure 4.7: Secondary velocity vectors in the fully developed region. Ro
Normal Rotation
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Figure 4.8: Contours of u/V;, for various Ro: the effect of aspect ratio.

0.3.
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Figures 4.9 and 4.10 plot the local streamwise velocity in the fully developed
region at each of the channel centrelines for various Ro. The profiles parallel to
the rotational axis (figure 4.9) are symmetric about the spanwise centerline. and
initially feature a gradual flattening near the channel centre, with a correspondingly
steeper gradient at the v=0 and y=D surfaces. The curve corresponding to Ro =
1.82 shows the formation of inflexion points and maxima near y/D = 0.3 and y/D =
0.7 and a local minimum at y/D = 0.5. As Ro decreases, the core flow spreads and
the maximum velocity decreases. The velocity ‘overshoots’ are attenuated and their
location shifts towards the walls. \With further decreases in Ro, the local minimum
at the centreline flattens until uniform flow fills almost 60 % of the channel. At this

point. the overshoot maxima are located at y/D = 0.12 and y/D = 0.88.

Figure 4.9: Streamwise velocity parallel to the axis of rotation at the channel centre-
line in the case of normal rotation.

In contrast. the corresponding profiles perpendicular to the rotational axis (figure
1.10) are not symmetric as there is a general steepening of the gradient at the lagging
sidewall and a flattening of the gradient at the leading sidewall. With a very modest

channel rotation (Ro = 9.12) there is a pronounced maximum at z/D = 1.1. As
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Ro decreases, an inflexion point develops , this maximum shifts closer to the lagging
sidewall and the maximum velocity magnitude decreases. Further decreases in Ro
result in increasingly flatter profiles such that at the lowest Ro. uniform flow covers

approximately 60 % of the channel.
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Figure 4.10: Streamwise velocity normal to the axis of rotation at the channel cen-
treline in the case of normal rotation.

Figure 4.11 shows the spanwise velocity component normal to the rotational axis
at the channel centreline, and helps interpret the streamwise velocity profiles. As Ro
decreases secondary flows develop and transport momentum in the spanwise direction.
Again. these profiles are symmetric about the channel centreline. The maximum
positive spanwise velocity (w = 0.23 1;,) occurs at the highest Ro and decreases
to = 0.091;, as Ro decreases. The maximum negative velocity increases steadily to
approximately 0.34 V7, as the wall jets approach the y=0 and y=D surfaces. Again,
at the lowest Ro. there is a region of uniform velocity covering close to 60 % of the

channel.

Figure 4.12 plots the maximum streamwise velocity versus 1/Ro. At very low

rotation rates, the maximum velocity is nearly 1.86 V3, as in the case of no rotation.
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As rotation increases however, the maximum velocity drops sharply and then appears

to asymptotically approach a minimum value near 1.25 1.
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Figure 4.11: Spanwise velocity normal to the axis of rotation at the channel centreline
in the case of normal rotation.
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Figure 4.12: Maximum streamwise velocity with increasing rotation in the case of
normal rotation.
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In fully developed non-rotating channel flow, it is common to express the channel
pressure drop in terms of the wall shear stress since a streamwise control volume
analysis shows that these two forces are in balance. This is not necessarily the case
when the channel is rotating as the Coriolis force is also present. Table 4.3 lists the
direction of the Coriolis force due to the velocity components in a channel undergoing
rotation. The induced secondary velocity results in a Coriolis force in streamwise

direction which has the same profile as the w velocity component.

Velocity Direction of Coriolis Force
Component | Normal | Spanwise General
u k -j -cos3 j + sind k
v 0 i cos3 i
w - 0 -sind i

Table 4.3: Directions of the Coriolis force generated by velocity components in a
channel undergoing Normal rotation.

Accordingly, it is necessary to define two parameters to characterize fully devel-

oped flow in a rotating channel. a non-dimensional pressure drop.

dp/oz -
and a friction coefficient.
Twall ( 4.8)

RS VYT

where 7,4 is the magnitude of the wall shear stress. In order to perform a stream-
wise momentum control volume analysis, it is necessary to resolve the streamwise

component of this stress, which can be used to define another friction coefficient,
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Twall,

R VETTS o

The variation of ¢; around a cross section in the fully developed region is presented
in figure 4.13, where a new local coordinate, s, has been defined around the perimeter
of the cross section. and the channel walls have been labelled by their compass points.
In all cases. ¢y is zero in the channel corners. varies around the perimeter and has
identical variations on the NORTH and SOUTH faces. When no rotation is present.
the ¢y distribution is symmetric on each face and is slightly higher on the NORTH
and SOUTH faces than on the WEST and EAST faces. As rotation is introduced,
cy increases on all faces except the WEST (leading) face and the maximum shifts
towards the EAST (lagging) face. As Ro decreases, the shear on the NORTH and
SOUTH faces increases to approximately 5 times the non-rotating value while the

shear on the EAST face nearly doubles.

Figure 4.14 presents the pressure coefficient and various averages of the friction
coefficient as a function of 1/Ro in the fully developed region. Area averages of c;
around the perimeter are denoted by C; and are qualified by compass point when
averaged over a single face only. It is evident that the pressure coefficient is very
nearly balanced by the streamwise component of the friction coefficient (Cy;) which
indicates that the Coriolis force generated by the streamwise velocity component is in
equilibrium across a cross section as might be anticipated from figure 4.11. At all Ro,
the total shear is higher than the channel pressure drop with the greatest differences
occurring at the highest rotation rates. Also, the shear averaged over the NORTH
and SOUTH faces is consistently and significantly higher than the average around

the entire perimeter.
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Normal Rotation
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Figure 4.13: Variation of friction coefficient in the fully developed region for various
Ro. Normal Rotation.

4.4.2 Spanwise Rotation

In the case of spanwise rotation. the rotational axis is aligned with the z channel
dimension as defined in figure 4.1. In this case, the y=D surface is the leading wall
while the y=0 surface is the lagging wall. The long dimension of the aspect ratio 3
channel is now aligned with the rotational axis such that this case is akin to normal

rotation in a channel of inverse aspect ratio,

ARspanwise = 1/ARpormal (4.10)
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AR =3 AR =1

Figure 4.14: Pressure and friction coefficients in the case of normal rotation.

which means that the results presented above for the square channel represent
spanwise rotation if the z and y coordinate directions are switched (and the direction
of the y-axis switched so as to maintain a right handed system). Accordingly, this

section presents results for a channel of aspect ratio 3 only.

Figure 4.15 presents relief plots of the streamwise velocity in the fully developed
region for Ro corresponding to those presented in figure 4.6. As will be shown. the
fluid is again directed toward the lagging sidewall (v = 0), and again, at Ro = 1.8
there is the formation of two local maxima, which are now near the z = -1.5D and
z = 1.5D surfaces. As Ro decreases. these maxima become increasingly pronounced.
Figure 4.16 presents secondary velocity vectors and streamlines in the case of Ro =
0.3. Wall jets have again formed. and serve to transport fluid back towards the leading
wall. While the secondary flow pattern appears quite different from that developed
under normal rotation, it is qualitatively similar but constrained by a much shorter

flow path normal to the axis of rotation.
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Figure 4.15: Relief plots of streamwise velocity in the fully developed region for
various Ro. Spanwise rotation.
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Figure 4.16: Secondary velocity vectors in the fully developed region. Ro = 0.3.
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Figures 4.17 and 4.18 plot local streamwise velocity in the fully developed region
at each of the channel centrelines for the same Ro presented above. Again, the
profiles parallel to the rotational axis (figure 4.18) are symmetric while the profiles
perpendicular to rotational axis (figure 4.17) are not. Figure 4.18 is qualitatively
similar to figure 4.9. An inflexion point is first evident in the case of Ro = 1.82, but
the maxima occur even closer to the wall in this case. At the highest rotation rate,

uniform flow covers over 80% of the channel core.

The profiles normal to the rotational axis (figure 4.17 are similar to the those
present in normal rotation (figure 4.10) in the sense that there is a steepening of
the gradient at the lagging sidewall and a flattening of the gradient at the leading
sidewall and the maximum velocity decreases with decreasing Ro. They are also
markedly different, though, in the sense that there are no inflexion points and no
regions of uniform flow, even at the lowest Ro. The Stewartson layers forming on the
leading and lagging sidewalls are larger than the channel dimension, such that they

merge, leaving no inviscid region between them.

Figure 1.19 plots the normal velocity parallel to the centreline which is parallel to
the axis of rotation and captures the wall jets adjacent to the : = +1.5D sidewalls
which are significantly closer to the wall. and more pronounced than in the case of
normal rotation. The maximum velocity attained in the jet at the highest rotation is
~ 0.44},, while the maximum velocity in the core is = —0.4V;,. Again in this view,

uniform flow covers almost 80 % of the channel at the highest rotation rate.
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Figure 4.17: Streamwise velocity normal to the axis of rotation at the channel cen-
treline in the case of spanwise rotation.
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Figure 4.18: Streamwise velocity parallel to the axis of rotation at the channel cen-
treline in the case of spanwise rotation.
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Figure 4.19: Normal velocity parallel to the axis of rotation at the channel centreline
in the case of spanwise rotation.
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V]

Figure 4.20 plots the maximum streamwise velocity versus 1/Ro. In contrast to
the case of normal rotation, the maximum velocity decreases significantly with even
slight channel rotation. The curve passes through a minimum at Ro = 0.61 (1/Ro =
1.64) when the maximum has shifted to the sidewall, and then increases slightly to

~ 1.535};, as the maximum moves to the sidewalls.
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Figure 4.20: Maximum streamwise velocity with increasing rotation. Spanwise rota-
tion.

The variation of c; around a cross section in the fully developed region is presented
in figure 4.21. With the change in the orientation of the rotational axis, it is now
the EAST and WEST faces which exhibit identical shear distributions, which in the
case of rotation are significantly higher than the shear on the NORTH and SOUTH
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faces. The shear distributions on the lagging and leading faces are similar to the case
of normal rotation, with the leading faces exhibiting a decreased shear in most cases
while the shear on the lagging face increases. Both the leading and lagging surfaces
develop two maximums adjacent to the sidewalls and corresponding to the location
of the wall jets. The maxima on the lagging and leading sidewall are approximately

1.65 and 1.4 respectively, while the maximum on the sidewalls is =~ 0.68.

Spanwise Rotation
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Figure 4.21: Variation of friction coefficient in the fully developed region for various
Ro. Spanwise rotation.

Figure 1.22 presents the pressure coefficient and various averages of the friction
coefficient with increasing rotation in the case of spanwise rotation. Again, the x

component of the shear is very nearly balanced by the pressure drop, but there are
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noticeable differences at the highest rotation rates. While the total shear is every-
where greater than the than the pressure drop, the average shear on the lagging face
(NORTH) is less than the pressure drop for all rotation rates, and the shear on the

lagging (SOUTH) face is initially higher and then crosses the ¢, curve near Ro = 0.91
(1/Ro = 1.1).

Spanwise Rotation
0.24 T T =

T T T

05 1 15 2 25 3 35
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Figure 4.22: Pressure and friction coefficients in the fully developed region in the case
of spanwise rotation.
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4.4.3 From Streamwise to Normal Rotation

Having investigated both normal and spanwise rotation, this section will expiore the
transition between the two modes. Figure 4.23 depicts a channel with flow in the
radial direction, inclined at an angle 3, such that 3 = 0° corresponds to spanwise
rotation and 3 = 90° corresponds to normal rotation. The channel rotation rate was
held constant at Q = 2350 rad/s (Ro = 0.37) and simulations were carried out for

3 = {0.1.5.10.20. 30. 40. 45. 50, 60. 70. 80.90}.

"

Figure 4.23: General channel rotation with radial flow.

Figure 4.24 depicts relief plots of streamwise velocity in the fully developed region
for selected cases while figure 4.25 plots contours of streamwise velocity and secondary
streamlines. For small departures from the spanwise and normal rotation cases. the
streamwise velocity contours retain essentially the same features, with a slight asvm-
metry corresponding to a decrease of one velocity maximum and an increase in the
other. A radical skewing of the contour takes place at intermediate J as illustrated in
figure 4.25 in the case of 3 = 45°. The streamlines clearly depict the character of the
induced secondary flows, which in all cases consists of two counter-rotating structures.

