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SYNOPSIS

A numerical procedure for predicting the effect of inlet flow distortions on the
performance of axial flow fans is proposed. The study is aimed specifically at
fans of low solidity and low hub-to-tip ratios, which have attained some
importance with the advent,ot large directly air-cooled power stations in
certain arid regions of the world. The numerical model is an extension to
cylindrical polar coordinates of the SIMPLEN algorithm that has been developed

L~~'

by the author previously.

The algorithm is implemented in a computer code, FLOVAX, which solves the
incompressible Navier-Stokes equations, augmented by the k-f model of
turbulence, on a computational domain that is aligned with the cylindrical polar
coordinate system. Several relatively simple flow problems are solved to verify
the code: laminar stagnation flow, laminar flow near a rotating disk, turbulent
flow near a propeller, turbulent flow through an abrupt axisymmetric expansion,
and turbulent swirling flow in an annulus. Good agreement is obtained between
the numerical solutions and the corresponding analytical, empirical or published
experimental and numerical results.

Some experimental results are also presented: measurements of shaft power,
volume flow rate and static pressure rise were taken in a setup comprising an
axial flow fan mounted in the wall of a wind tunnel. The wind tunnel was used
to provide flow across the fan intake, thus establishing distorted inflow
conditions. Detailed measurements of the velocity and static pressure
distributions in the duct downstream of the fan rotor were also performed. It
is clear from the results that flow across the intake of the test fan has a
detrimental effect on its performance in that an increased amount of power is
necessary to deliver the same flow rate as with no crossflow.

In the numerical predictions, blade element theory is used to model the thrust
and torque exerted by the fan blades on the air. The'numerical results
generally confirm the results of the experiment, although the increase in power
is underestimated: an increase of only approximately half of the measured
increase is predicted. Several recommendations for improvement of the numerical
procedure are made.
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SINOPSIS

'n Numeriese prosedure vir die voorspelling van die invloed van versteurings in
inlaatvloei op die werking van aksiaalwaaiers word daargestel. Die studie is
spesifiek gemik op waaiers van lae soliditeit en lae lempunt-tot-naaf-
verhoudings. Vaaiers van hierdie tipe het belangrikheid verwerf sedert die
onlangse totstandkoming van groot lugverkoelde kragstasies in sekere droe
werelddele. Die numeriese model is 'n uitbreiding na silindriese poolkoordinate
van die SIMPLEN-algoritme wat voorheen deur die skrywer ontwikkel is.

Die algoritme word gelmplementeer in 'n rekenaarkode, FLOVAX, wat die
onsamedukbare Navier-Stokes-vergelykings, aangevul deur die
k-E-turbulensiemodel, oplos op 'n berekeningsgebied wat saamval met die
silindriese poolkoordinaatstelsel. Verskeie relatief eenvoudige vloeiprobleme
word opgelos ter verifikasie van die kode: laminere stagnasievloei, laminere
vloei op 'n roterende skyf, turbulente vloei deur 'n propeller, turbulente vloei
deur 'n aksiaalsimmetriese vernouing, en turbulente roterende vloei in 'n
annulus. Goeie ooreensternrningtussen die numeriese oplossings en die
ooreenstemmende analitiese, empiriese of gepubliseerde eksperimentele en
numeriese resultate is verkry.

Eksperimentele resultate word ook aangebied: metings van asdrywing, volumevloei
en statiese drnkstyging is geneem in 'n opstelling wat bestaan het nit 'n
aksiaalwaaier wat in die wand van 'n windtonnel gemonteer is. Die windtonnel is
gebruik om versteurde-invloei-toestande te genereer in die vorm van dwarsvloei
oor die waaier-inlaat. Snelheids- en statiese drukverdelings in die kanaal
stroom-af van die waaierrotor is ook gemeet. Dit blyk duidelik uit die
resultate dat die dwarsvloei oor die inlaat van die toetswaaier 'n nadelige
uitwerking het op die werking daarvan in die opsig dat meer drywing nodig is om
dieselfde vloeitempo te handhaaf as wat die geval is sonder dwarsvloei.

Vir die numeriese voorspellings word van lem-element-teorie gebruik gemaak om
die stukrag en draaimoment wat deur die waaier op die lug uitgeoefen word, te
modelleer. Die numeriese resultate bevestig oor die algemeen die eksperimentele
resultate, alhoewel die drywingstoename onderskat word met sowat die helfte van
die gemete toename. Verskeie aanbevelings ter verbetering van die numeriese
prosedure word gemaak.
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Chapter 1

INTRODUCTION

1.1 Scope and Objectives

The purpose of this dissertation is to contribute towards the understanding of
the influence of distorted inflow conditions on the performance of axial flow
fans, in particular for the low solidity/low hub-to-tip ratio fans commonly used
in air-cooled heat exchangers. The emphasis is on the development of a
numerical prediction procedure, but some experimental work is also presented.

A typical forced draught air cooler installation is shown schematically in
figure 1.1: cooling air is forced by a set of axial flow fans through a tube
bundle in which the process fluid flows. The tube bundles need not be
horizontal as shown here; 'A'-frame configurations are used frequently (see for
example North, 1980).

There are several factors that can cause the inflow to the fans to be
non-uniform. Examples of these are as follows:

(a) The proximity of solid surfaces. Figure 1.2(a) shows a transverse section
through the configuration of figure 1.1 located in the proximity of a
building. The inflow to the fan is obstructed in one direction, and is
therefore non-uniform. The proximity of the ground surface can further
exacerbate the situation.

(b) The proximity of other fans. Figure 1.2(b) shows a longitudinal section
through the configuration of figure 1. The situation is very similar to
that depicted in figure 1.2(a); the inflow to either fan is obstructed by
the presence of the other. For three or more units mounted in a row, some
of the fans may experience a substantial amount of flow across their
intakes, as shown in figure 1.2(c).

(c) Cross-winds. Winds blowing across an installation will distort the inflow
to the fan(s) if the unit is not placed in a sheltered location, see
figure 1.2(d) .



Usually a combination of these effects is encountered. One, maybe extreme,
example is that of the South African Electricity Supply Commission's (ESCOM)
Matimba power station, depicted schematically in figure 1.a. Low pressure steam
from the turbines, which have a power-generating capacity of 6x665 MV, is
condensed in finned tube bundles mounted in A-frame configurations. The
condenser units span an area of approximately 500 m long by 70 m wide and are
located about 45 m off the ground. Air is forced through the tube bundles by
288 (six rows of 48) eight-bladed axial flow fans, each of which has a diameter
,of 9.145 m and is driven at 125 r.p.m. by an electric motor rated at 275 kV.
Everyone of these fans experiences distorted inflow conditions to some extent,
either due to the proximity of the turbine house, ground surface or adjacent
fans, or due to prevailing winds in the area which can reach strengths of more
than 8 m/s (N 30 km/h).

