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- ABSTRACT

The finite element program (ANSYS) is used to analyze laminar flow of an
incompressible Newtonian fluid between rotating multi-finite discs
simulating vaneless impeller pump. The flow characteristics (velocity and
pressure distribution) are calculated; in addition the performance of such rotor
as a machine impeller is investigated. Different parameters affecting the
performance such as Re (rotational Reynolds number), N, (dimensionless
flow rate), Np (rotor spacing ratio), N¢ (clearance spacing ratio), and the
- number of rotating discs at certain pump discpac ratio are investigated.

. Two basic flow structures are observed: Batcholer-type flow, with a separate
. boundary layers on each disc with a rotating core of fluid in between, and

| Stewartson-type flow with virtually no core rotation.

i Np, N¢, Re and number of rotating discs at certain pump discpac ratio are
' found to strongly affect both the flow and the performance characteristics of
| the pump.
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NOMENCLATURE

D = diameter of the impeller [m].
= acceleration due to gravity [m/s 3.

4]
|

H = pump discharge head [m].

n = number of rotating discs.

Ne = clearance spacing ratio, Sc¢/D

INu = dimensionless pump head, gH/(wD)’.

Np = rotor spacing ratio, Sp/ D.

Npac = pump discpac ratio, SPAC/D

Nps = shaft input power, P¢/ pD’w’.

Ngo = dlmensmnless flow rate, Qp/ (@ ®R? D).
P = pressure [N/m?].

Ps = shaft input power, Ts o, [N.m/s].

Ri = inner radius of the impeller [m]

R, = outer radius of the impeller [m].

Re = rotational Reynolds number, © D*/v.

r,0,z = dimensionless cylindrical coordinates axes {m, rad, m]
Ts = shaft torque on the impeller [N.m].

Sc = clearance spacing [m].

Sp = rotor spacing [m].

Seac = pump disc pack spacing, (Sc + [n-1] Sp ), [m].
Vi = radial velocity component [m/s].

Vs = swirl velocity component {m/s].

\'A = axial velocity component [m/s].

Q = Flow rate [m’/s].

GREEK SYMBOLS

overall pump efficiency, (ngQ/Ps) (NH Ng/Nps).
= dynamic viscosity [N. s/m-]. .

= wall shear stress [N/m?].
kinematic viscosity [m?%s].

= Density [kg/m’].

= impeller angular velocity [rad/s].

e O T TS

UBS CRI PTS
a = average
IN = Inlet.

= Radial, swirl and axial.
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CHAPTER ONE

1.1. INTRODUCTION

The problem of disc flows has occupied a central position in the field of
fluid mechanics in recent years. Disc flows have immediate technical
applications (rotating machinary, lubrication, viscometry, heat and mass
exchangers, biomechanics, oceanography), but quite apart from that they have
intrinsic interest.

The disc pump uses a unique non-impingement pumping principle,
which is neither centrifugal nor positive displacement. The pumping

mechanism is called the Discpac; a series of parallel, equally spaced discs

‘which move product using the forces of boundary layer and viscous drag.

| When a fluid enters the pump, its molecules adhere to the surfaces of
\

jthese discs, providing a boundary layer. As the discs rotate, energy is

|
| i . . .
transferred to successive layers of molecules in the fluid between the discs,

‘generating velocity and pressure gradients across the width of the Discpac.
‘This combination of boundary layer and viscous drag effectively creates a
.powerful dynamic force field that "pulls” the product through the pump In a

'smooth, pulsation-free flow. The fluid moves parallel to the discs, with the



voundary layer creating a molecular buffer between the disc surfaces and the
fluid. The key point is that there is no "impingement” of the fluid on the
pump's moving parts. This non-impingement design is where the disc pump
differs from other pumps on the market, all of which impinge on the product,

in effect "pushing"” it through the system.

The disc pump lack of impingement and laminar flow leads to
numerous benefits in handling difficult fluids, such as viscous, abrasive, high

solids and air-entrained fluids, and delicate and shear sensitive products. Disc

pumps resemble conventional centrifugal pumps, except that the impeller
consists of a set of closely spaced parallel smooth discs. When impeller

rotates it rotates the fluid inside it, this create the centrifugal forces needed to

 transfer the angular momentum (and hence energy) to the fluid by means of

' shear forces, so some times the disc pumps are called shear pumps.
|
|
|
|

Experiments show the success of the idea of using multiple discs for

. pumps.

|

The advantages for such pumps relative to conventional vaned impeller
pumps include greater stability, low sensitivity to cavitation, and the ability to
operate with unusual fluids for which conventional pumps are unsuitable such
as highly viscous fluids, two phase gas-liquid mixtures, highly loaded slurries
and suspensions, non-Newtonian fluids (such as multiple discs centrifugal

blood pump), etc, so it is easier to manufacture and cheaper than the



conventional pumps and this would reduce the overall cost of the machine .
Although the efficiency of these pumps with the ordinary fluids is less than
that of conventional vanes rotor pumps, their ability to operate with unusual
fluids (such as blood in biomechanics applications) for which conventional

pumps fail makes them attractive for variety of special purpose applications.