Each profile features two local maxima. In the limiting cases of spanwise and normal
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rotation , the velocity profiles and the secondary flow structures are symmetric about
the channel centreline perpendicular to the axis of rotation and hence these maxima
are equal. The location of these maxima correspond to the centre of the wall jets
which are induced on the channel sidewalls, and as 3 is increased, these structures
and their associated maxima track the rotation vector such that the structure which
began adjacent to the z = -1.53D wall extends along the v = 0 wall and the structure

which began adjacent to the z = 1.5D wall extends long the y = D wall.
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Figure 4.24: Relief plots of streamwise velocity in the fully developed region as rota-
tion is varied between spanwise and normal rotation (0° < 3 < 90°). Ro = 0.37.
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Figure 4.25: Contours of streamwise velocity and secondary streamlines in the fully

developed region as rotation is varied between spanwise and normal rotation (0° <
3 <90°. Ro=037. AR=3

Figure 4.26 presents the same plot in the case of a channel of aspect ratio 1. This
figure is very similar to figure 4.25 with the exception that the two extreme cases are
simply a 90° rotation of each other since the geometric constraints are now the same
in the streamwise and normal directions. As in all cases presented, the secondary
velocity pattern counsists of two high speed wall jets which are deflected by the each
other and by the channel walls such that they circulate through the central region of

the cross section. In the case of the square channels the available area in the core of
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Figure 4.26: Contours of streamwise velocity and secondary streamlines in the fully

developed region as rotation is varied between spanwise and normal rotation (0° <
3<90%. Ro=037. AR =1.

the channel is smaller such that the jet flow does not decelerate as much as in the

AR = 3 case.

Figure 4.27 plots the pressure variation in the fully developed region for channels
of aspect ratio 3. In each case. there is a large central region. corresponding to a
region of uniform velocity, in which the pressure contours are orthogonal to the axis
of rotation. In these central regions. the pressure decreases in the lagging direction in
order to balance the Coriolis force, indicating that a relatively large geostrophic core

exists in each case. The pressure contours then curve as they pass thorough the wall
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jets, to intersect the walls at 90°.
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Figure 4.27: Contours of pressure in the fully developed region as rotation is varied
between spanwise and normal rotation (0° < 3 < 90°). Ro = 0.37

The variation of friction coefficient around a cross section in the fully developed
region is presented in figure 4.28 for (0° < 3 < 90°). When rotation is spanwise, or
nearly spanwise. the shear on the NORTH and SOUTH faces is low compared the the
EAST and WEST faces while normal rotation causes high shear on the NORTH and
SOUTH faces, and relatively low shear on the EAST and WEST faces. Significant
variations in shear are present in the intermediate cases with high shear regions

corresponding to the location of the wall jets and with interruptions in the corners.

Figure 4.29 presents the pressure coefficient and averaged friction coefficients for

both square and aspect ratio 3 channels. Not surprisingly, the characteristics of these
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From Spanwise to Normal Rotation
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Figure 4.28: Variation of friction coefficient in the fully developed region. Ro = 0.37.
Rotation is varied from spanwise to normal.

curves are quite different in the two cases. In the case of aspect ratio 3 channels. both
the circumferentially averaged friction coefficient (Cy) and ¢, increase monotonically
with J reaching a maximum in the case of normal rotation. The curves are however
concave down such that the maximum value is very nearly attained by 3 = 70°. In
contrast, the square channels exhibit a maximum in both these curves when 3 = 45°.
With respect to these curves, which represent averages over the entire cross section.
the solution is the same at 3 = 0° and 3 = 90° further supporting the fact that these
two solution are simply 90° rotations of each other. In both cases, Cy is everywhere

greater than ¢, but in the case of aspect ratio 3 channels, the difference increases
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monotonically with 3 while it is a maximum at 3 = 45 in the square channels. Also,
the friction coefficient on the SOUTH face is consistently higher than that on the
NORTH face and this difference diminishes with increasing 3, vanishing at 3 = 90°
when the solution becomes symmetric about an EAST-WEST axis. The friction
coefficient on both the NORTH and SOUTH faces is lower than ¢, at low 3. In the
rectangular channels, the ¢, on the SOUTH face exceeds ¢, curve at 3 =~ 11° and
the ¢y on the NORTH face surpassing c, at 3 = 18°. These phenomena is delayed
in the case of square channels with ¢; (SOUTH) crossing ¢, at 3 = 25° and with ¢,

(NORTH) crossing c, at 3 = 38°.

From Soerwae w Normes Rotasan Fram Soanwee 0 Nomat Roteson - AR « |

AR =1

Figure 4.29: Pressure and friction coefficients as rotation is varied from streamwise
to normal. Ro = 0.37
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4.5 From Axial Flow to Radial Flow

Figure 4.30 depicts a rotating channel with the streamwise coordinate direction mak-

ing an angle v with respect to the axis of rotation.

; 209 ‘%/ %

4»
- Q

Figure 4.30: Streamwise channel rotation.

The Coriolis acceleration. which is responsible for the above secondary flows,

Acor = 20 x V = 2|Q||V]sin v (4.11)

is zero when v is zero. and a maximum when v = 90° (normal rotation). Since the
Coriolis acceleration achieves 70 % of its maximal value when 3 = 45° it may be
expected that the bulk of the benefits associated with the Coriolis acceleration will
be realized at angles much less than v = 90°. Since it is the |V'|sin v term which
contributes to the Coriolis acceleration, appropriate definitions of the Rossby and

Ekman numbers are
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Ro !
hy = = av 1. 2
Roy sin  QDsiny (4.12)
Ek, = £F Y (4.13)

siny QD2sinw

Simulations were carried out using the same grid as before, a rotational speed of
Q2 = 250 rad/s and (0 < ¥ < 90°). Table 4.4 summarizes the simulations carried out

in this section.

v[’]| Roy, | 1/Ro, | Ek,

1 20.91 | 0.0478 | 0.2091
b) 4.19 | 0.2388 | 0.0419
10 2.10 | 0.4758 | 0.0210
20 1.07 | 0.9372 { 0.0107
30 0.73 | 1.3700 | 0.0073
45 0.52 | 1.9375 | 0.0052
60 0.42 | 1.3730 | 0.0042
90 0.37 | 2.7401 | 0.0037

Table 4.4: Calculated Rossby and Ekman numbers in the case of ‘Streamwise to
Normal’ channel rotation.

Figure 4.31 depicts streamwise velocities and secondary streamlines for each of the
simulations. When v = 0° there are no perceivable changes from the non-rotating
case. Very slight increases in w. however. generate significant secondary velocities
which radically alter the streamwise velocity profile. The trend evident in the velocity
profiles is similar to the case of normal rotation, even at remarkably low angles: at
low ¢ the velocity maximum is shifted to the lagging (z = 1.5D) wall. As v is
further increased, two local maxima adjacent to the y=0 and y=D sidewalls and the

profiles become increasingly flatter with uniform flow covering an increasing area of
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the channel. The basic secondary flow structure is established with v = 1° with
the magnitude of the secondary velocity increasing with increasing v and with the

maxima approaching the y=0 and y=D walls.
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av streamlines

Figure 4.31: Contours of streamwise velocity and secondary streamlines for 0° < v <
90°.
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Figure 1.32 plots the variation of friction coefficient around the perimeter in the
fully developed region. This plot is very similar to the case of normal rotation with
increasing ¥ corresponding to increasing €. [t is clear that increasing 3 at constant
2 has a very similar effect to increasing Q2 in the case of normal rotation (3 = 90°).
In order to test this correspondence, two simulations (3 = 1°,30°) were carried out
such that Ro, matched Ro in the case of normal channel rotation presented above.
Figure 4.33 compares the circumferential variation of friction coefficient for these two
cases, and the agreement is perfect. Figure 4.34 plots the streamwise development of
the spanwise average friction coefficient (Cy) for these two cases and shows that there
is a slight difference in the flow development between normal rotation and angled
channels. This difference however spans an increasingly small portion of the channel
with decreasing Ro: at Ro = Ro, = 20.9 the solutions differ only over the first 17 %
of the channel and at Ro = Ro,, = 0.73 the solutions differ only over the first 2.5 %

of the channel.

Figure 4.35 presents the averaged friction coefficients and pressure coefficients in
the fully developed region as a function of v. This figure is qualitatively the same
as the corresponding figure in the case of normal rotation (figure 4.14) and based on
the above discussion these two curves would be identical were this one plotted versus

Roy instead of v.
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From Streamwise to Normal Rotation
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Figure 4.32: Variation of friction coefficient in the fully developed region for various
w
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Figure 4.33: Comparison of the friction coefficient with Ro,. corresponding to Ro in

the case of normal rotation.
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Figure 4.34: Comparison of the streamwise development of friction

Ro, corresponding to Ro in the case of normal rotation.
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From Streamwise to Normal Rotation
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Figure 4.35: Pressure and friction coefficients in the fully developed region in the case
of ‘streamwise to normal’ rotation.
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4.6 Mass Transfer

The source term model was used to simulate mass transfer for all cases presented in
the previous section. Since the source term model decouples the mass transfer from
the hydrodynamics, it was possible to carry out several mass transfer solutions for
each case. Membrane was assumed to be on both the v=0 and yv=D surfaces, and in
most cases, mass transfer simulations were performed for NaCl feed solutions of both
35.000 pprn and 50.000 ppm, at four different transmembrane pressures: 400, 600,
800 and 1000 psi. The membrane permeability, L,. was set to 1.96 x 10~'2 m/(Pa
s). and the osmotic back pressure, A7 was calculated using the membrane surface
concentration and the empirical correlation presented in (3], assuming a constant

solution temperature of 25°C.

While the effect of the wall permeation is assumed negligible on the hydrodynamics
solution. the transpiration velocity at each point on the membrane can be calculated.
and used to indicate membrane performance. Figure 4.36 presents Re, calculated
using the average transpiration velocity over both membrane surfaces in the cases
of spanwise, normal and ‘streamwise to normal’ channel rotation. The first thing to
note is that in all cases. Re, is more than five orders of magnitude less than the
bulk flow Reynolds number (Rep = 100). In these cases the inlet flow area is three
orders of magnitude smaller than the membrane area so that the mass flow through

the membrane is at least two orders of magnitude smaller than the inlet mass flow.

At the lowest transmembrane pressure and feed concentration, polarization is not
a limiting factor and there is very little change as rotation is increased. As either
concentration or transmembrane pressure is increased, however, concentration polar-
ization becomes significant, and there is a significant increase in Re,, i.e. permeate

flux. as rotation is increased, with normal rotation outperforming spanwise rotation



CHAPTER 4. ROTATING CHANNEL FLOWS 93

35.000 ppm Feed
T T -+ T
— Nommal Rotaton
-8~ Spanwise Rotation
0.0t O _Streamwise to Normal [
0.009+ o o & E
=2 } o
0.008 & = a- =3 =3 -a|
0.007 ~
q
0.006

[
h
b

D
q
@
q
L]
[
'y
n

o
1 T T AX T T
i)
b
D
q
1
[
[+
[}
o
K
®

0.002 3
0.001 <
q - — > - L al |} A
o . . : ; N ;
[+] 0.5 1 15 2 25 3
1/Ro

x 10~ 50.000 ppm Feed

L g

\
}
*i
H
®

[+} Q5 1 15 2 25 3

Figure 4.36: Average wall Reynolds number (Re,.), as a function of rotation, deter-
mined with the source term model in the cases of: normal rotation, spanwise. rotation
and ‘streamwise to normal’ (0° < v < 90°) rotation. A: Pryy = 400 psi. B: Pry =
600 psi, C: PT,\[ = 600 psi, D: PTM = 1000 pSi
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in all cases. In the case of ‘streamwise to normal’ rotation, where Ro,, is used in place
of Ro, the mass transfer rates are identical to the the case of normal rotation, as was

the case for the flow field.