The performance of a power station such as Matimba depends crucially on the
performance of the cooling system; it is therefore important to be able to
predict how the cooling fans perform under adverse inflow conditions. The
successful prediction of fan performance in turn hinges on a sound understanding
of the flowfield in the fan system, the provision of which is the main objective
of this dissertation. The specific objectives are as follows:

(a) Formulate and implement a suitable calculation procedure to simulate the
flow through an axial flow fan of the type commonly used in air-cooled heat
exchangers. The specific problem is depicted schematically in figure 1.4.
A single ducted fan draws in air from the environment, which consists of
two infinite flat surfaces perpendicular to the fan axis, and discharges it
through a circular duct. The fan characteristics are prescribed through
its geometry and rotational speed. The inflow distortion is provided by
the external flow across the fan intake.

(b) Test the calculation procedure by using it to simulate flow situations that
are similar to, but better understood than, the fan problem.

(c) Use the calculation procedure to predict how the performance of a fan is
influenced by inflow distortions; specifically, how the mass flow rate,
power consumption and efficiency are affected by the strength (velocity) of
the external flow across the intake.

(d) Verify the results of the performance predictions experimentally.
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1.2 Calculation lethods

It can be accepted (see for example Schlichting, 1968) that the Navier-Stokes
equations form the basis of the science of fluid mechanics. Exact solutions of
these equations (or simplifications thereof such as the Euler equations for
inviscid flow or the Laplace equation for ideal flow) are generally not possible
for anything but the very simplest of problems; numerical methods are therefore
often used to investigate flow problems of engineering interest. Before
proceeding with a review of such methods applicable to the fan problem, it is
informative to consider some of the main features of the flowfield under
consideration:

(a) Incompressible flow. Density variations are usually very small in the type
of axial flow fan considered here. The blade tip Mach number for a
Matimba-type fan, for example, is about 0.175, which implies that density
variations are less than 27., assuming isentropic flow.

(b) Turbulent flow. Reynolds numbers are usually high for the type of fan
under consideration. The Reynolds number based on fan diameter and the
average axial flow velocity for a Matimba fan, for example, is of the order
of 5x106 under normal operating conditions.

(c) Isothermal flow. The temperature rise that the air undergoes as it
proceeds through the fan is usually negligible. If, for example, all of
the 275 kV supplied by the drive motor of a Matimba fan were converted into
heat, the temperature rise of the air would be less than 0.5 K.

(d) Three-dimensional flow. Industrial cooling fans usually have relatively
long blades and low chord-to-pitch ratios; the hub-to-tip ratio of a
Matimba fan, for example, is less that 0.16, while the solidity varies
linearly from about 1.0 near the hub to less than 0.16 at the blade tips.
The flowfield through such a fan operating under distorted inflow
conditions will therefore generally vary in both the radial and azimuthal
directions; by comparison a compressor rotor of high solidity and high
hub-to-tip ratio will (per definition) only experience azimuthal
distortions. Consequently, because axial variations are always present,
the fan flowfield must be treated as three-dimensional.

The calculation method that is required here must therefore be able to predict



three-dimensional, incompressible, isothermal, turbulent flow, which effectively
means that the three-dimensional, incompressible form of the Navier-Stokes
equations, augmented by a suitable turbulence model, has to be solved.
Unfortunately, there appears to be no solution method that has been developed
for the problem at hand. Methodologies that have been developed for similar
problems must therefore be considered with the view to adapting them for the
present problem. These can be classified broadly as follows:

(a) Methods in which individual fan blades are considered as wings of infinite
aspect ratio (i.e. airfoils), each experiencing a time-dependent approach
flow.

(b) Methods which attempt to model the overall behaviour of a high hub-to-tip
ratio rotor (or several stator/rotor stages), usually a cascade of closely
spaced airfoils in an annular channel.

(c) Methods which attempt to model the overall behaviour of a low hub-to-tip
ratio rotor, usually an un shrouded propeller/helicopter rotor of low
solidity.

1.2.1 lethods Based on Airfoil Theory for Non-Uniform lotion

The description of airfoil theory for non-uniform motion (or equivalently, a
stationary airfoil experiencing a non-uniform approach flow) in terms of the
basic conceptions of vortex theory familiar to engineers, originated with Von
Karman and Sears (1938). The main assumptions are that the flow is
two-dimensional, inviscid and incompressible, that the airfoil can be
represented by a flat plate, and that its motions perpendicular to the mean
flight path are small compared to the chord. Specifically, a flat plate airfoil
at zero angle of attack is considered. It is shown that the lift and moment on
the airfoil consists of three parts: the quasi-steady contributions, which
represent the force and moment which would be produced it the instantaneous
velocity and angle of attack were permanently maintained; the apparent mass
contributions, which are due to the accelerated fluid masses; and the influence
of the wake, which represents the effect of the vortices that are shed with each
change in velocity or angle of attack.

Von Karman and Sears applied the theory to the cases of an airfoil oscillating
transversely to the flow direction and in pitch, and for an airfoil entering a
sharp-edged transverse gust. Sears (1941) subsequently investigated the case of
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combined heave and pitch, and applied the results to the calculation of the
amplitude of torsional oscillation of a fan blade operating in the wake of a set
of pre-rotation vanes. Kemp and Sears (1953) used the theory to calculate the
aerodynamic interference between two blade rows moving relative to each other,
such as a stator and rotor in a typical turbomachine. The representation of
blade wheels as infinite cascades of two-dimensional airfoils is adopted,
assuming that for a stator blade there are no unsteady effects transmitted from
other stator or rotor blades, and for a rotor blade that there are no unsteady
effects transmitted from other stator or rotor blades except for the vortex
wakes shed by the stator blades. Later Kemp and Sears (1955) also included the
effects of the viscous wakes of the upstream blade row by modeling the wakes as
inviscid shear flows.

Horlock (1968) analysed the lift fluctuation on an airfoil (at non-zero angle of
attack) due to a gust parallel to the mean flow, and combined this analysis with
the Von Karman and Sears theory for transverse gusts in order to obtain the
fluctuating lift on a fan or compressor blade moving through a flow disturbance.
Naumann and Yeh (1973) extended the analysis to cambered airfoils, and
calculated the unsteady lift on a blade moving through periodic wakes in an
axial-flow turbomachine .. Graham (1970) solved the problem of the lift
fluctuations on a thin airfoil in an arbitrarily yawed sinusoidal gust, which is
relevant for rotating machinery with large aspect ratio blades.