41.2. LITERATURE REVIEW

Relevant previous research concerned itself almost entirely with

infinite—disc flow. The sole reason for this, one suspect, is that the similarity

transformation available when the discs are infinite, reduces the number of

 spatial dimension of the problem to one.
!
|

Starting with the basic work by Karman [1], where a self-similar
solution of the complete Navier-Stokes equations for a flow above a rotating
disc was examined. The analyses of references [2, 3,4, 5] are for infinite

stationary or rotating discs.

References [6, 7, 8, 9] considered analytical and experimental

| investigation of flow between finite rotating discs.

Several other experimental investigations have been reported {10, 11,
' 12, 13] in which the flow between finite rotating discs were constructed and
" tested. These have shown the feasibility of multiple discs turbomachinary and

" rotating discs and have presented the uniqueness of certain performance



characteristics.

Szeri and Adams [8] studied finite discs who used an approximation
where the radial variation of shear stress is neglected. Szeri et al. [10]
measured the velocity of water between finite—rotating discs with and without
through flow by using Laser-Doppler device. The equilibrium flow is unique,
and at mid-radius flow shows a high degree of independency from boundary
layer in radial co-ordinate. Gan et al. [1 1] described a combined experimental
and computational study of laminaf and turbulent flow between contra-
rotating discs. Laminar computations produce Batchelor-type flow, radial
;outﬂow occurs in boundary layers on the discs and inflow is confined to a thin

|
|
|

shear layer in the mid-plane: between the boundary layers and the shear

layers, two contra-rotating cores of fluid are formed.

Wilson et al. [12] described the flow in the internal cooling—air systems

of gas turbines as simple rotating—disc systems.

Wilson et al. [13] described the computation of flow and heat transfer
in a rotating cavity with a stationary outer casing, using a steady state,

‘axisymmetric finite volume solver.

Moffatt [14] revealed that air viscosity is responsible for the observed
‘abruptness of the settling process in rotating discs. Ng [15] investigated the
‘flow structure and the temperature distribution in a ventilated computer hard

disc passage using the finite element method. The problem is analyzed as co-




rotating and counter rotating discs. Kitamura and Akihiro [16] analyzed the
unsteady liquid film flow of nonuniform thickness on a rotating disc. Karabay
et al. [17] performed theoretical, computational and experimental studies into
he fluid mechanics, thermodynamics and heat transfer characteristics of the
cover-plate pre-swirl systems.

Henderson and Alan [18] studied an implantable centrifugal blood

pump with a recirculating purge system (Cool-Seal System). Rice [19]

performed both theoretical and experimental studies of laminar flow disc
pump using the assumption of a constant friction factor over the radius of the

(Lisc. Breiter and Pohlhausen [20] analyzed the laminar flow between two

| : : :
rlotating discs using the Navier-Stokes equations. Byrne [21] analytically
derived performance curves for laminar flow disc pumps for use in liquid

I
fueled rockets, by expanding the equations of Breiter and Pohlhausen.

Hasinger and Kehr [22] analyzed the performance of a laminar flow disc

phmp assuming a parabolic flow profile between discs. Their predictions
agreed to within 5 percent with the results of Breiter and Pohlhausen. Balje

‘i

[23] applied the Hasinger and Kehr method to predict the performance of

laminar flow pumps. He found that the pumps havinga low sensitivity to
c;a.vitation.

In the present work, the problem will be analyzed in new format and
chyle dividing the model problem to three main major parts:

l Studying the flow structures and characteristics where the swirl and radial

5




]velocities will be calculated.
». Studying the performance characteristics (head, shaft input power and
pverall efficiency) of the rotor pump as a vaneless rotor.

3. Studying the effect of flow structures between parallel spaced discs and the

performance characteristics of the pump and determining how really

mportant the relation between them in the vaneless impeller pump

performance.