Figure 4.37 depicts contours of NaCl concentration at various planes along the
channel, in the absence of channel rotation, for a feed concentration of 35,000 ppm
and Pry; = 1000 psi. Active membrane surfaces are located on the top (NORTH) and
bottom (SOUTH) of each frame. The figure shows the development of concentration
boundary layers which are thicker in the corners, and which grow with distance from

the inlet.
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Figure 4.37: Developing contours of NaCl concentration in the absence of channel
rotation. Pry, = 1000 psi. Active membrane surfaces are located on the top (NORTH)
and bottom (SOUTH) of each frame.

Figures 4.38 and 4.39 present NaCl contours on the same planes using the same
contour levels but in the cases of normal and spanwise rotation at Ro = 0.37 for

aspect ratios of 3 and 1 respectively. Spanwise and normal rotation are very similar
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in that the highest concentration occurs at the centre of the leading channel wall with
high NaCl concentration fluid convected from this region along the channel centreline
perpendicular to the axis of rotation until it meets the opposite wall. This occurs in
both orientations at x = 335D for the higher aspect ratio channels, and at x = 20D
for square channel. In the case of normal rotation the leading wall is not a membrane

surface so that this maximum will not directly affect membrane performance.
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Figure 1.38: Developing contours of NaCl concentration in the cases of normal and
spanwise channel rotation. Pry, = 1000 psi.
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Figure 1.39: Developing contours of NaCl concentration in the cases of normal and
spanwise channel rotation. AR=1. Pr), = 1000 psi.
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Figure 4.40 plots the surface NaCl contours over the entire NORTH and SOUTH
membrane faces for the rectangular channels in the cases of no rotation, normal
rotation, spanwise rotation and 3 = 3°. In the absence of channel rotation the
surface concentration builds steadily and rapidly, is symmetric about z/D = 0 and
is identical on the NORTH and SOUTH faces. For this case the concentration is
highest at the channel corners at a given streamwise location. Under normal rotation
the concentration distributions are also identical on the NORTH and SOUTH faces.
Overall, this case exhibits the lowest concentrations. The concentration is lowest near

the lagging sidewall and builds to a maximum at the leading sidewall. In the case

Figure 4.40: Surface NaCl concentration on the NORTH and SOUTH faces for various
cases.
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of spanwise rotation, the contours are again symmetric about z/D = 0 but differ on
the NORTH and SOUTH faces. The maximum concentration in this case is on the
NORTH face along z/D = 0 and it drops considerably to a minimum at the sidewalls.
The concentration on the SOUTH face shows less variation, but increases along z/D
= 0 are evident as the secondary motions carry salt from the NORTH face to the
SOUTH face. Slight changes in orientation from spanwise result in significant changes
in the concentration distributions. When 3 = 3° the maximum on the NORTH face
shifts to z = -1D and is not as pronounced. The concentration on the SOUTH face is
generally lower and is already beginning to resemble the distribution present under

normal rotation.

Figure 4.41 presents spanwise averages of the surface salt concentration over the
entire membrane area (both the NORTH and SOUTH faces) in the cases of no rota-
tion. spanwise rotation and normal rotation. Irrespective of orientations the square
channels outperform the rectangular channels. The largest difference occurs in the
case of spanwise rotation and the smallest difference is when the channels are not
rotating. Also. irrespective of aspect ratio the channels undergoing normal rotation
outperform those undergoing spanwise rotation. In all rotating cases. the concen-
tration first increases at a rate similar to the non-rotating case, flattens and then
increases slightly as NaCl is convected along the channel centreline perpendicular to
the axis of rotation. As noted above, this occurs at x = 20D in the square channels

and at x = 35D in the case of rectangular channels.

Figure 4.42 depicts the spanwise averaged surface concentrations over the NORTH
and SOUTH faces in the cases of normal and spanwise rotation for various Ro at feed
concentrations of 33,000 and 50,000 ppm. It is clear in all cases that as rotation
increases the average surface concentration decreases. Mild rotations (Ro = 20.91)

result in a dramatic decrease in surface concentration which is similar in both orien-
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Figure 4.41: Spanwise averaged surface concentration over the NORTH and SOUTH

faces: the effects of orientation and aspect ratio. Pra,

1000 psi. Ro = 0.37
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tations. Further increases in rotation (decreases in Ro) result in further decreases in
concentration, but to a significantly larger degree in the case of normal rotation. It
is expected, and will be shown below, that in the case of variations in 3 the surface
concentrations will be bounded by these curves.
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Figure 1.42: Spanwise averaged surface concentration over the NORTH and SOUTH
faces. Pry; = 1000 psi.

Figure 4.43 shows the developing contours of NaCl as rotation is varied from
almost spanwise to almost normal. The concentration on the NORTH surface is
significantly altered with variations in 3. As the concentration maximum moves from
z/D = 0 towards the z/D = -1.5 corner. At 3 = 80° this maximum occurs on the
WEST face (z/D = -1.5D) and impacts only a very small percentage of the membrane

area.

The wall Reynolds number, Re,, is directly proportional to the average flux through
all membrane surfaces and can therefor be used to determine the flux improvement

for each case relative to the non-rotating case.

Re, — (Rew)ng rotation x 100% (4.14)

Flux Increase = R
(Rew)no rotation
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Figure 4.43: Developing contours of NaCl concentration for cases in between normal
and spanwise rotation. Pry, = 1000 psi.

where ( Rew)po rotation 1S evaluated at the same feed concentration as Re,. In
addition, the trans-membrane pressure, Pr)s can be non-dimensionalized using the

excess pressure, P,
_ Pry -1
I1

=

(4.13)
where the osmotic pressure, II is evaluated at the feed concentration.

Figures 4.44 and 4.45 show the flux improvement in rectangular channels with
increasing rotation (1/Ro) for feed concentrations of 35,000 and 50.000 ppm NaCl at

various P.. In all cases the flux improvement rises rapidly with decreasing Ro and
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asymptotically approaches a maximal value. In the case of spanwise rotation, the
maximal improvement is practically attained by 1/Ro = 0.55 while in the case of
normal rotation there are additional but increasingly minor improverents over the
entire curve. Flux improvement increases with increasing P, and with increasing feed
concentration and is consistently higher in the case of normal rotation. The maximum

improvement under normal rotation is 46.4 % while the maximum improvement under

spanwise rotation is 30.25 %.
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Figure 4.44: Total flux improvement over the non-rotating case for various Ro. Nor-
mal Rotation. Aspect Ratio = 3.

Figure 4.46 shows the flux improvement as rotation is varied from streamwise to

spanwise for the same feed concentrations at Ro = 0.37 and P, = 1.80. The maxi-
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¢ = 35,000 ppm NaCl
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Figure 4.45: Flux improvement over the non-rotating case for various Ro. Spanwise
Rotation. Aspect Ratio = 3.
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mum improvement is = 48% and occurs at the highest feed concentration undergoing
normal rotation. At both feed concentrations, the square channels significantly out-
perform the rectangular channels at low 3. This difference decreases such that for

3 < 25° the difference is a nearly constant 1 % for a 35,000 ppm feed and 2.5 % for
a 50,000 ppm feed.

¢ = 35.000 ppm NaCl
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Figure 4.46: Flux improvement over the non-rotating case for Ro = 0.37 as rotation
is varied from spanwise to normal. P, = 1.80
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4.7 Closure

This chapter has provided insight into the flow and mass transfer in rotating rectan-
gular and square channels. The STM was used to model reverse osmosis desalination
processes in these channels. In particular, the effects of channel orientation, rota-
tion rate, feed concentration and excess pressure are investigated. It is found that
all rotating cases having non-zero Coriolis acceleration feature secondary flows which
develop at relatively low rotation rates (Coriolis magnitude) and which strengthen
with increasing rotation. These secondary flow patterns have a significant impact on
the shear and on the mass transfer processes in the channels. The amount of perme-
ate passing through a reverse osmosis membrane is strongly dependent on the surface
concentration, and the secondary motions result in significant additional mixing with

correspondingly lower surface concentrations.

It is again shown that the membrane performance does not generally correlate
with shear. This is perhaps most evident in the case of spanwise rotation where high
shear occurs on the walls which do not have membrane on them. The shear on the
membrane faces increases only slightly and vet performance increases up to 30 % have

been shown. This issue will be revisited in Chapter 7.

By comparing cases of normal rotation to corresponding inclined (from streamwise
to normal rotation) channel cases, it is shown that when the geometry is the same the
magnitude of the Coriolis acceleration correlates identically with the fully developed
solution. Slight variations are evident though in the developing region. It is also shown
that varying the geometry with respect to the axis of rotation, either by changing
the aspect ratio or by changing the rotation mode, has a significant impact on the

secondary flows. With respect to desalination performance, we conclude that

e Normal rotation is preferable to spanwise rotation.
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e Deviations from spanwise rotation as small as 20° are adequate to achieve most

of normal rotation performance.

e Square channels are preferable to rectangular channels, especially in the case of

spanwise rotation.

e Relative performance improves with both increasing feed concentration and with

increasing trans-membrane pressure.
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Chapter 5

Rotating Non-Rectangular

Channels

5.1 Motivation

Channels with differing cross sectional shapes are common in membrane separation.
Both hollow fiber and tubular membranes involve circular channels, and spiral wound
modules have varying channel sections depending on the geometry of the feed spacer.
For instance, a recent experimental study reported by Schwinge et. al [38] focused
on a corrugated spacer with bends. This particular spacer was made up of a doubly
corrugated sheet which formed triangular zig-zag channels when placed on a mem-
brane surface. It is entirely conceivable that a singly corrugated spacer. resulting in
straight triangular flow paths could be used to manufacture a spiral wound membrane
element. This configuration would have all the packaging benefits of a conventional

spiral wound element, but would also provide open triangular channels.

This Chapter presents an investigation of the flow and mass transfer in triangu-
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lar and circular channels undergoing normal rotation with a view to assessing their

performance in CMS applications.

5.2 Relevant Previous Studies

Non-rotating circular and triangular channels have been previously investigated both
in terms of hydrodynamics and in terms of heat transfer. A good compilation of
the results in given in [39]. Dutta [40, 41] experimentally investigated the turbulent
flow and heat transfer in rotating right triangular channels. Lei [42] computationally
studied the developed laminar flow in rotating circular channels, and presented a
review of similar studies to that date. Several researchers have also investigated
turbulent flow in rotating pipes but none of the previous works are directly applicable
to this study, since the flow in a CMS device is laminar and the effect of developing

flow on the mass transfer performance is of interest.

5.3 Triangular Channels

This section investigates simultaneously developing flow and mass transfer in the equi-

lateral triangle channel shown in figure 5.1. The simulated channels have a sidelength

D=1.0 mm and are 50D long.

A three block grid, shown in figure 5.2 was used to model the hydrodynamics and
mass transfer in these channels. Each block extends from a corner to the midpoint
of two sides and to the centroid of the distribution, along the symmetry planes of
the triangle. The blocks were [50x31x31] and used non-uniform grids with 0.364 <
0x/D < 2.18,0.0038 < dy/D < 0.029, 0.0033 < éz/D < 0.033.
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D =4b/V3

Figure 5.1: Cross section of equilateral triangle duct. Coordinate system is as shown,
with the origin at the centroid.

5.3.1 Hydrodynamics

Simulations were carried out at Rep, = 100, where the hydraulic diameter D, =
D/V/3, for the range of parameters shown in table 5.1. In all cases, rotation is about

the y-axis.

Q2 [rad/s] | Ro | 1/Ro Ek

0 ¢ 0 ¢
10 27.37 |1 0.0363 | 0.2737
30 5.47 | 0.1827 | 0.0547

100 2.74 | 0.3633 | 0.0274
150 1.82 | 0.5480 | 0.0182
200 1.37 | 0.7307 | 0.0137
250 1.09 | 0.9134 | 0.0109
300 0.91 | 1.0960 | 0.0091
350 0.78 | 1.2787 | 0.0078
400 0.68 | 1.4614 | 0.0068

Table 5.1: Rotational cases simulated and the corresponding Rossby and Ekman
numbers.