A different approach was followed by Henderson and Horlock (1972) in their
analysis of the unsteady lift on airfoils in moving cascades subject to
disturbances in the inlet axial flow. The lift on a blade in the cascade is
determined by the integration of the instantaneous pressure difference across
the blade. The pressure difference is found by application of the equations of
continuity and momentum, averaged across the blade pitch.

Extensions to airfoils of arbitrary shape executing arbitrary unsteady motions
have been presented by Giesing (1968), Basu and Hancock (1978) and Vezza and
Galbraith (1985). The nonlinear unsteady potential flow problem is solved with
panel methods similar to that used for the calculation of steady potential flow
about arbitrary bodies (see for example Hess and Smith, 1967, and Hess, 1974);
no applications for turbomachinery flows were reported, however.

Although a high degree of sophistication has been reached with the theory of
airfoils in non-uniform motion, it is not adequate for the fan problem. The
inflow distortion must be prescribed, whereas for the fan in cross-flow the
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characteristics of the combined fan/duct system determines the characteristics
of the distortion. Also, neither the effect of three-dimensional shape of the
fan blades nor of the number of blades can be dealt with by the theory.

1.2.2 lethods for Axial Flow Turbomachinery

The performance of axial flow turbomachinery operating with distorted inflows
are usually analysed by taking into account the known characteristics of the
machine operating with uniform inlet conditions. Probably the simplest method
is the small perturbation analysis of Plourde and Stenning (1968). They
analysed the attenuation of a circumferential inlet distortion (axial velocity
component) in a multistage axial compressor, assuming that the amplitude of the
distortion is small, that the hub-to-tip ratio is high, that the pressure rise
produced within any stage is a function of the local mass flow rate only
(specifically, equal to the pressure rise for uniform inflow), and that the
static pressure at the exit is uniform circumferentially. Additional losses
(due to the distorted inflow) and hence the change in performance of the
compressor can be estimated using the predicted flowfield within the compressor.
A simplified version of this analysis has been presented by Stenning (1980).

The inability of the small perturbation analysis to describe the influence of
large inlet distortions is surmounted in another relatively simple technique,
the parallel compressor model. The compressor is subdivided into separate
compressors, each operating with uniform inflow; it is assumed that there is no
cross flow between the compressors, that each of the parallel compressors have
the same characteristics as the real compressor operating withundistorted
inflow, and that .the static pressure is uniform at the exit of the compressor.
The average pressure rise through the compressor is found by application of the
principles of conservation of mass and momentum. Doyle and Horlock (1966)
pioneered the parallel compressor model; modifications have been proposed by a
number of authors, e.g Korn (1974), Colpin (1977) and Lecht (1986) for the
inclusion of unsteady effects, and Mazzaway (1977) for allowing circumferential
variations in exit static pressure.

Although the parallel compressor model is useful for the prediction of the
overall compressor performance, it is not suitable for a detailed analysis of
inlet distortion. Such an analysis must include the effects of the distortion
on the local performance of the blade rows (Stenning, 1980), and is usually
carried out using the actuator disk approach. Here the main assumptions are
that a rotor or stator stage consist of an infinite number of blades (i.e. high
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solidity), that the hub-to-tip ratio is close to unity (i.e. blades are straight
and the flow can be treated as two-dimensional), and that the flow is inviscid.
Representative examples of the application of actuator disk (or cascade) theory
for the prediction of the attenuation of inlet distortions are those of Ehrich
(1957), Yeh (1959), Yocum (1978), Hawthorne et al. (1978), Colpin (1979) and Min
and Ju (1985).

One of the major restrictions of actuator disk analyses is that only the
flowfield outside the cascade is resolved - the characteristics of the actuator
disk, and therefore its influence on the flowfield, has to be determined
experimentally. With the advent of high speed digital computers it has now also
become possible to calculate the flowfield within the blade rows. Examples are
the numerical analyses of Rai (1987), who solved the unsteady, thin-layer
Navier-Stokes equations for a rotor/stator configuration of an axial turbine,
and Giles (1988), who solved the unsteady Euler equations for unsteady
wake/rotor interactions.

The methods described here appear to be less restrictive than those for airfoils
in non-uniform motion, but are still inadequate for the fan problem. The major
objection remains that a detailed description of the inflow distortion is
required in all cases.

1.2.3 lethods for larine Propellers and Helicopter Rotors

A marine propeller is almost always subject to inflow distortions, because it is
located in the wake of the ship it is propelling, and also because a ship's
propeller shafts are usually inclined with respect to the direction of travel
for practical reasons. The rotor of a helicopter in forward flight is likewise
inclined with respect to the direction of travel and therefore also experiences
non-uniform inflow conditions.

Calculation methods for the determination of periodic blade loading in a
non-uniform inflow are summarised by Schwanecke and Laudan (1973). They
identify the following three groups of calculation procedures:

(a) Quasi-steady methods using extended steady lifting line theory or lifting
surface theory (only applicable for distortions of long wavelength compared
to blade chord).



~8

(b) Calculation procedures for flow conditions of "slight" unsteadiness (i.e.
distortions of medium or long wavelength compared to blade chord) based on
extended unsteady lifting line theory.

(c) Calculation procedures for arbitrary unsteady flow conditions, based on
either the two-dimensional unsteady airfoil theory described in section
1.3.1, or unsteady propeller lifting surface theory.

A review of calculation procedures that roughly covers groups (a) and (b) is
given by Pitt (1981). Unsteady lifting surface theories are discussed by,
amongst others, Van Gent (1975) for marine propellers and Runyan and Tai (1986)
for helicopter rotors. These calculation procedures all involve the use of
either the velocity potential or acceleration potential, and require the
existence of a predominant flow direction throughout the flow field. Such a
predominant flow direction does not exist for the fan problem, however. The
influence of recirculation zones caused by the ducting system can also not be
accounted for by potential flow methods.

It seems therefore that the only viable approach for the fan problem is the
solution of the Navier-Stokes equations. Several studies reporting numerical
solutions of these equations for propeller flows have appeared in recent years.
Pelletier and Schetz (1986) simulated the flowfield near a propeller in shear
flow, modeling the propeller as an actuator disk with prescribed thrust and
torque distributions, and turbulence by an one-dimensional turbulent kinetic
energy equation. The same approach was used by Schetz, Pelletier and Mallory
(1988) and by Thomas and Schetz (1988) for a propeller operating in the wake of
a slender axisymmetric body with a slender planar appendage, the difference
between the latter two studies being in the turbulence model. Stern et al.
(1988) calculated the flowfield near a propeller operating in the wake of both
an axisymmetric and a three-dimensional body, also modeling the propeller as an
actuator disk, but using the k-f turbulence model (see Chapter 3).