Also, the effect of clearance spacing ratio and rotor spacing ratio on the

|
slteady laminar flow analysis between parallel spaced discs and the effect on

\
(lhe performance of the rotor will be investigated. The resulting predicted

|
;l:erformance of the vaneless impeller is presented in dimensionless
|
}:!nararneters, which influence the pump performance. The results show, ina
|
generalized form, how pump performance depends upon such dimensionless

parameters as Re (rotational Reynolds number), Ng (dimensionless flow

|

|
rlfxte), Np (rotor spacing ratio), Nc (clearance spacing ratio) and the number of

L. . . . .
rc|>tat1ng discs at certain pump discpac ratio, etc.



CHAPTER TWO
MATHEMATICAL FORMULATION

2.1. INTRODUCTION

Consider the physical situation of multi-finite rotating discs simulating
» vaneless impeller pump. The cylindrical polar co-ordinates (r, 8, z) are used.
Ll"he lower stationary disc, in the plane z=0 has a zero angular velocity. The
&Ipper two rotating discs, at z=Sc and (Sc+Sp) respectively, has the same

:imgular velocity ®. The considered flow field is laminar and steady, and the

|
fluid is incompressible and Newtonian with constant viscosity.
|

The flow field is considered laminar based on the reference [24] where

Schlichting has indicated that turbulence occurred above (Re=3x10°). Figure

:‘b shows a schematic diagram of the problm setup of flow between rotating

iscs simulating a vaneless impeller pump.

\.



2.2. GOVERNING EQUATIONS

e Assumptions :

1. The fluid is incompressible and Newtonian with constant
viscosity.

2. The considered flow field is laminar and steady.

For axisymmetric flow of an incompressible fluid, the continuity equation and
the Navier-Stokes equations written in cylindrical co-ordinates are:

bontinuiw

PP I (1)
—(rV —((FV,)=0

af-(r ’)+6:2(r 2)

Momemtum : r -componrent

A P .o P 5 @
y 2 Yoy, a;; =\{V2V ——t}l?—{)—

Momemtum : O -componrent
5 3)
Vo
rAZ

» ov, . V. . 18P )
"0 |

o . .o
7.0 ¢py4v, Lo oof w2
" OFr oz

-~
|

Momemtum : z -componrent

>



i
THE BOUNDARY CONDITIONS ARE:

]No slip boundary condition:

V,(2=0)=0 (5)
7,(2=5)=0 (6)
I}r(é =Spc) =0 (7)

impermeable boundary condition:

}?z(é=0)=0 2 (8)
7= 50 =0 ©)
57}2(2 = Spyc) =0 (10)
szirl boundary condition: (boundary conditions of rotating discs)

%I}B(E:O)=O (11)
[ACER R (12)
éﬁ,(ézsm)ﬁw (13)
;Inlet boundary condition: (inlet axial velocity boundary condition)

(14)

V(5=0,0<F<R)= (Q%J
7R;

:Outlet boundary condition:

| pF=R, = g) =0 (It is recommended based on the ANSYS manual) (15)



. The reference length is the outer diameter of the impeller and the
‘reference velocity is the angular velocity multiplies by the outer diameter both
designated by D and (@ D) respectively. Thus, the variables in the
‘dimensionless form are:

o= i. z = _.2_ p—_}?,_,_ (16)
D D plwD)
7 7 7 17
Vr=—V-'— ngﬁ vV, = _Iif_. ( )
wD @ oD

'Using the above dimensionless quantities, the dimensionless form of
“equations 1-4 are:

Continuity

0 %) (18)
= B =0
. (r¥,)+ P (rV.)

Momemtum : r -componrent

19
ov, _L(Ver_V_,)_a_P (19)

r? or

V. V2
v, - 4+v,
or r 0z Re

r

Momemtum : 8-componrent

-VLi-(rVe) + V. oV, = _I_[V v, -

r or oz Re F-

v, J (20)

Momemtum : z -componrent

0V, .,y V. _ 1 g2y _ 0P Q1)

T 8r 0z Re : 0z

V

10



THE DIMENSIONLESS BOUNDARY CONDITIONS ARE:

fNo slip boundary condition:

V(z=0)=0 (22)
V=2 =0 23
D

= Seacy _ (24)
V(2= =55=0

?Impermeahle boundary condition:

%V,(z=0)=0 (25)
V(z=2¢)=0 (26)
‘ D

V(2= 22€) =0 (27)

D

Swirl boundary condition: (boundary conditions of rotating discs)
Vo(z=0)=0 (28)
Vy(z =%C)=r (29)
%Inlet boundary condition: (inlet axial velocity boundary condition)
D mwRD

‘Outlet boundary condition:
P(r=1/2)=0 (32)

11



Thus, from the above dimensionless governing equations and applied
toundary conditions, the dimensionless parameters affecting the problem will
‘ e as follows:

The rotational Reynolds number Re:

_oxD’ (33)

v

Re

Dimensionless flow rate Nq:

_( o J (34)

¢\ zwRID
Clearance spacing ratio N¢:

N =52 (33)

D

| Rotor spacing ratio Np:

N, -5 (36)
D
3P-ump discpac ratio Npac:
Seic (37)

Npse =

D

The effect of the above dimensionless parameters will be investigated
‘and their effects on the flow and performance characteristics of the pump will

- be presented.
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CHAPTER THREE
METHOD OF SOLUTION

I31 INTRODUCTION

FLOTRAN is a finite-element based, general-purpose algorithm, which
solves the Navier-Stokes, and energy equations using a segregated or
‘sequential solution method. The velocity-pressure formulation uses an equal-
‘order approximation for velocity and pressure, and solves for each variable

field in an iterative manner.