Figure 5.3 compares the streamwise velocity in a channel with no rotation with
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Figure 5.2: Grid used to simulate flow in equilateral triangular channels.

the analytic solution for fully developed flow given by [39].

U 1y y:’-")y'-’.):'z.'}? .
L=y (z) 3(1))(6) "-(5) -(z) + 57 (5.1)

The maximum difference occurs near the wall, but is everywhere less than 1%. sug-

gesting that the flow is adequately resolved with this grid.

Relief plots of the fully developed streamwise velocity are shown in figure 5.4
for four different cases. \When there is no channel rotation (Ro = ) there is a
pronounced maximum occurring at the channel centroid. When rotation is introduced
the maximum becomes less pronounced and shifts towards the lagging corner (Ro =
5.47) and, as rotation is increased, a concave region appears on the leading side of
the profile (Ro = 2.74). Further increases in rotation result in a further flattening of
the profile and the growth of the concave region to the extent that two local maxima
develop (Ro = 0.68): one near the top corner and one adjacent to the y=0 plane
slightly closer to the lagging corner. The maximum streamwise velocity is plotted

against 1/Ro in figure 5.5. The different flow regimes are also evident in figures
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Figure 5.3: Percentage difference between analytic solution and simulation results (no
rotation).

No Rotetion Ro:5.47

Figure 5.4: Relief plot of streamwise velocity for various rotational speeds.
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3.6 and 5.7 which show contours of both streamwise and secondary velocity for all
cases. The flattening of the streamwise profiles is clear and results in a nearly inviscid
core such that flow is almost geostrophic (Coriolis balanced by pressure). Secondary
velocities develop as soon as rotation is introduced and strengthen as rotation is

increased.

Maximum Stieamwrse Velbcity

2.3
2.2“9\ 1
2.1 \\ 1
3 2
ol ™~ 4
1.8F \\_\ 4
.71 ]
183 9.5 1 1.5

1'Ro

Figure 3.5: Maximum streamwise velocity as a function of 1/Ro.



CHAPTER 5. ROTATING NON-RECTANGULAR CHANNELS 113

u velocity (V + w05

No Rotation

Ro = 27.37

Ro =5.47

Ro =274

Ro = 1.82

F?Dbb

0 05 1 1.5 2 0 0.1 0.2 0.3

Figure 5.6: Contours of streamwise and secondary velocity for 1.82 < Ro < x.
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u velocity (V2 +wA)25
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Figure 5.7: Contours of streamwise and secondary velocity for 0.68 < Ro < 1.37.
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Figure 5.8 presents typical secondary velocity vectors in the fully developed region.
The secondary flow in the core (near the centroid) is directed from the leading channel
corner, through the centroid and towards the lagging corner where it returns towards
the leading wall in two jets: one passing through the top corner, and one parallel
to the y=0 surface. The spanwise velocity in this second jet is shown in figure 3.9
for various rotating cases. This plot is remarkably similar to that in a rectangular

channel. As rotation increases. the jet becomes stronger and approaches the y=0

wall. with a maximum value of over 36% of the bulk velocity.

08r

06+

y/D

041

02r

R R LR U ]

R RN

Figure 5.8: Typical fully developed secondary velocity vectors.
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0.3

— No Rot

Figure 5.9: Spanwise velocity at z/D = 0.5 for various rotation rates.
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[t is typical in pipe flow analysis to define a friction factor, or shear stress coefficient
which. in the case of non rotating fully developed flow, is directly related to the
channel pressure drop. When rotation is present, the shear stress and the pressure
drop are no longer equivalent owing to the presence of Coriolis forces. It is therefore
more suitable to define a pressure coefficient, as in equation 5.2, using the pressure
gradient from the fully developed region. and using the hydraulic radius. ry, as a

length scale.

_ _Op/ox (
RV '

(S]]
(3]
~—

In the absence of rotation. this is equivalent to the friction factor but in the case
of rotation, it represents the actual pressure drop which is the quantity of interest in
most applications. The pressure coefficient. shown in 5.10. increases monotonically
with rotation. The non-rotating value of 0.13 is within 0.1 % of the analytic value.

Pressuis Coefficient

0.25
&__‘_/o
a.2f g
'f’&’/}ll-’-
Ua. "
0.15} 2
1
Q.1
Q 0.5 1 1.5

1Ro

Figure 5.10: Pressure coefficient versus 1/Ro in the case of triangular channels.
RCD,‘ = 100.

The cross-stream pressure gradients that build up with rotation and drive the
secondary flow and wall jets are illustrated in figure 5.11. As in the case of rectangular

channels. this pressure gradient is perpendicular to the axis of rotation, with the
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pressure contours curving through the wall jets to intersect normal to the channel

walls, consistent with the formation of the wall jets shown earlier.

T T L4 T T T T T

y/D

0 01 02 03 04 05 06 07 08 09 1
)

Figure 5.11: Typical pressure contours in the fully developed regime. Lower pressures
are found at the leading side while higher pressures are found at the lagging side
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5.3.2 Mass Transfer

Mass transfer calculations were carried out using the source term model for NaCl
feed concentrations of 35,000 ppm and 50,000 ppm and for pressures ranging from
400 psi to 1000 psi. Figure 5.12 depicts the Re, values computed using the source
term model for each simulation (3.1 x 10~ < Re,, < 5.3x1073). Membrane is located
on the y=0 surface only. It is interesting to note that when the operating pressures
are converted to excess pressures the Re, values are higher in the case of the 50.000

ppm feed solutions.

x10°

30

Ro

e 0 o Ro

Figure 5.12: Re, as a function of Ro and applied pressure. The dark surface corre-
sponds to a feed solution of 50,000 ppm while the light surface corresponds to a feed
solution of 35,000 ppm.



CHAPTER 5. ROTATING NON-RECTANGULAR CHANNELS 120

Figure 5.13 shows the spanwise averaged surface concentrations for cases span-
ning the complete range of calculations. The non-rotating cases, shown in the left
hand column, illustrate the growth of typical concentration boundary layers, while
in cases of maximum rotation concentrations remain relatively constant. In all cases
involving rotation the maximum concentration attained is significantly less than the
corresponding non-rotating case. [t is clear, however, that there is minimal concen-
tration polarization at the lower transmembrane pressures, and hence lesser benefits
from rotation. Figure 3.14 presents the distribution of surface concentrations for the
non-rotating cases. These distributions are symmetric about z/D = 0.5 with high con-

centrations in the corners affecting larger portions of the membrane with increasing

Rey (Pryr) .

No Rotation -~ 35,000 ppm teed Ro = 0.68 -- 35,000 ppm feed
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Figure 5.13: Spanwise averaged NaCl concentrations along the channel. A - Pry, =
400 pSi, B - PTM = 600 pSi,C - PT.\{ = 800 pSi.D - PT.\! = 1000 psi
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Figure 5.14: Surface NaCl concentrations with no channel rotation for Pry, = 400
psi (lowest surface), 600 psi, 800 psi and 1000 psi (highest surface).

Figure 5.15 presents the spanwise averaged surface concentrations obtained at
the highest trans-membrane pressures at various Ro while figure 5.16 presents the
spanwise surface concentration distributions at x/D = 40.8. Modest increases in
rotation significantly decrease the surface concentrations, with the solutions appearing
to asymptotically approach a limiting concentration even though Re, is increasing
with rotation. The spanwise distribution is symmetric when there is no channel
rotation and relatively higher near the leading sidewall (z/D = 0) when there is
rotation. Also, the higher concentrations in the corners both decreases and influences

a lesser portion of the membrane with increasing rotation.
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Figure 5.15: Spanwise averaged NaCl surface concentrations along the channel for
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Figure 5.16: Spanwise distribution of surface NaCl concentration at x/D = 40.8.
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Figure 5.17 presents the profiles of NaCl normal to the membrane surface at the
same streamwise location and at z/D = 0.5. Inset in the figure is an expanded view
of the profiles near the channel centroid. As rotation is increased, the concentration
boundary layers gets increasingly smaller and the secondary flow patterns convect
correspondingly more NaCl towards the centre of the channel. This results in in-
creased mixing as evidenced by the increasingly small portions of the curve at the

feed concentration of 35.000 ppm.
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Figure 5.17: NaCl concentration normal to the membrane surface at x/D = 40.8 and
z/D = 0.5

The flux improvement. defined by

Re,, — (Rew)no rotation . 100% (3.3)

Flux Increase =
(Rew)no rotation
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is plotted as a function of 1/Ro in figure 5.18. The shape of the curves is very similar to
the case of rectangular channels, with flux increasing with increasing rate of rotation,
concentration and trans-membrane pressure. The magnitude of the flux increase is
significantly lower than the case of rectangular channels, and this is largely due to the
fact that a streamwise length of 120D was used for the rectangular channels, while a

streamwise length of only 50D was used for the triangular channels. This issue will

be revisited in chapter 7.
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Figure 5.18: Flux improvement over the non-rotating case as rotation is is increased
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5.4 Circular Channels

Simulations were carried out with cfx 4.2, using the 5 block grid shown in figure 5.19.
Each grid block is [25x25] in cross section and extruded uniformly in the streamwise
direction (S), using 159 planes to a length of 153D. Elliptic smoothing was used to
maximize the orthogonality of the grid volumes. and the last two circumferential grid
lines were fixed at r = (R - dr) and r = (R - 2 dr), where dr/D = 3e-3, as in Chapter
4. The Reynolds number. Rep was fixed at 100. and rotation was varied from 0 rad/s
- 300 rad/s corresponding to Ro = oc, 3.65, 1.82, 0.46. 0.30 with the axis of rotation

aligned with the y-axis. Higher order upwind differencing was used in all simulations.
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Figure 5.19: Five block grid used to simulate rotating flow in circular pipes
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5.4.1 Hydrodynamics

Figure 5.20 depicts relief plots of streamwise velocity in the fully developed region
as Ro is decreased. As with both the triangular and the rectangular channels, the
flow passes through four different regimes. In the absence of rotation, the profile
is axisymmetric with a maximum at the channel centre. As rotation is introduced.
this maximum shifts towards the lagging side of the channel (increasing z) and then
forms an inverted C shaped ridge spanning (-7/2 < 8 < 7/2). At the lowest Ro. the
central core of the profile has flattened considerably, resulting in two local maxima

around § = +7/2.

No Rot Ro = 3.65

Figure 5.20: Relief plots of spanwise velocity in the fully developed region.
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Figure 5.21 plots the streamwise and azimuthal velocity profiles parallel to the
axis of rotation, while figure 5.22 plots the streamwise velocity along the centreline
perpendicular to the rotational axis. In all cases, the profiles are almost identical to
the case of the square channel channel presented in Chapter 4. Again, the Coriolis
acceleration acts on the high velocity driving fluid against the direction of rotation.
This fluid impinges on the lagging surface and returns to the leading side of the
channel in increasingly narrow but strong walls jets. At the highest rotation rate.
the maximum magnitude of the azimuthal velocity is almost 40% of the bulk veloc-
ity. These secondary velocity patterns are shown in the next section along with the

contours of NaCl concentration.

-ui» » = -
b %

2 < -al <2 -a L] ar 32 >
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Streamwise Velocity Lateral (‘spanwise’) Velocity

Figure 5.21: Profiles of streamwise and azimuthal velocity parallel to the axis of
rotation.