An important extension in the context of Navier-Stokes simulations is the work
of Pericleous and Patel (1986), who simulated the flowfield in a stirred
chemical reactor. They modeled the impeller with blade element theory, thus
coupling the thrust and torque distributions to the flowfield. The flowfield
and thrust/torque distributions are calculated iteratively: the direction and
magnitude of the fluid velocity within the impeller region of the flowfield are
used to calculate the lift and drag coefficients of the blade elements and hence
lift and drag forces; these are then used as body forces in the Navier-Stokes
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equations to recalculate the flowfield. This method is considered to have the
'greatest potential for adequately representing the interaction between the fan
and the duct system, while retaining some simplicity in that the detailed
flowfield between and on the blade surfaces do not have to be resolved.

1.3 Closing Remarks

In this dissertation, the method of Pericleous and Patel (1986) will be extended
for the calculation of the effects of distorted inflow conditions on the
performance of an axial flow fan. The numerical method for the solution of the
governing equations is described in Chapter 2, followed by a description of the
turbulence model in Chapter 3. The implementation of the numerical method in a
computer program is described in Chapter 4, and the validation of the method and
computer program in Chapter 5, where the results from a few relatively simple
case studies are reported. Experimental results are presented in Chapter 6,
and the corresponding fan performance predictions (including details of the
blade element modeling) in Chapter 7. Finally, conclusions and recommendations
for future work are given in Chapter 8.

- - - 00000- --
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Tube bundle

Figure 1.1 Typical forced draught air cooler
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Figure 1.2 Factors causing distorted inflow conditions
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Figure 1.3 Matimba power station
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Figure 1.4 Idealised problem
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Chapter 2

NURRIC!L IDDEL

2.1 General

It is beyond the scope of this dissertation to provide a comprehensive review
all the methods that are available for the computation of viscous flows. The
subject has been given in-depth treatments in various texts, for example those
of Roache (1976), Patankar (1980), Baker (1983) and Anderson et al. (1984).

In recent years, methods based on the SIMPLE (~emi-Implicit Method for
fressure-linked ~quations) algorithm of Patankar and Spalding (1972) have been
used successfully to solve a wide range of flow problems. Numerous examples are
available in the literature, especially in the journal Numerical Beat Transfer.
Commercial software that employ the SIMPLE method is also available, the most
well known perhaps being the PHOENICS-code. Some achievements of PHOENICS have
been described by Singhal (1985).

In the original SIMPLE algorithm separate grids, staggered in space, are used
for the calculation of scalar properties such as pressure, and each of the
velocity components. Thus four grids are used for a three-dimensional flow
problem, which complicates the implementation of boundary conditions. If all
variables are located at the same grid points, on the other hand, a checkerboard
pressure field may result. This has been described by, amongst others, Patankar
(1980), Rhie and Chow (1983) and Perie (1985).

Several methods that have been proposed to overcome the checkerboard problem on
nonstaggered grids, are described by Patankar (1988) in a recent review paper.
Thiart (1990a) subsequently presented a new finite difference method that also
eliminates the need for staggered grids. The method was incorporated in an
algorithm called SIMPLEN: the "N" attached to SIMPLE being an indication that a
nonstaggered grid is used.

The finite difference scheme on which SIMPLEN was originally based, has been
refined by Thiart (1990b) recently. It was shown that the new scheme is capable
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of producing numerical solutions of comparable or superior accuracy to that of
other numerical methods. In this dissertation, application of the new
differencing scheme is extended to a cylindrical polar coordinate system.

2.2 Governing Equations

It has been shown in Chapter 1 that, for the problem under consideration, the
flow can be treated as incompressible and isothermal. Under these conditions,
the energy equation and the equation of state disappear from the problem, as
pointed out by Schlichting (1968), and the Navier-Stokes equations can be
simplified as follows:

Conservation of mass:

1 a 1 a a
- --(prv) + - --(prw) + --Cpu) = 0r ar r ao az

Conservation of axial momentum:

a 1 a 1 a a
--Cpu) + - --(prvu) + - --(prwu) + --(puu)at r ar r ao az

(2.1)

=
aT
av

ap + ~ !!"-[rp,au] + ~ ~[~ au] + ~[p, au]
az r ar ar r ao r ao az az

ap,av ap,aw ap,au
+----+----+---

ar az ao az azaz (2.2)

Conservation of radial momentum:

a 1 a 1 a a
--(pv) + - --(prvv) + - --(prwv) + --(puv) - prw2at r ar r ao az

=
aIR

av
ap + ~ ~[rp, av] + ~ ~[~ av] + ~[p, av]
ar r ar . ar r ao r ao az az

ap,av ap,aw ap,au
+----+----+----

ar ar ao ar az ar
~[~ + 2 aWl
r r ao (2.3)
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Conservation of moment of momentum:

a 2 1 a 9 1 a 9 a 2--(pr w) + - --(pr vw) + - --(pr ww) + --(pr uw)
at r ar r ao az

=
aq

ar
a~ av a~ aw a~ au 2 a

+ -- -- + -- -- + --.-- + - --(~v)
ar ao ao ao az ao r ao

(2.4)

Equation (2.4) expresses Newton's Second Law in the form "time rate of change of
moment of momentum is equal to the sum of external moments", rather than the
more usual "time rate of change of momentum is equal to the sum of external
forces" (see for example Schlichting, 1968). The w-equation has been found to
perform better in swirling flows than the UI- equation, which contains a term
-~w/r2 that appears to have adestabilising effect on the numerical solution
procedure.

The three momentum equations can be written in the general form

a 2m 1 a 2 1 1 a 2m+l a 2--(pr ~) + - --(pr m+ v~) + - --(pr w~) + --(pr mu~)
at r ar r ao az

where ~ denotes a general variable representing either u, v or w, and

m = {o for ~ = u, v

1 for ~ = w

(2.5)

(2.6)

Equation (2.5) can be regarded as a transport equation for the general variable
~, with transient and convective terms on the left hand side being balanced by a
source term S~ and diffusion terms on the right hand side. The source terms are
as follows:
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aT ap ap, av ap, afJ ap, auSu = - +--+ --+
av az ar az au az az az

aIR 2 ap ap, av ap, afJ ap, au
~[~ + 2 a"]SV = - +prfJ - - +--+--+ ---

av ar ar ar au ar az ar r r au

aq ap ap, av ap, afJ ap, au 2 asfJ = - +--+ --+ --+ - -(p,v)
av au ar au au au az au r au

2.3 Solution Procedure

(2.7)

(2.8)

(2.9)

The governing equations are solved by converting them to discretized equations
for the dependent variables u, v, fJ and p. A discretization equation is written
for each of the variables at each of the grid points in the computational
domain, and has the generic form

(2.10)

where the subscripts P, Y, E, S, N, Band T refer to a typical cluster of grid
points as shown in figure 2.1; the subscript 7 refers to the temporal influence.
Thus four sets of algebraic equations are set up; these are solved subject to
the boundary conditions, stepping forward in time from the initial conditions.