FLOTRAN uses a monotone streamline upwind technique to discretize
the advection terms and has demonstrated improved accuracy of conventional

'upwind methods for finite elements.

The effects of periodic boundary conditions, porous media flow,
distributed resistances, moving walls, conjugate heat transfer, thermal
'buoyancy, turbulent flow, incompressible and compressible flow, and rotating

reference frames may be simulated.

' 3.2. BOUNDARY CONDITIONS OF THE ROTATING DISCS

‘Solving the problem of the flow between two discs, one is stationary and the

13



L)ther is rotating cannot be handled directly by the AN SYS code. A seperate
FORTRAN program was written to generate the needed boundary conditions
on the rotating disc. The results of the Fortran program were added to ANSYS

program code.

In order to verify the modifications, it is applied on a sample problem

Iof reference [10]. The sample problem is flow between two finite discs: one is
|
rotating with certain angular velocity and the other is stationary. The flow is

introduced through opening at the center of both discs as shown in figure 1a.

3.3. OVERVIEW OF A FLOTRAN ANALYSIS

Almost all commercial CFD codes contain three main elements:
(a) A pre-processor.

}(b) A solver.

i(c) A post-processor.

The function of each of these elements can be briefly described as follows:

(a) A pre-processor:

e Definition of the geometry of the region of interest: the computational
domain.

e Grid generation: the sub-division of the domain into a number of
smaller, non-overlapping sub-domains or grid (or mesh).

e Selection of the physical phenomena that need to be modeled.

14



e Definitions of fluid properties.
e Specification of appropriate boundary conditions.

In general, the larger the number of grids, the better the solution accuracy.

A grid-independency solution must be obtained.

(b) A solver:

Flotran is a finite element code; the following steps form the basis of

the solver:

e Approximation of the unknown flow variables by means of simple
functions. Finite element method uses simple piecewise functions valid

on elements to describe the local variations of the unknown flow

variables.

e Discretisation by substitution of the approximations into the
generalized equations. As a result a set of algebraic equations for the
unknown coefficients of the approximating functions are obtained.
Thus, the system of the PDE is converted into a system of algebraic

equations.
¢ Solution of the algebraic equations.

?(c) A post-processor:
| The post-processor includes:

15



o Domain geometry and grid display.
e Vector plots, particle tracking and derived quantities.
o Line and shaded contour plots, etc.
LA typical FLOTRAN analysis consists of seven main steps:
1. Determining the problem domain.
2. Determining the flow regime.
3. Creating the finite element mesh.
4. Applying the boundary conditions.
5. Setting the FLOTRAN analysis parameters.
6. Solving the problem.
7. Examining the results.
3.3.1. DETERMINING THE PROBLEM DOMAIN

It is needed to determine the proper domain of this analyzed problem:
definitions of the geometry of the region of interest (the computational

domain). The geometry of the problem is the region (or domain) between an

axisymmetric plane, one disc is stationary, and two discs are rotating with

' !'certain angular velocity as in figure 1b.

3.3.2. DETERMINING THE FLOW REGIME

16




The character of the flow is specified. The fluid properties are needed
to be estimated such as fluid density and viscosity. The laminar option is
activated based on the estimated rotational Reynolds number Re as indicated

in Schlichting [24]. The incompressible option is also activated.

3.3.3. CREATING THE FINITE ELEMENT MESH

Mapped meshing is used, it is more effective, maintains a consistent
mesh pattern along the boundary and it gives accurate results. The size of the
mesh is specified on the boundary of the computational domain. The size of

the grid is 120 (radial) x 120 (axial) where the grid-independency is

obtained.

3.3.4. APPLYING THE BOUNDARY CONDITIONS

| The boundary conditions can be applied before or after meshing the
:

domain. Consider every model boundary, If a condition is not specified for a

‘_ﬁependent variable, a zero gradient of that value normal to the surface is

pssumed. The boundary conditions can be changed between restarts, if it is
needed. The boundary conditions of the problem are specified as shown in

equations 22 up to 32.

i

L.3.5. SETTING THE FLOTRAN ANALYSIS PARAMETE

'|I'he FLUID141 2-D is activated, solve for two-dimensional single-phase viscous fluid.
The dimensions shape (or characteristics) of FLUID141 is Quadrilateral, four nodes

or triangle, three nodes.
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