Figure 5.23 plots the streamwise and azimuthal components of friction coefficient
around the circumference, in the fully developed region. In the absence of rotation,
the streamwise friction coefficient is constant, and agrees with the analytic solution

(cy = 0.16). There is no azimuthal component of wall shear. As rotation is intro-
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Figure 5.22: Streamwise velocity profile along the axis perpendicular to the axis of
rotation.

duced. the streamwise friction coefficient decreases over the range (—43° < 8 < 15°),
and increases elsewhere. The azimuthal friction coefficient increases over the range
(0° < 8 < 180°) and decreases elsewhere. Further increases in rotation rate result
in the streamwise friction coefficient exhibiting an absolute minimum at § = 0, a
local minimum at 8 = 180° and two equal maxima at # = 90° and 8 = 270°. The
azimuthal distribution remains similar in shape, but increases in magnitude. In com-
parison, figure 5.24 presents similar plots in the case of a square channel where the
circumferential component is —135? out of phase with the azimuthal component in
the circular case due to the different origin used in the two cases. The profiles in
the two cases are very similar both in trend and in magnitude, with the exception
that c; is constrained to zero in the channel corners and the regions of lower shear
are constrained to the leading and lagging walls (WEST and EAST) walls between
these zeros. Figure 5.25 plots the spanwise averaged friction coefficients as a function
of 1/Ro. Again, the result is very similar to the case of the square channel. The
average friction coefficients in the circular channels are slightly lower in the case of
the square channel however, since the low stress regions are constrained by the zeros

at each corner.
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Figure 5.23: Streamwise and azimuthal component of friction coefficient in circular
channels.
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Figure 5.24: Streamwise and circumferential component of friction coefficient

in
square channels.
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Figure 5.25: Circumferentially averaged friction coefficients in circular and square
channels.
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5.4.2 Mass Transfer

The STM was used to model membrane separation in the circular channels. using a
feed concentration of 35.000 ppm NaCl and a transmembrane pressure of 1000 psi.
Figure 5.26 plots NaCl concentrations superimposed on the secondary velocities gen-
erated in the channels. In the absence of rotation, there are no secondary velocities,
the solutions are axisymmetric and the wall concentrations are much higher than in
the other cases. As rotation is introduced. secondary velocities are generated and
serve to transport NaCl from § = 0° to € = 180° along the channel walls and back
towards 6 = 0° along through the centre of the channel. This results in a maximal
concentration at 8 = 180°. In the cases of Ro = 3.65 and Ro = 1.82, the cross channel
velocity along the z-centreline is increasing, and accordingly. higher NaCl concentra-
tions in the centre of the channel are limited to a small band. At Ro = 0.91. the
secondary velocity in the core has begun decreasing and there is correspondingly
more diffusion in the central region resulting in a larger band of higher concentration
fluid. At the same time, the magnitude of the wall jets adjacent to the wall increases
monotonically, resulting in continually lower NaCl surface concentrations. Both of
these effects combine to result in maximal mixing at the highest rotation rate. This
is clearly shown in figure 5.27. which presents relief plots of NaCl concentration at

the corresponding streamwise location.
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Figure 5.26: NaCl contours and secondary velocities at near the channel outlet.
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Figure 5.27: Relief plot of NaCl concentration with increasing channel rotation.
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Figure 5.28 plots both the circumferentially averaged NaCl concentration along the
streamwise direction, and the circumferential variation of NaCl at the same stream-
wise location as presented above. As in the case of both square and triangular chan-
nels, the average surface concentration decreases monotonically, but with diminishing
returns, with channel rotation. The circumferential distribution exhibits a maximum
at § = 180°, and at lower rotation rates this maximum is larger than in the case of
no rotation. As the rotation rate is increased the maximum decreases to well below
the concentration in the non-rotating case. Figure 5.29 plots the NaCl concentration
along each channel centreline in the cases of no channel rotation and Ro = 0.3. The
lower wall concentrations, and the smaller enhanced mixing in the case of rotation

are evident on this plot.



CHAPTER 5. ROTATING NON-RECTANGULAR CHANNELS 135

Circumferential Average Surface NaCl Concentration

0.05-
-— No Rot
0.048H Ro = 3.65
S 0.046 H Ro =1.83

2QOp -

x/D

Surface NaCl Concentration: s/D = 13.3

o
=
[+ <]

T
1

L

0 45 30 135 180 225 270 315 360
Angle (Degrees)

Figure 5.28: Five block grid used to simulate rotating flow in circular pipes
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5.5 Closure

Simulations of rotating flow and mass transfer have been presented at Rep = 100 in
the cases of circular and triangular channels. The overall structure of the secondary
flow patterns and their effect on mass transfer are shown to be very similar to the
cases of rectangular channels presented in Chapter 4. except that they are slightly
modified by the differing geometric constraints. In all cases. channel rotation results

in significantly lower surface concentrations and enhanced mixing.
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Chapter 6

Laminar Flow and Mass Transfer

Over Periodic Arrays of Obstacles

6.1 Introduction

Periodic obstacle flows occur in many engineering applications including wind en-
gineering, heat exchanger design. electronic packaging and internal cooling of gas
turbine blades. In membrane separation processes, periodic obstacle flows arise due
to the feed spacers which are used to manufacture membrane modules and which

come in a variety of configurations.

These obstacles generate strong pressure gradients and separated flow regions both
upstream and downstream as illustrated in figure 6.1 which depicts flow over a single
obstacle. Depending on the flow parameters and geometry. there is a potential for
up to four different separation zones, as shown in the figure: 1) upstream separation
due to the adverse pressure gradient caused by the obstacle, 2) obstacle separation

due to the sharp upstream corner. 3) primary ‘separation bubble’ due to the sharp



CHAPTER 6. LAMINAR OBSTACLE FLOW 139

downstream corner and to the adverse pressure gradient of the expanding flow and

4) secondary ‘separation bubble’ due the adverse pressure gradient of the expanding

flow.
— o
— D
- o 2 |
FL——> ¥D

Figure 6.1: Coordinate system and flow over a single obstacle.

The flow in arrays of periodic obstacles is additionally complicated due to flow
interactions between obstacles. Figure 6.2 depicts three examples of periodic obstacle
flows examined herein: surface mounted obstacles. channel centred obstacles and al-
ternating surface mounted (staggered) obstacles. The characteristics of both the wake
created downstream of the obstacles as well as the disturbance created by upstream
obstacles impact considerably on the performance of the system. The characteristics
of the flow depend strongly on Reynolds number, channel blockage ratio, obstacle

spacing, obstacle geometry and system rotation.

In addition to providing structural support, one of the roles of feed spacers is to
enhance mass transfer by maximizing solute transfer away from surfaces of active
membrane and accordingly minimize membrane surface concentrations. Periodic ob-
stacles can be quite effective to this end since mass transfer is enhanced in the recovery
region downstream of an obstacle as well as in regions where the flow is accelerated.
In order to find an optimum configuration. the flow field must be determined for a

range of geometries and flow conditions.
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C) Alternating surface mounted obstacies

Figure 6.2: Periodic obstacle geometries

Turbulent obstacle flows in various periodic geometries have been investigated

both experimentally, e.g. [43, 44, 43] and numerically, e.g. [46, 47].

Patankar [48] studied streamwise periodic laminar flows with heat transfer over
arrays of thin plates. Amon et. al. [49] performed a numerical and experimental
study in communicating channels made up of channel centred rectangular obstacles.
Zhang et. al. [50],[51], [52] numerically studied unsteady flows in inline and stag-
gered arrays of finite plates. Both Zhang and Amon found significant effects due
to unsteadiness while Zhang highlighted the importance of three dimensional effects

with unsteadiness.
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Several studies have dealt directly with the flow in spacer filled channels includ-
ing early experimental work by Belfort [53], who measured drag and presented some
flow visualization results of enlarged spacers found in electrodialysis devices. \Wino-
grad {34] examined mass transfer in similar systems, and developed a simple model,
based on laminar flow in unobstructed channels, to correlate the mass transfer per-
formance. Several additional experimental papers have addressed the pressure drop
in spacer filled channels including (33, 36, 57]. More recently, DaCosta et. al. [38. 59]
measured the drag coefficients of various spacer materials found in ultrafiltration
membranes. Theyv also developed a simplified model which correlated their exper-
imental data with simplified one dimensional hydrodynamic theories. Their model
included terms for the viscous drag (assuming boundary layer flow over isolated cylin-
ders) and form drag (correlated to experimental data) of the spacers, the friction in
the channels (assuming laminar flow in unobstructed channels) and momentum losses
due to changes in flow direction. Mass transfer was modelled by adding an additional
constant to correlations of mass transfer results based on laminar flow in unobstructed
channels. Using several experimentally determined constants. their model was able to
correlate their data, but their simplifications abstracted significantly from the actual
physics in spacer filled channels. A recent paper by Karode and Kumar [60] used CFD
to model the hydrodynamics of the same spacer filled channels measured by DaCosta
et. al.. Their results convey the complexity of the resulting flows. however, theyv rely
on shear rate calculations to infer mass transfer characteristics. Cao et. al. [61] also
recently used CFD to model simplified spacer geometries using domains consisting of
both isolated cvlindrical obstacles and pairs of cylindrical obstacles. There are some
concerns with the boundary conditions used in these simulations and these researchers

also rely on calculations of shear rates to anticipate mass transfer performance.

The goal of the present chapter is to examine laminar flow and associated mass
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transfer in periodic arrays of obstacles. Both the hydrodynamics and mass transfer

of such flows will be examined in this chapter.

6.2 Computational Procedure

The computational procedure of Chapters 4 and 5 in conjunction with the STM
was used with a modification to account for periodicity. Following [48]. streamwise
periodicity can be accommodated by decomposing the pressure into a linear and a

periodic component.

p(r,y) = =3z + P(r.y) (6.1)

where x is the streamwise direction. J is a constant pressure gradient. and P(x.y)
is periodic such that P(0.y) = P(nL.v). This concept was implemented in cfx by
adding a constant source term to the streamwise momentum equation and by using
a periodic boundary condition at x=0 and x=L. Using this method. the channel flow
rate, or Rep. is a result of the calculation and depends upon 3. For this reason, a
control loop was implemented within the code which adjusted 3 during the solution

procedure to maintain the desired Rep.

6.3 Grid Study and Validation

Initially, two and three dimensional simulations were carried out over a single obstacle
in order to perform a grid study and to validate the code. The geometry chosen for this
study corresponds to a numerical and experimental study by Billeness et. al. [62]; the

domain extends 14.5 obstacle heights upstream and 40 obstacle heights downstream
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of a 0.25D square obstacle. Billeness used a staggered grid of [64x45] and a QUICK
scheme with a transverse correction for the advective terms. The collocated grids
used for this study ranged from [86x61] to [163x61] and used both a QUICK scheme
and a higher order upwind (HUW) scheme. While the grid resolution in the normal
direction may seem excessive, this is necessary both for high Schmidt number mass
transfer computations and for simulations including system rotation [63]. Figure 6.3

compares the x spacing on the various grids.
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Figure 6.3: Grid spacing

One of the most important parameters characterizing the flow is the reattachment
length, X, defined in figure 6.1, which corresponds to the length of the recirculat-
ing flow region (‘separation bubble’) that forms downstream of the obstacle. The
reattachment length is the distance from the leading edge of the obstacle to the reat-

tachment point, which is refined as the location of vanishing wall shear stress.



CHAPTER 6. LAMINAR OBSTACLE FLOW 144

Table 6.1 presents the streamwise grid dimensions and computed reattachment
lengths, X,. It is of note that doubling the grid over the obstacle itself increases X,
by 3.4%, while a further doubling of the grid upstream of the obstacle changes X,
by less than 1 %. An additional simulation which doubled the grid spacing at the
wall, but kept the number of nodes constant, resulted in a negligible change in .X.

Simulations using a QUICK scheme predicted slightly longer .\'.. but did not converge

for all cases.

Grid | Total x | UPS { OBJ X, /d
vols vols | vols | (HUW/QUICK)
11 111 25 13 14.92/15.13
12 111 25 13 14.98/*
13 124 25 13 14.97/15.11
14 | 132 | 25 | 2 15.41/-
15 138 25 27 15.49/-
16 | 163 | 350 | 27 15.6/-

Table 6.1: Streamwise grids employed for numerical simulations. * = not converged.
- = not performed. UPS = upstream. OBJ = object

Figure 6.4 compares the computed velocity profiles with experimental profiles
from [62] at Rep = 816. The simulations compare very well with the experiment.
with perhaps the largest discrepancy at x/d=14. and these discrepancies are within

the range of experimental error reported by Billeness.