The computational domain is subdivided into a number of non-overlapping control
volumes, one control volume per grid point, as shown in figure 2.2. The
discretization equations are obtained by integrating the differential equations
over these control volumes. The control volume faces are-located midway between
the grid points in the axial and azimuthal directions, and at the geometric mean
radii in the radial direction (i.e. rs=~rSrp and rn=~rprN ) .

•Locating the control volume faces midway between grid points in the axial and
azimuthal coordinate directions is fairly conventional, the other obvious choice
being to locate grid points midway between the faces. Patankar (1980) discussed
the issue, pointing out that the first method provides greater accuracy in the
calculation of gradients across control volume interfaces, while the second
method provides greater accuracy in the calculation of mean values over control
volumes and at the control volume faces. The decisive feature for choosing the
first procedure here, is that it allows the finite difference coefficients to be
written in a very compact form, as illustrated by Thiart (1990b).
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The radial location of control volume faces likewise allow the finite difference
coefficients for the radial direction to be written in compact form. A further
advantage is that control volumes surrounding the symmetry axis (r=O) have zero
radius and hence zero volume. It is therefore not necessary to apply the
conservation principles at the centerline, which is convenient since the
conservation equations contain several singularities of the type Ifr. In this
way, the singularities are removed numerically.

It is not known whether this approach is entirely novel; another, less elegant,
method is given by Roache (1976): "One clumsy but apparently acceptable approach
is to revert to Cartesian coordinates near 'the centerline, patching in
geometrically to the rest of the problem".

2.4 Discretization of the General Transport Equation

2.4.1 Basic Philosophy

Equation (2.5) can be expressed in terms of fluxes as

a 2 1 a ~ 1 a o~ a ~ ~--(pr m~) + - --(rJr~) + - --(J ~) + __ (JZ~) = s~
at r ar r ao az

where the J's are convection-diffusion fluxes, defined as

~ 2m[ a~]JZ~ = r pu~ - p, az

(2.11)

(2.12)

(2.13)

(2.14)

Equation (2.11) is now integrated over the control volume shown in figure 2.2:
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The integrals are evaluated with the aid of the following assumptions:

(2.15)

(a) The term containing the temporal derivative is constant within the control
volume, and can be approximated with sufficient accuracy by differencing
backward in time, i.e.

{a 2m}-(pr ~)
at p

pr;m(~p _ ~~)
~-----At

owhere ~p denotes the value of ~p at the previous time step.

(b) Within the control volume, the fluxes Jr~, JO~ and JZ~ vary only in the
radial, azimuthal and axial directions respectively.

(c) The source term is constant between grid points in the axial, radial and
azimuthal directions for ~ = u, v and w respectively, and does not vary in
the other two coordinate directions.

Subject to these assumptions, equation (2.15) can be written explicitly as
follows:

2
Ar, AZ[ O~
+--J -erp

(2.16)
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~r,aOAz[ornS~ + orss:] for ; :: v

S;
~Ar2Az[ 00 eS~ + OOwS:] for ; (2.17)p = ::w

1 2 [; ;] for ;2Ar AO OZtSt + oZbSb - U

The motivation for the assumption that source terms are constant between grid
points, which is at variance with the more traditional assumption that source
terms are constant within control volumes, lies therein that pressure gradients,
which usually constitute a major part of the source terms for the momentum
equations, are expressed more readily as being constant between grid points than
between control volume faces. If ;::u, for example, then

which is of course constant between grid points. Expression of the pressure
gradients as constant between grid points is also instrumental in the prevention
of pressure checkerboarding on nonstaggered grids, as discussed by
Thiart (1990a). More details about the discretization of the source terms are
given in Appendix B.

It remains to find explicit expressions for the interface fluxes in equation
(2.16). From the definitions of the fluxes, equations (2.12) through (2.14), it
is clear that information is required about the way in which ; varies between
grid points. In the SIMPLEN algorithm, this information is obtained through the
solution of a one-dimensional, steady state boundary value problem for each of
the main coordinate directions. The boundary. value problems are derived from
the general transport equation, so that the physics of the flow is incorporated
in the determination of the fluxes.

2.4.2 Axial Fluxes

The boundary value problem for the axial variation of ; between grid points P
and T in figure 2.2 is derived from the general transport equation by writing
equation (2.5) in the steady state, quasi-one-dimensional form
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(2.18)

The SX-terms are the so-called cross-fluxes, given by

xz; {1 6 [2m+l 6; 2m+l] 1 6 [ 2m P 6; 2m+l]}SP T = - - r p - - pr v; + - - r - - - pr fJJ;
, r 6r 6r r 60 r 60 P T,

where the operators 6/6r and 8/80 represent any convenient numerical
approximation (e.g. central differences) to the partial differentiation
operators D/Dr and D/DO. More details about the discretization of the
cross-fluxes are given in Appendix C.

The corresponding one-dimensional form of the continuity equation is

d
-(pu) = 0
dz

(2.19)

(2.20)

which integrates to pu = constant = PUt. If it is now further assumed that p is
also constant between the grid points P and T and equal to Pt' then the exact
solution of equation (2.19), subject to the boundary conditions

; = ;P at z = 0,

and the additional constraints that; and d;/dz must be continuous at the the
interface t, can be found:

(2.21)
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),__ OZt ( 1£ ) [s~ SXZ~] -2m
Y' ~t + -- Z - 2UZt t + T rp

p,/t

(2.22)

1for 20Zt~Z~OZt. Here Pt=put/P,t'the grid Peclet number, while ~t is the
interface value of ~, given by

(2.23)

The Peclet number dependent functions C(P), D(P) and E(P) are defined and
discussed in Appendix A.

The axial flux JZ~ at the interface t can be found by back substitution of the
exact solution given by equations (2.21) through (2.23) into equation (2.14).
The algebraic manipulations involved in this procedure are simple but tedious,
and will therefore not be presented here. The result is as follows:

J~~ = r;m{PUt~p + ~ A(Pt)(~p - ~T)}
OZt

+ ~5z t{[ S~ + ~ZfI]D(- ~Ptl C(-¥ tl - [s~ + s~ZfI] D(¥ tl C(¥ tl} (2.24)

The two additional Peclet number dependent functions A(P) and B(P) that appear
here are also defined and discussed in Appendix A. A similar expression can be
derived for the flux through face b of the control volume:

Jbfl = r~m{p'bflp + 5:: J(-Pbl(flD - flpl}

+ ~5Zb{[St + S;ZfllD(-¥blC(-¥bl - [st + s;ZfllD(¥blc(¥bl} (2.25)
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The values of the interface viscosities Pt and Pb are found by harmonic
interpolation, as described by Patankar (1980):

(2.26)

2.4.3 Azimuthal Fluxes

The derivation of the azimuthal flux expressions is similar to that for the
axial fluxes. The boundary value problem for the azimuthal variation of ~
between grid points P and E in figure 2.2 is obtained by writing equation (2.5)
in the steady state, quasi-one-dimensional form

The cross-fluxes are given by

£60 < 0 ~ 60e2 e-

(2.27)

The corresponding one-dimensional form of the continuity equation is

d
-(prlJJ) = 0
dO

(2.28)

(2.29)

which integrates to prlJJ = constant = prplJJe• Assuming that P is also constant
between the grid points P and E and equal to Pe' the exact solution of equation
(2.27), subject to the boundary conditions

~ = ~p at 0 = 0,

and the constraints that ~ and d~/dO are continuous at the the interface e, is
as follows:
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(2.30)

(2.31)

(2.32)

The azimuthal flux JO~ at the interface e is obtained by back substitution of
equations (2.30) through (2.32) into equation (2.13):

Similarly for the interface w:

[s~+ SxO~]B(£p )c(£p )}e E 2 e 2 e (2.33)
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Here the grid Peclet number is Pw=pr~~w60w/~w' Interface viscosities are again
evaluated by harmonic interpolation:

2.4.4 Radial Fluxes

2~p~y
~ =---w

~p + ~y
(2.35)

The derivation of the radial flux expressions follows along the same lines as
for the axial and azimuthal fluxes, although the algebra is somewhat more
complicated. The boundary value problem for the radial variation of ~ between
grid points P and N in figure 2.2 is obtained by writing equation (2.5) in the
steady state, quasi-one-dimensional form

1 d [ 2m+1, 2m+1 d,] !~r, rp ~ r ~ rn
S~ +- - pr v - ~r - =

r dr dr n Sxr~ r < r ~ rNN n -

The cross-fluxes are given by

The corresponding one-dim~nsional form of the continuity equation is

d
-(prv) = 0
dr

(2.36)

(2.37)

(2.38)

which integrates to prv = constant = prnvn. Assuming that
between the grid points P and N and equal to ~n' the exact
(2.36), subject to the boundary conditions

~ is also constant
solution of equation

and the constraints that ~ and d~/dr are continuous at the the interface n, is
as follows:
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a - 1n
P !2+ma n _
n

(2.39)

Pn/ 2+nr 1 - 2
a _ 1[r ]
np !2+m -
a n - 1 rNn .

(2.40)

for rn~r~rN. Here Pn=prnvn/J1.n, an=rN/rp' and the interface value of ~ is given
by

~n = a~mC{_(~Pn+m)lnan}~P + a:C{(~n+m)lnan}~N

r2- 2mlna 1
+ n 4 n O{(¥n+m)lnan}[F(-Pn,-m,-l,an)[S~ + s~r~]

J1.n

+ F(Pn,m,l,an)[S~ + s;r~]] (2.41)

The Peclet number and radius ratio dependent function F(P,m,l,a) that has been
introduced here is defined and discussed in Appendix A.

The radial flux Jr~ at the interface n is obtained by back substitution of
equations (2.39) through (2.41) into equation (2.12):
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r Jr; = r~m[ [pr v + 2mit ]; P +2 A{(P +2m) Ina H;P - ; Jf'2m)]n n n n n Ina n n n
n .

+ ir~[[s: + Sr;]F(-Pn,-m,-l,an)C{-(¥n+m)lnanJ

- [s: + ~r;] F(Pn,m, 1,an) CH¥ n+m)lnanJ]

Similarly, at the interface s:

r Jr; = r~m[[pr v + 2mit ];p + ~ A{-(P +2m)lna Ha-2m;s - ;p)]s s s S s Ina s s s
s

+ ir~[ [s: + SSr;] F(- Ps'- m,-l ,as) C{- (¥s+m)lnasJ

- [s: + s;r;] F(Ps ,m, 1, as) CH¥ s+m)lna sJ]

where Ps=prsvs/its and as=rp/rS. Here also, the interface viscosities are
evaluated through harmonic interpolation:

(2.42)

(2.43)

it =n
(1 + a~) itpit N

itP + itJf'~
(2.44)

2.4.5 Discretization Equations

The discretization equation for; is now obtained by back substitution of the
flux expressions, equations (2.24), (2.25), (2.33), (2.34), (2.42) and (2.43),
into equation (2.16):

; ( - 2m ); ( 2m) ; ( ); ( )aN an ;P - ;N - as ;S - as;p + aE;p - ;E - af;f - ;P

+ a~(;p - ;1) - a$(;B - ;p) + a~(;p - ;;)

+ r~m[~O~z(prnvn - prsvs) + ~r2~z(PUle - pUlW) + ~r2~0(pUt - PUb)];p

;
+ 2m(itn - its)r~m~O~z;p = {3S + {3r; + {30; + {3z; (2.45)
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2~ 2m Ar AOAz
a = prp ---
r At

pr; = ~U~+~[[s~ + s5';] F( - Ps'- m,-l, as) C{- (¥s+m)Inas}
- [s: + S~r~]F(Ps,m,1,as)C{(~ps+m)lnas}]

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)

(2.52)

- r2[[s~ + Sxr~]F(_p -m -1 a )C{- (£p +m)lna }n n P n'" n 2 n n

- [s~ + 1r;]F(P n,m, 1, an) C{(¥n+m)lnan}] ] (2.53)

po; = ¥r2~+0 .{[s~ + ~O;]D(_ ¥.) C(c¥.) - [s~ + s;O;] D(¥.) C(¥.)]

- 50e{[S~ + S;O;]D(-¥e)C(-¥e) - [s~ + SiO;]D(~Pe)C(¥e)}] (2.54)



2-16

flZ; = iar2~o[ 6zb {[sf + S;Z;]B(- Yb) C(-Yb) - [st + ~Z;] B(Yb) C(Yb)}

- 6Zt{[S~ + SV;]B(-Yt)C(-Yt) - [S~ + S~Z;]B(Yt)C(~Pt)}] (2.55)

The second last term on the left hand side of equation (2.45) can be eliminated
by means of the discretized continuity equation, which is obtained by
integrating equation (2.1) over the control volume:

MJAz(pr '/J - pr '/J ) + Ar2Az(plJJ - PlJJ ) + Ar2AO(put - pUb) = 0n n sse w (2.56)

Equation (2.45) can therefore be written in the general form given by equation
(2.10), with

(2.57)

(2.58)