In order to check for three dimensional effects, GRID 15 was extruded, using 80
volumes, such that the width of the 3D channel was 40d (note the use of a symmetry
condition at z/d=0) corresponding to the water channel used in [62]. Figure 6.5 shows

the computed friction coefficient.



CHAPTER 6. LAMINAR OBSTACLE FLOW

x/d=-1
1
ReD =204
0.8r
QO Billeness
06r | — GRID 15
=) GRID 13
>
0.4}t
02t
0
0 0.5 1 1.5
uwy
x/d=3
1
08¢t
0.6
e
=3
04¢1
0.2}
o]
-0.5 4] 0.5 1 1.5
wyU

145

x/d=0.5

0.4}

0.2
0

u/y

x/d=14

08t

0.6

y/O

0.4}

0.2t

Figure 6.4: Experimental validation: Streamwise velocity profiles.

on the top and bottom walls and the computed reattachment length. A significant

portion of the channel is indeed two dimensional and the computed reattachment

length in the central region is within 1% of that from the two dimensional simulations.
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Figure 6.5: ¢; on the top (yv/D = 1.0) and bottom (v/D = 0) surfaces for Rep = 816.
Contour lines of zero shear are overlaid on the bottom surface, clearly showing the
reattachment line.
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6.4 Periodic Obstacle Flows

The information from the grid study presented above, was used to generate a [119x81]
grid for periodic obstacle flows with d/L = 0.05 and d/D = 0.25. The number of nodes
normal to the wall was increased from 61 to 81 so as to generate a single symmetric
grid amenable to all three obstacle types presented in figure 6.2. Similar grids were

also generated for the cases of d/D = 0.50 and d/D = 0.75.

Streamwise periodic solutions were computed for various pressure gradients in
the case of surface mounted obstacles. Figure 6.6 presents both the ¢,Rep and the
computed reattachment length for various Rep. ¢, is the non-dimensional pressure

drop over the channel.

__Bp/(?xr _ 3
T 1/2pU T 1/2p0?

ra (6.3)

The c,Rep curve is concave down, indicating that the pressure gradient is increasing
at a rate greater than linear with Rep. The reattachment length increases monoton-
ically until Rep = 692, with an inflexion point between Rep = 416 and Rep = 692.
Beyond Rep = 692, the reattachment length is constant. Figure 6.7 presents ¢y com-
puted on the top and bottom surfaces for various Rep. The location of the obstacle
is indicated by the shaded rectangle on the y/D = 0 curve. This figure indicates the
formation of recirculation zones downstream of the obstacle (regions of negative c,)
which grow with increasing Rep until the case of Rep = 692. when reattachment no
longer occurs on the v/D = 0 surface. These recirculation zones are clearly shown
in figure 6.8 which plots streamlines for selected Rep. In all cases, the maximum ¢,
occurs on the y/D = 1 surface slightly downstream of the obstacle. This maximum
is up to four times greater than the minimum which is located near the middle of the

separation bubble on the y/D = 0 surface.
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Figure 6.8: Streamlines patterns for secreted Rep. d/D = 0.25
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Figure 6.9 presents the non-dimensional pressure drop for surface mounted obsta-
cles with d/D = 0.25, d/D = 0.50 and d/D = 0.75 and for channel centred obstacles
with d/D = 0.25. The pressure drop increases significantly with increasing increasing
obstacle size and is higher in the case of channel centred obstacles. Figures 6.10 -
6.13 depict contours of streamwise velocity normalized by the corresponding average
velocity. and help to explain the difference between channel centred obstacles and
surface mounted obstacles. In either case, the flow is accelerated to roughly the same
degree since the channel blockage is the same. This acceleration causes an increase in
the friction coefficient (shear rate) which in turn increases the channel pressure drop.
In the case of surface mounted obstacles, this higher shear acts on only two surfaces
while in the case of channel centred obstacles it acts on four surfaces. Also shown, in
black, on these figures is a contour line corresponding to zero velocity. In the cases of
surface mounted obstacles. these contour lines intersect the y/D = 0 surface between
two obstacles at the point where the flow reattachment occurs. As discussed above, in
the case of d/D = 0.25 reattachment occurs on the y/D = 0 surface for Rep < 692.
In the case of d/D = 0.50 reattachment ceases to occur between Rep = 123 and
Rep = 209, while in the case of d/D = 0.75 reattachment occurs only at the lowest

Revnolds number presented (Rep = 29).
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Figure 6.9: c,Rep versus Rep for various geometries.
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Figure 6.11: Contours of streamwise velocity in the case of d/D = 0.25 channel centred
obstacles.
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Figure 6.12: Contours of streamwise velocity in the case of d/D = 0.50 surface
mounted obstacles.
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Figure 6.13: Contours of streamwise velocity in the case of d/D = 0.75 surface
mounted obstacles.
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6.5 Multiple Obstacle Flows

In order to check the validity of the periodic solutions. simulations were performed
over a domain consisting of 10 obstacles and in a domain consisting of just one
obstacle. Figure 6.14 presents streamlines over an array of surface mounted obstacles
having d/D =0.25 and clearly shows small upstream recirculations, larger downstream

recirculations. and the absence of reattachment on the bottom surface.
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Figure 6.14: Streamlines over an array of 10 surface mounted obstacles. d/D = 0.25.
R(:‘D = 692.

Figure 6.15 compares c¢; on the bottom surface for both a single obstacle and a
periodic array of obstacles at Rep = 100, and Rep = 692. In the case of Rep =

100, there is very little difference, while at Rep = 692 the differences become quite
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pronounced. The small recirculation upstream of the obstacle is enlarged to the point
where it merges with the downstream recirculation from the previous obstacle. This
results in negative c; values over the entire y/D = 0 surface and explains the apparent
jump in X, presented in figure 6.6; x/d = 20 (Rep = 692) corresponds to the period

of the domain, not the reattachment point.

0.15 T T T T T

0.1

0.05

[=)
T T
::O
D
[
o
"
8
1 i

-0.05
_0.1 i : ] ] i
-20 -10 ] 10 20 30 40
xd
002 1 T T T 1
O aL=005
| — Single Qbstacle
0.01} /__ 4
o OF W 7
-0.01¢ o =
Re,, = 692
_0’02 ] L 1 1 1
-20 -10 ] 10 20 30 40
xd

Figure 6.15: Comparison of single obstacle solution with a periodic obstacle solution
for Rep = 100 and Rep = 692. The vertical lines represent reattachment in the single
obstacle case.

Figure 6.16 compares the near-centreline velocity predicted with the periodic so-
lution to several obstacles computed in the array for Rep = 692. While fairly small.
there are noticeable differences between the solutions which approach the periodic

solution asymptotically. The differences between the periodic and multiple object
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solutions become extremely small by the seventh obstacle. Similar computations at

Rep = 100 show that the periodic solution is developed at the first obstacle.

Streamwise velocity at y/D = 0.48
‘ .75 T T 11 T L T 1

1.7ta v i . - 0-Cs 1

5 O
165t o — Periodic -
3 0
C00, O 2nd Obstacle
Ooq A 3rd Obstacie
16 v 5th Obstacle 4
» 7th Obstacle
1 55 1 Il L b 1 L 1 L  E— 1
-8 -6 -4 -2 o] 2 4 6 8 10
x/d
1 .76 T T T | 14 A\ L T |l Al
1.74 -
1.72 4
2 17 .
1.68 —— Periodic ]
. 7 !
1.66 th Obstacle B
1 .64 L ] l L 1 1 1 L L
-8 -6 -4 -2 0 2 4 6 8 10

Figure 6.16: Comparison of periodic solution with multiple obstacle solution. Rep =
692

Figure 6.17 and 6.18 present the computed ¢y on the bottom and top surfaces
at Rep = 100 in the cases of no obstacles. surface mounted obstacles. channel cen-
tred obstacles and alternating surface mounted obstacles. Figure 6.17 presents all
ten obstacles while an expanded view of only two obstacles, which is the minimum
necessary in the case of alternating surface mounted obstacles, are shown in figure
6.18. The flow at this Reynolds number appears again to achieve a periodic solution

by the first obstacle. The channel centred obstacles generate symmetric solutions
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about the channel centerline with positive c; everywhere, indicating there is no flow
separation on the y/D = 0 and y/D = 1.0 surfaces. Both cases of surface mounted
obstacles exhibit recirculation zones downstream of the obstacles and in the case of
alternating surface mounted obstacles which are identical in both cases. In this case,
the staggered obstacle solution over the second obstacle is identical to the bottom
mounted solution with the y/D = 0 surface exchanged for the y/D = 1 surface. This
is to be expected, since at Rep = 100 the periodicity has very little effect on the

solution; this is not the case for increasing Rep.

Figures 6.19 and 6.20 present corresponding c; values in the case of Rep = 692.
The case of channel centred obstacles is not shown. When all the obstacles are on
the same surface. there is no reattachment between the obstacles. With a staggered
obstacle arrangement however. the flow does reattach between obstacles and the peak
¢y values on the y/d = 1.0 surface are visibly higher than in the case of surface

mounted obstacles.
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Figure 6.17: Friction coefficient vs x/d for various obstacle arrangements. Rep =
100. Obstacles are located at x/d =[0.20.40.60.80.100.120.140.160.180]
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Figure 6.18: Friction coefficient vs x/d for two successive obstacles in the 10 obstacle
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6.6 Mass Transfer in Multiple Obstacle Flows

The STM model was used to model NaCl concentrations in the above arrays. The
applied pressure was 1000 psi and the the feed solution was 35,000 ppm NaCl. The
computed Re, based on the volume flux and the unobstructed membrane area, are
given in table 6.2 in the case of Rep = 100, and in Table 6.3 in the case of Rep =
692. All simulations having obstacles exhibit a higher fresh water flux even though
using the unobstructed membrane area biases the case of no obstacles. At both
Rep, alternating surface mounted obstacles (staggered arrangement) are the best
performing. Computed c, values are also shown in the case of Rep = 100. This value
is related to the drag force on the obstacle and the average shear in the channels
and represents the additional cost of pumping the fluid through the obstacle filled
channels. It is very interesting to note that while ¢, in the channel centred case
is almost twice the value for the surface mounted obstacles the surface mounted

obstacles significantly outperform the channel centred obstacles.

Geometry Re,. Re,/ Rey(no obstacles) Cp

No Obstacles 0.00739 1.00 0.12
Channel Centred | 0.00808 1.09 0.033
Surface Mounted | 0.00832 1.13 0.018
Staggered 0.00845 1.14 0.018

Table 6.2: Re,, flux improvement and c, predicted with the STM for various multi-
obstacle solutions. Rep = 100

Figure 6.21 presents the surface concentration on the yv/D = 0 and v/D = 1.0
surfaces over all 10 obstacles for Rep = 100 and figure 6.22 depicts a close up of
the surface concentration over two successive obstacles. In the case of no obstacles,
the surface concentration grows monotonically with distance along the channel and is

symmetric about the y/D = 0.5. The NaCl distributions are greatly modified by the
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Geometry Re, Re. /Re,(no obstacles)
No Obstacles 0.00847 1.15
Surface Mounted | 0.00898 1.22
Staggered 0.00911 ! 1.23

Table 6.3: Re, and flux improvement predicted with the STM for various multi-
obstacle solutions. Rep = 692. Flux improvement is referenced to the no obstacle
solution at Rep = 100.

presence of obstacles. In the case of surface mounted obstacles there is generally a
spike in concentration just upstream of an obstacle and a larger decrease just down-
stream of an obstacle. While the average surface concentrations are lower in the case
of obstacle flow. the spikes locally achieve levels in excess of the no obstacle case. The
spikes correspond to stagnation points in the corners formed between the obstacles
and the membrane surface while the decrease downstream of the obstacles is due to
convective transport in the recirculation zone. This recirculation serves to transport
NaCl from the surface towards the centre of the channel and hence to significantly
mix the flow. In the case of channel centred obstacles, the concentration builds at a
rate greater than that of the no obstacle solution and then decreases sharply as an
obstacle is passed. The staggered obstacles perform better than the surface mounted
obstacles since the concentration decreases due to the convective motion induced by
the obstacles is greater than the decrease due to flow acceleration alone. In the case
of surface mounted obstacles, the v/D = 0 surface benefits from the additional con-
vective transport, while the y/D = 1 surface benefits from accelerated flow around
the obstacle. In the case of the staggered arrangement. both surfaces experience
significant decreases in concentration downstream of the obstacles. This results in
a significantly lower surface concentrations on the y/D = 1 surface in the case of

staggered obstacles. [t is clear from the figures that the NaCl concentration on the
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v/D = 0 surface closely tracks the case of surface mounted obstacles downstream of
the obstacles when the obstacles coincide (x/d = 80). Figures 6.23 and 6.24 present
that same plots in the case of Rep = 692. This feature is no longer evident, reflecting
the significant change in the characteristics of the 'separation bubbles’ due to the

interactions between successive obstacles.
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Figure 6.21: Surface NaCl concentration vs x/d for various obstacle arrangements.
Rep = 100. Feed concentration = 35.000 ppm. Obstacles are located at x/d
=({0,20,40.60.80.100,120,140.160.180]
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Figure 6.22: Surface NaCl concentration vs x/d for two successive obstacles in the 10
obstacle array. Rep = 100. Feed concentration = 35,000 ppm. Obstacles are located
at x/d = [60.80,100]
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Figure 6.23: Surface NaCl concentration vs x/d for various obstacle arrangements.