It was found during the verification of the numerical procedure (see Chapter 5)
that it was not always possible to obtain convergent solutions with the
formulation described here, unless some of the "extra" source terms (pr~, pO~

and pz~) were "switched off". Interaction between the cross-fluxes contained in
these terms can apparently cause divergence, especially for turbulent flow
problems, in a way that is not fully understood. It was found, however, that
results of sufficient accuracy could be obtained for all the test cases by
retaining only those cross-fluxes which arise when determining the control
volume interface flux in a direction parallel to the velocity component for
which the discretization equation is being set up (i.e. pZu for ~=u, pr'/J for
~='/J, and pOlJJ for ~=lJJ). This seemingly arbitrary choice can be motivated by
noting that a discretization equation, just as the differential equation from
which it is derived, represents a balance between effects due to convection,
diffusion (shear stresses in the momentum equations) and source terms. As
pointed out by Thiart (1990b), the formulation presented here has the following
characteristics:

(a) Convective effects are "upwinded", that is, the momentum changes
represented by the discretized equations are momentum changes over control
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volumes shifted in a direction upstream from the "real" control volumes;

(b) Effects due to the conventional source terms are upwinded, thus bringing
them into balance with the upwinded convective effects;

(c) Effects due to the cross-fluxes are upwinded, thus bringing them into
balance with the upwinded convective and source term effects. In
particular, shear stresses are upwinded.

The present formulation is therefore more consistent than conventional schemes
in which only convective terms are upwinded. Now, since the pressure gradient
is usually the most important part of the source term in the momentum equations,
it is particularly important that the upwinding procedure be consistent in the
direction in which the pressure gradient acts. This part of the upwinding
procedure is contained in the source terms prv, pO~ and pZu, which are therefore
retained in the formulation.

2.5 Discretization of the Continuity Equation

2.5.1 Basic Philosophy

Static pressure is not governed by a transport equation, but is prescribed
indirectly through the continuity equation. The discretized continuity
equation, equation (2.56), is written in terms of interface velocities; the
pressure dependency is brought explicitly into it by expressing the interface
velocities in terms of the nodal pressures.

It is assumed that the values of the velocity components calculated by means of
the discretized momentum equations do not satisfy the continuity equation, and
that the correct values (for conservation of mass) are given by

u = u* + U I ; v = v* + Vi; ~ = ~* + ~' (2.59)

Similarly, the correct pressures are given by

p = p* + pi (2.60)

The asterisks in equations (2.59) and (2.60) denote the nodal values at any
particular stage of the calculation procedure, while the primes denote the
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corrections that have to be applied to obtain the correct values.

It is now further assumed that the following relationships exist between the
velocity corrections at the interfaces of the control volumes and the pressure
corrections at the neighboring grid points:

Ut = dt (pp - PI) u' = db(PB - pp)b

v' = d (p' - p') v' = ds(PS - pp)n n P N s

w' = d (p' - p') w' = d'(p' - p')e e P E w w 11 P

(2.61)

(2.62)

(2.63)

Substitution of equations (2.61) through (2.63) into equation (2.59), and then
into equation (2.56), yields the discretization equation for pressure
corrections:

where

aP' = AOAzr dN n n

aP' = AOAzr dS s s

I 2
a~ = Ar Azde

I 2 .
a). = Ar Azdw

pp' = AOAz(r v* - r v*) + Ar2Az(w* - w*e) + Ar2AO(u'f - u*t)s s nnw 0

It remains to find expressions for the d's in equations (2.65)
as well as for the interface velocities in equation (2.72).

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)

(2.71)

(2.72)

through (2.70),
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2.5.2 Axial Direction

The axial interface velocity at the interface t is obtained by setting ~=u in
equation (2.23):

(2.73)

It is convenient to write equation (2.73) in the form

(2.74)

where

(2.75)

and ut is a so-called pseudo-velocity, defined as

(2.76)

Here S~-P denotes that part of S~ that does not contain the pressure gradient
term. When the interface velocity ut is calculated with equation (2.73), the
values of uP' uT' Pp and PT are not known exactly, so that ut instead of ut is
evaluated:

(2.77)

Equation (2.77) is now subtracted from equation (2.74) to yield:

(2.78)
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Equation (2.78) shows that the assumption regarding the relationship between the
velocity and pressure corrections, equation (2.61), is valid, except for the
pseudo-velocity correction that appears on the right hand side. As a result, an
additional term, involving differences between pseudo-velocity corrections, is
introduced in equation (2.72). The extra term is generally small and is
therefore simply neglected. No error is introduced in the final converged
solution because, as pointed out by Patankar (1980), the pseudo-velocity
corrections tend to zero as the converged solution is approached.

The expression for db is similar to that for dt:

(2.79)

2.5.3 Azimuthal Direction

The angular velocity at the interface e is obtained by setting ~=w in equation
(2.23):

1 1we = C(-~e)wp + C(2Pe)wE

+ (;::)2{E(_~e)~OM+ E(~e)SiOM+ D(~e)S:} (2.80)

The remainder of the derivation is similar to that for the axial direction. The
expressions for the coefficients in the pressure correction equation are

60
de = e o(£p )

1 2 e
~~e

60
d = ~ o(£p )w 1 2 w~~w

2.5.4 Radial Direction

(2.81)

(2.82)

The radial interface velocity at the interface n is obtained by setting ~=v in
equation (2.41):
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(2.83)

The remainder of the derivation is similar to that for the axial and azimuthal
directions. The expressions for the coefficients in the pressure correction
equation are

(2.84)

(2.85)

2.6 Velocity Correction Procedure

The expressions describing the relationships between the velocity corrections
and the pressure corrections, equations (2.61) through (2.63), cannot be used to
update the velocity field, because it is the nodal values of the velocities that
have to be corrected, not the interface values. Expressions relating the nodal
velocities with the pressure corrections are obtained in a manner similar to
that relating the interface velocities with the pressure corrections.