Rep = 692. Feed concentration = 33,000 ppm. Obstacles are located at x/d
=(0.20.40.60.80.100.120.140.160.180]
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Figure 6.24: Surface NaCl concentration vs x/d for two successive obstacles in the 10

obstacle array. Rep = 692. Feed concentration = 35,000 ppm. Obstacles are located
at x/d = [60,80,100]
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6.7 Effect of Rotation

Rotating three-dimensional simulations were carried out in channels of aspect ratio 3
in periodic domains having surface mounted obstacles with d/D = 0.25,0.50,0.75 and
L/D = 5.0 at various Rep. Rotation is about an axis aligned with the short channel
dimension. corresponding to the case of 'Normal’ rotation presented in Chapter 4.
Table 6.4 presents the Rossby and Ekman numbers developed for each rotational
speed when Rep = 100. As Ro decreases, the pressure gradient needed to sustain a
given Rep increases, or for the same pressure gradient, Rep decreases. This is shown
in figure 6.25 which presents the computed Rep vs 1/Ro for a constant pressure
gradient in the cases of d/D = 0.25.0.50 and ¢; vs. 1/Ro at Rep = 100 for d/D
= 0.73. Since the pressure gradient needed to generate a fixed Rep is not known
a priori, a control loop was implemented in the code which adjusted 3 during the

solution to maintain Rep constant.

Q2 [rad/s| | Ro | 1/Ro Ek

0 o 0 o
20 1.82 | 0.5480 | 0.0182
100 0.91 | 1.0960 ! 0.0091
150 0.61 | 1.6440 | 0.0061
200 0.46 | 2.1920 | 0.0046
250 0.37 | 2.7401 | 0.0037
300 0.30 | 3.2881 | 0.0030
350 0.26 | 3.8361 | 0.0026
400 0.23 | 4.3841 | 0.0023

Table 6.4: Computed Rossby and Ekman numbers assuming Rep = 100.

In three-dimensions, the wall shear stress has 2 components resulting respectively
from the streamwise and spanwise velocity profiles. Accordingly, we can define three

different friction coeflicients.
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Figure 6.26 presents the various friction coefficients on the y/D=0 and v/D sur-
faces in the case of d/D = 0.25 in the absence of channel rotation. While figure 6.27
presents the same data when the channel is a rotating with Ro = 0.33. Overlaid on
the figures are contour lines representing respective ¢y values of zero. These contour
lines correspond roughly to where the flow reattaches. In the case of no channel
rotation, the solutions are symmetric about z/D = 0 and there is very little span-

wise shear. There is a small upstream recirculation zone ahead of the obstacle and
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a larger recirculation zone downstream of the obstacle. When channel rotation is
introduced however, the solution changes considerably. The upstream recirculation
zone grows slightly while the downstream recirculation shrinks significantly and there
is no longer any symmetry in the solution. ¢, is negative over most of the surface
and has a magnitude similar to ¢;;. The shrinkage and asymmetry of the 'separation
bubble’ is illustrated in figure 6.28 which shows contour lines of zero ¢y, downstream
of the obstacle as a function of Ro. Appendix C presents c; plots on the y/D =0
and y/D = 1 surfaces over the range of Ro simulated as well as in the cases of d/D
= 0.50 and d/D = 0.75. Both as the blockage ratio, d/D, and as Ro is increased. the
flows become increasingly complex. In the case of d/D = 0.50, regions of zero shear
appear on the y/D = 1.0 surface at the lowest rotation rate. The characteristics and
even the number of these regions change as Ro is varied. The flow in channels with

blockage ratios of 0.75 is more complicated still.

o = 90. No Rotation, /D = 0.25

- - -WD ;

_%I _%:-
-0s 0 0S5 1 -1 05 0

5
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-5
-5 ) s 10 -5 0 s 10
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Figure 6.26: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 90.
No Rotation. d/D = 0.25

y/0 = 0.0

5 10

0
wd
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Figure 6.27: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 95.
Ro =0.29. d/D = 0.25

Figure 6.29 presents contour slices of streamwise and spanwise velocity when d/D
= 0.25. When there is no channel rotation, the only non-zero spanwise velocities are
located close to the obstacle, and the streamwise velocity distributions are symmetric
about the z = plane. As rotation is increased, strong spanwise velocities are generated
which transport high momentum fluid above the obstacle towards the lagging sidewall.
There are correspondingly large negative spanwise velocities along the y/D=0 surface
just downstream of the obstacle. Inspection of the plane presented just downstream
of the obstacle shows both that the maximum streamwise velocity is shifted towards
the lagging wall and becomes significantly lower than in the case of no rotation. These
characteristics are reminiscent of the flow in rotating channels presented in Chapter
1. but are significantly modified by the presence of obstacles in the flow. At Ro =
0.29 the flow has changed considerably, with two regions of positive spanwise velocity

evident downstream of the obstacle near the y/D = 1 and y/D = 1 walls.
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Figure 6.28: Position of the downstream reattachment line for various rates of rota-
tion. d/D = 0.25.

Figure 6.30- 6.32 present similar plots in the case of d/D = 0.50 and d/D = 0.75.
These flows are similar in character to the case of d/D = 0.25 only in the absence of

rotation. The flow fields are complex. and vary greatly with Ro.
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Figure 6.29: Contours of streamwise and spanwise velocity, d/D = 0.25. No Rotation
(top), Ro = 0.81 (middle) and Ro = 0.29 (bottom).
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Figure 6.30: Contours of streamwise and spanwise velocity, d/D = 0.50. No Rotation
(top), Ro = 1.82 (middle) and Ro = 0.!1a91 (bottom).
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Figure 6.31: Contours of streamwise and spanwise velocity, d/D = 0.75. No Rotation
(top), Ro = 1.82 (middle), Ro = 0.91 (bottom).
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Figure 6.32: Contours of streamwise and spanwise velocity, d/D = 0.75. Ro = 0.61
(top), Ro = 0.46 (middle) and Ro = 0.36 (bottom).
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6.8 Closure

Simulations were performed over a variety of periodic obstacle geometries relevant
to membrane separation including surface mounted obstacles, alternating surface
mounted obstacles and channel centred obstacles. These simulations were performed
over arrays of 10 obstacles as well as for domains consisting of one obstacle with a
streamwise periodic boundary condition to account for adjacent obstacles. The 10
obstacle results were compared with the periodic solutions and it was shown that
at Rep = 100 periodicity has little effect on the solution and the periodic solution
develops at the first obstacle. In the case of Rep = 692, the periodic solution takes
approximately seven obstacles to develop and is markedly different than in the case
of a single obstacle. with upstream and downstream recirculations merging such that

reattachment does not occur.

The STM was used to predict membrane performance in the presence of various

obstacle configurations in the absence of system rotation and it was found that

e In the case of non-rotating channels. the presence of flow obstacles improves

membrane performance in all cases.

e The presence of flow obstacles results in local concentration maximums which

exceed the corresponding concentration in the case of open channels.

e Channel centred obstacles are least performing while staggered obstacles are

most performing.

e Channel centred obstacles result in the largest ¢, (and hence shear) even though

they are less performing.

e Recirculation zones are far more effective at mixing the flow than are accelerated

flow regions.
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e There is no general correlation between c¢; and mass transfer performance.

In addition, it is very difficult to infer mass transfer characteristics from the hy-
drodynamics solutions. This point is perhaps most clearly made considering the case
of staggered obstacles compared to surface mounted obstacles at Rep = 100. The
friction coefficients and flow characteristics are effectively the same, and vet the mass

transfer performance of the two arrangements is clearly different.

A preliminary investigation into the effect of system rotation was also undertaken,
indicating that rotation has a significant effect on the hydrodynamics. The resulting
flow fields depend strongly on the blockage ratio and on Ro. With the introduction of
rotation. friction coefficients are significantly higher. recirculation zones are greatly
altered and the solutions are no longer symmetric. Mass transfer predictions will
have to be carried out in the future to determine the effect of rotation on membrane

performance.
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Appendix A

CMS Operating Parameters

A.1 Fluid Properties

Much of the experimental and computational work has been carried out using aqueous

LIS I A %

ppm. Basic fluid properties for these concentrations, at 25°C, are given in Table A.1

(3].

Concentration | Density Dynamic Kinematic | Osmotic
Viscosity Viscosity Pressure
(ppm] [kg/m3] | [kgm/s] x 10* | [m?/s] x 107 | [MPa]
0 997.19 8.973 8.998 -]
10,000 1004.07 9.086 9.049 0.8529
22,000 1012.41 9.239 9.126 1.5679
35,000 1021.33 9.426 9.228 2.4652
50,000 1032.18 9.670 9.369 3.6594

Table A.1: Properties of NaCl Solutions at various concentrations and 25°C
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Pressure | Pressure | Q[rad/s] Qlrad/s] Qrad/s] Qlrad/ s

(M Pa] [psi] (0 ppm) | (10,000 ppm) | (22.000 ppm) | (35.000 ppm)
1.38 200 92.02 91.70 91.33 90.92
2.07 300 112.70 112.32 111.85 111.35
2.76 400 130.14 129.69 129.16 128.58
3.43 300 145.50 145.00 144.40 143.75
4.14 600 159.38 158.8+4 158.18 137.47
+4.83 700 172.16 171.56 170.86 170.09
9.52 800 184.04 183.41 182.65 181.84

Table A.2: Rotational speed required to develop various transmembrane pressures in
C\IS plate and frame assemblies

A.2 CMS Operating Conditions

A.2.1 Plate and Frame System

The pressure differential across the membrane is called the transmembrane pressure

(Pryr). and is the driving force for the separation processs. This pressure is almost

constant over the entire membrane [65] and depends upon the rotation rate of the

CMS device and the permeate release radius. r,. according to

1 3 9
AP’[‘M = ;)'/)Q'I';.

(A.1)

The plate and frame experiments were carried out at either 21/min, or 4l/min

which. corresponding to cross flow velocities of 0.085 m/s and 0.17 m/s assuming

nine open channels. The permeate release radius for this device was 0.53717m from

the axis of rotation. Table A.2 shows the necessary rotational speed in order to

develop various transmembrane pressures with this device.
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Concentration Re
(ppm| (2 I/min / 4 1/min)
0 72.0 / 144.0
10.000 71.6 / 143.2
22,000 71.0 / 142.0
35,000 70.2 / 1404
Table A.3: Reynolds numbers achieved in the plate and frame assemblies
Pressure | Pressure Ro Ro Ro Ro
[W Pa] [psi] (0 ppm) | (10.000 ppm) | (22,000 ppm) | (33,000 ppm)
1.38 200 1.21 /242 1.22 /243 1.22 / 2.44 1.23 / 2.45
2.07 300 099 /198 | 0.99/1.99 1.00 / 2.00 1.00 / 2.00
2.76 400 0.86 /1.71 | 0.86/1.72 0.86 / 1.73 0.87 / 1.74
3.45 500 0.77 /133 | 0.77 / 1.54 0.77 / 1.54 0.78 / 1.35
4.14 600 0.0 /140 | 0.70/ 1.41 0.71/ 141 0.71 / 1.42
4.83 700 0.65 /130 | 0.65/1.31 0.65 / 1.31 0.66 / 1.31
3.52 800 061 /121 0.61/1.22 0.61 / 1.22 0.61 / 1.23

Table A.4: Rossby numbers at various operating conditions in CMS plate and frame
assemblies. Rossby numbers are for feed flows of (2 I/min / 4 1/min) and assume nine
open channels.

Pressure | Pressure Ek Ek Ek Ek

(M Paq] [psi] (0 ppm) { (10.000 ppm) | (22.000 ppm) | (35,000 ppm)
1.38 200 0.0168 0.0170 0.0172 0.0175
2.07 300 0.0138 0.0139 0.0141 0.0143
2.76 400 0.0119 0.0120 0.0122 0.0124
3.45 500 0.0107 0.0107 0.0109 0.0111
4.14 600 0.0097 0.0098 0.0099 0.0101
4.83 700 0.0090 0.0090 0.0092 0.0093
3.52 800 0.0084 0.0085 0.0086 0.0087

Table A.5: Ekman numbers at various operating conditions in CMS plate and frame

assemblies.
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(]
[e=]
N

Pressure | Pressure Q
[M Pa] [psi] [rad/s)
2.76 400 180
3.45 500 201
1.14 600 220
4.83 700 238
3.92 800 254
6.21 900 270
6.89 1000 2835

Table A.6: Rotational speed required to develop various transmembrane pressures in
CMIS spiral wound assemblies.

A.2.2 Commercial Spiral Wound Elements

Both the geometry of the membrane channels and the premeate release radius are
different in the CMS apparatus designed for commercial spiral wound membrane
elements. This apparatus is designed to use 2514 membrane modules which means
that they have a nominal outer diameter of 2.57. and a length of 14”. The permeate
release radius is 0.41 m (16.25") from the axis of rotation. which means that the
device must turn faster than the plate and frame assemby to generate the same
transmembrane pressure. Table A.6 presents the required speeds to achieve various
operating conditions. where the density has been assumed to be 1000kg/m? since the

variations shown above are relatively small.

In order to quantify the fluid mechanical parameters, two different feed spacers.
shown in figure A.1 will be considered: a ladder type spacer found in an Osmonics

module and a diamond type spacer found in a FilmTec module.

The ladder spacer features nearly cylindrical primary elements running in the
flow direction, with thinner cylindrical cross supports running in a perpendicular

direction between them. These cross supports are flush with one edge of the primary
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Figure A.1: Feed spacers removed from modules at UVic. Ladder type spacer on the

left and diamond type spacer on the right.

Cross Supports
(centre to centre

Primary Elements | 0.050” | 1.27 mm
Cross Supports 0.030” | 0.76 mm
Spacing between 0.150” | 3.81 mm
Primary Elements
(inside dimensions
Spacing between 0.230” | 6.35 mm

Table A.7: Dimensions of ladder type spacer

elements such that the spacer is planar on one side. Table A.7 presents the dimensions

measured from the ladder spacer.

The diamond spacer features sets of identical elements running perpendicular to

each other to form square cells oriented (in this case) at 43° to the flow direction.

One set of these elements is laid on top of. and penetrates a certain distance into

the other set such that neither face of the spacer is planar. Table A.8 presents the

measured dimensions of the diamond spacer.
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Qverall Thickness 0.023” | 0.538 mm
Element Thickness 0.015" | 0.38 mm
Penetration Depth 0.007” | 0.18 mm

Spacing between elements | 0.110” | 2.79 mm
(centre to centre

Table A.8: Dimensions of diamond type spacer

Feed Feed | Re Ro

(m?/s] [lpm] (400 psi / 1000 psi)
6.67x 107> | 4 | 424 0.64 / 0.40
1.33 x 1074 8 42.4 0.64 / 0.40
250x 1071 15 | 424 0.64 / 0.40
3.33x 1074 20 | 424 0.64 / 0.40
3.83 x 1074 | 23 | 424 0.64 / 0.40

Table A.9: Reynolds numbers and Rossby numbers, based on spacer thickness, in
the diamond spacer. Based on a 35,000 ppm feed. Rossby numbers are for speeds
corresponding to 400 psi and 1000 psi respectively.

Feed Feed | Re Ro

[m3/s] [lpm] (400 psi / 1000 psi)
6.67 x 1074 4 92.1 0.29 / 0.19
1.33 x 1074 8 184.2 0.39 / 0.37
2.50 x 10~* 15 345.3 1.10 / 0.69
3.33 x 1074 20 460.4 1.46 / 0.93
3.83 x 107* 23 329.5 1.68 / 1.06

Table A.10: Reynolds numbers and Rossby numbers. based on spacer thickness, in
the ladder spacer. Based on a 35.000 ppm feed. Rossby numbers are for speeds
corresponding to 400 psi and 1000 psi respectively.
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Plate & Frame | Diamond Ladder
Re 70-144 42-244 92 - 530
Ro 0.61-2.45 0.64 - 2.31 0.19 - 1.68
Ek | 0.0087 - 0.0175 | 0.01 - 0.013 | 0.002 - 0.003

Table A.11l: Summary of operating conditions for various CMS devices.

[\
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Appendix B

Flux Equations for Flow Through

Semi-Permeable Membranes

The flux equations for the transport of both solute and solvent can be derived using
irreversible thermodynamics [4]. This approach states that the entropy increase due
to reversible processes may be related to the sum of all fluxes and their driving
forces. and that near equilibrium the forces and the fluxes are linearly related. In the
membrane processes with which we are concerned. there are two driving forces. the
chemical potential gradient of the solvent (A, ) and the solute (Au,). and two mass

fluxes. the solvent flux (J;) and the solute flux(Js)

Jy ==Ly Apy — Lipdps (B.1)

Jo = =LayApy — LoaApo (B.2)

where L;; are the coupling coefficients.
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The chemical potential can be separated into a hydrodynamic pressure difference,
AP, and a concentration gradient represented by the osmotic pressure difference,
AIl. where an ideal solution has been assumed in relating activities to concentrations.
Following {4], equations (B.1) and (B.2) can be cast in terms of a total volume flux,

J¢ and a solute mass flux, J,.

jo = Ly(AP — g Al (B.3)

J, = (1 = 0")&jp +wAl (B.4)

where L, is the hydraulic permeability of the membrane. w is the solute permeabil-
ity. ¢ is the average concentration difference across the membrane, and ¢ and ¢’ are
transport coefficients referred to as reflection coefficients. It is common at this point
to invoke the principle of microscopic dynamic reversibility, or Onsager’s principle

[67]. to equate o and o’.

In the literature. a perfectly rejecting membrane is said to have a reflection co-
efficient of 1. a non selective membrane is said to have a reflection coefficient of 0,
and a selective membrane to have a reflection coefficient between 0 and 1. This term,

in this context, relates only to the convective flux of solution. as it is apparent from

equations (B.3) and (B.4) that with

c=0 =10 (B.5)

there is still a diffusive flux of solute which is proportional to the solute perme-
ability. The rejection, R, is a true measure of the solute rejection, and is defined

as
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R=1- 2% (B.6)
Pros

where po is the concentration. ¢, the subscript p refers to the permeate. and the
subscript f refers to the feed. If we assume that the membrane is a perfect rejector

with respect to convection. given by equation (B.3). then the flux equations reduce

to

Jv = Lp(AP — ATl (B.7)

J, = wAll (B.8)

Since the osmotic pressure difference is representative of the concentration gradient

across the membrane. Equation (B.8) may be rewritten as

J, = ' Ac (B.9)

and noting that the concentration of the permeate is

¢ =28 (B.10)
Jv

Equations (B.6) ., (B.9) and (B.10) can be used to solve for the modified solute

permeability

I U ] (B.11)

giving a solute mass flux of
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_ (=R

Js B

(cf —cp) (B.12)

This means that if dynamic reversibility is assumed and if the membrane is a
perfect rejector with respect to convection, the flux equations can be completely
specified with only two experimentally determined constants, as was done in this
paper. The hydraulic permeability. L, can be determined from equation (B.7) by
measuring the slope of the flux versus pressure curve for pure solvent since the Al
term goes to zero in the limit of pure solvent. The solute permeability can be set

according to Equation (B.12) in order to achieve an experimentally observed rejection.
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Appendix C

Rotating Obstacle Flow: Surface

shear

C.1 d/D = 0.25
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Re, = 90, No Rotation, ¢/D = 0.25
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Figure C.1: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 90. No
Rotation. d/D = 0.25
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Figure C.2: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 110.
Ro = 2.01,d/D = 0.25
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Re, = 89, Ro = 0.81. &/D = 0.25
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Figure C.3: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 89. Ro
= 0.81. d/D = 0.25
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Figure C.4: Friction coeflicients on the y/D = 0 and y/D = 1 surface. Rep = 77. Ro
= 0.47, d/D = 0.25
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Re, = 89, Ro = 0.40, /D = 0.25
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Figure C.5: Friction coefficients on the y/D = 0 and yv/D = 1 surface. Rep = 89. Ro
= 0.40,d/D = 0.25

ROD = 89, Ro=0.33,d4D =0.25

yD =10

y/0 =0.0

Figure C.6: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 89. Ro
=0.33,d/D = 0.25
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Figure C.7: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 95. Ro
= 0.29.d/D = 0.25

Re, = 96, R0 =0.25, 4D =025

y0 = 1.0

yID =0.0

Figure C.8: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 96. Ro
=0.25,d/D = 0.25
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Re, = 93, Ro=0.21,dD =025

Figure C.9: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 93. Ro
=0.21,d/D = 0.25
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Figure C.10: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 93.
No Rotation. d/D = 0.50
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Fhoa 87, Ro = 1.58, /D = 0.50

Figure C.11: Friction coefficients on the y/D = 0 and v/D = 1 surface. Rep = 87.
Ro = 1.58, d/D = 0.50

Re,, = 100, Ro = 0.91, /D = 0.50

Figure C.12: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 100.
Ro = 0.91. d/D = 0.50
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Figure C.13: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 111.
Ro = 0.68, d/D = 0.50

ROD = 100, Ro = 0.46, /D = 0.50
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Figure C.14: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 100,
Ro = 0.46, d/D = 0.50
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Figure C.15: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 100.
Ro = 0.36, d/D = 0.50

R.D = 100, Ro = 0.30, /D = 0.50

Figure C.16: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 100,
Ro = 0.30, d/D = 0.50
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Re, = 100, Ro = 0.26, &/D = 0.50

Figure C.17: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 100.
Ro = 0.26, d/D = 0.50

R.D=1N.Ro-0.23.d/D80.50

Figure C.18: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 100,
Ro = 0.23, d/D = 0.50
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Figure C.19: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 100.
No Rotation, d/D = 0.75
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Figure C.20: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 100.
Ro = 1.82, d/D = 0.75
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Figure C.21: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 100.
Ro =0.91,d/D =0.75
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Figure C.22: Friction coeflicients on the y/D = 0 and y/D = 1 surface. Rep = 100.
Ro = 0.61,d/D = 0.75

Re, = 100, Ro = 0.46, /D = 0.75
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Figure C.23: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 100.
Ro = 0.46, d/D = 0.75
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Re,, = 100, Ro = 0.36, @D =0.75

Figure C.24: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 100.
Ro = 0.36,d/D = 0.75

Re,, = 100, Ro = 0.30, @D =0.75
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y/0 = 0.0

Figure C.25: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 100.
Ro = 0.30, d/D = 0.75
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Figure C.26: Friction coefficients on the y/D = 0 and y/D = 1 surface. Rep = 100.
Ro = 0.26, d/D = 0.75
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