Consider for example the correction of the axial velocity component. The
discretization equation for u is obtained from the general discretized transport
equation by setting ~=u; it is convenient to write the resulting expression in
the form

u u u 0 U-Papup = Eanbunb + a7up + P

+ ar2aO{B(-Pb)(PB - pp) + B(Pt)(pp - PT)} (2.86)

where the subscript nb refers to the grid points neighboring on P. The pressure
operator part of SU and SXZU has been separated from the rest of the source term
for obvious reasons. In reality, the correct pressure values are not known when
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equation (2.86) is solved; "starred" pressures are used to obtain "starred"
velocities:

(2.87)

Subtraction of equation (2.87) from equation (2.86) yields an expression
relating nodal velocity corrections to nodal pressure corrections:

(2.88)

The value of the first term on the right hand side is not known explicitly; in
the original SIMPLE algorithm it is simply neglected when the velocity field is
updated. A more consistent approach has been proposed by Van Doormal and
Raithby (1984): equation (2.88) is first rewritten. in the form

[ u ~ u] , _ ~ u [ , ,]ap - ~anb up - ~anb unb - up

+ Ar2A(}{B( -Pb)(PB - pp) + B(P t)(pp - PT)} (2.89)

Then the first term on the right hand side of equation (2.89) is neglected: it
should clearly be an order of magnitude smaller than the first term on the right
hand side of equation (2.88). Thus a more accurate velocity correction equation
is obtained:

(2.90)

The procedures for the other two velocity components are similar:

(2.91)

(2.92)
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2.7 Solution Algorithm

The formulation described in the paragraph 2.5 is implemented in the SIMPLEN
algorithm:

(a) Obtain initial values for the pressure and velocity fields p*, u*, v* and
w*j use guessed values if initial values are not known or if it is not a
requirement to model the transient behavior of the flowj

(b) Set up and solve the discretized momentum equations {generic form, equation
(2.10), with coefficients and source terms as defined in equations (2.46)
through (2.55) and equation (2.17)} to obtain new estimates of u*, V* and
W* •,

(c) Set up and solve the pressure correction equation for p' {equation (2.64),
with coefficients as defined in equations (2.65) through (2.71), and the
source term as defined in equation (2.72) using control volume interface
velocities calculated by means of equations (2.73), (2.80) and (2.83)}j

(d) Update the pressure field by adding the pressure corrections to the
"starred" pressuresj

(e) Calculate the velocity corrections {equations (2.90) through (2.92)}, and
update the velocity field by adding the velocity corrections to the
"starred" velocitiesj

(f) Set up and solve the discretization equations for other field variables1;

(g) Treat the corrected velocities and pressures as "starred" values, return to
step 2 and repeat steps (b) to (f) until convergence is obtained.

The SIMPLEN algorithm is identical to the original SIMPLE algorithm, except for
the emphasis that is placed on the calculation of interface velocities (step c).
In the SIMPLE algorithm, where staggered grids are used, velocity interpolations
are also required. Velocities are only available at the control volumes of the
main grid, where scalar variables (such as pressure) are defined. Since
interface velocities appear in the discretization equations for the velocity

1The turbulence kinetic energy k and its decay rate f for the work reported in
this dissertation. The modeling of turbulence is discussed in Chapter 3.
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components themselves, which are defined on grids staggered with respect to each
other and with the main grid, interpolations onto grid points and onto corners
of the main grid control volumes are necessary. A major difference here is
that, on a staggered grid, these interpolated velocities are not used in the
source term for the pressure correction equation, so that simple geometric
interpolation techniques can be used to determine them. On a nonstaggered grid
the use of geometrically interpolated velocities in the pressure correction
source term leads to checkerboardingj the interpolation procedure described here
eliminates the checkerboarding problem, as explained by Thiart (1990a). Note
however that all Peclet numbers for use with the Peclet-number dependent
functions are calculated with linearly interpolated velocities to save (CPU-)
time.

2.8 Boundary Conditions

2.8.1 Solid Boundaries

Implementation of velocity boundary conditions on solid surfaces is
straightforward. The no-slip condition is assumed to be valid, therefore the
values of the velocity components at the boundaries are known and the momentum
equations need not be discretized at the "half" control volumes around grid
points at solid surfaces. Thus the principle of conservation of momentum is not
used to solve for the values of velocities on boundaries. Conservation of
momentum still holds, howeverj it can be used to determine the (unknown) shear
stress at the wall, for example.

Conservation of mass, in the form of the pressure correction equation, must
still be applied at solid boundaries however. Consider for example the
(two-dimensional) boundary control volume shown shaded in figure 2.3(a). If no
provision is made for flow through the southern and northern boundaries of this
control volume, the pressure correction equation would be simply

(2.93)

with a~' as defined in equation (2.69). On convergence both Pr and Pp would be
zero, and therefore also ui. It has been found that in general more accurate
results are obtained if allowance is made for flow through the northern and
southern boundaries, that is,
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(2.94)

Appropriate values for v~ and v~ are found by linear interpolation between the
wall and the first interface velocity inside the flow domain; for the example
under consideration these values would be

1v* - -v* .8 - 2 18' (2.95)

2.8.2 Open Boundaries

Open boundaries are, for the purpose of this dissertation, those boundaries
through which fluid can enter or leave the computational domain. Field
variables at such boundaries are usually determined through a zero gradient (or
zero traction) boundary condition, due to lack of better information (see for
example Schrelider et al., 1989). This does not mean that, for example, ~P is
set equal to ~1at such a boundary control volume depicted in figure 2.3(b).
Instead, the zero gradient is applied in the expression for the flux of ~ at the
,grid point P, i.e.

(2.96)

As a result, the "bottom" coefficient in the discretization equation is exactly
zero, as is the contribution to the source term from the "bottom" flux.

2.8.3 Centre Line

For axisymmetric flows, the centre line (i.e. the symmetry axis of the
coordinate system) is also a boundary of the computational domain. The values
of the flow field variables at grid points on the centre line are established by
means of the following boundary conditions: the radial velocity component v is
by definition zero on the centre line for axisymmetric flows, while
zero-gradient boundary conditions apply for all the other variables (also by
definition).

Complications arise for non-axisymmetric flows, especially in cases where there
is a flow component in a direction across the centre line. The situation is
depicted in figure 2.4, which shows a grid point on the centre line surrounded
by twelve (for illustrative purposes) neighboring grid points (radial direction
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only). If the flow direction is from left to right on the figure, then the
value of a general variable ~ at grid point P1 should be strongly influenced by
the value of ~ at grid point P7. This strong dependency is not realized by the
discretization equations, however: the influence of ~ at grid point P7 is
transmitted to grid point P1 via grid points P6 through P2 and grid points P9
through P12. In this way the solution downstream of the centre line grid point
can (and does, depending on the strength of the crossflow) become decoupled from
the upstream solution to some extent.

It was found that this problem can be circumvented by treating the control
volumes bordering on the centre line as one global control volume: it is assumed
that the value of ~ is the same for all the individual segments, and one global
discretization equation (involving only radial and axial fluxes) is set up for
all the segments. For all ~'s other than v and w this discretization equation
is simply the sum of the individual discretization equations, minus all
azimuthal influences (there are of course no "southern" influences):

(2.97)

The same approach cannot be used for v and w, since these two variables vary
harmonically in a uniform flow across the centre line, that is:

(2.98)

where U and U are the Cartesian components of the crossflow velocity. Vithx y
the assumption that Ux and Uy are constant within the global control volume, the
following two discretization equations are obtained by summation of the
individual v- and w-equations:

U ~apwcos(O.)y.. 1,
1, 1,

= rp{~a~.wN. + ~a;.wB. + ~a~.wT.
1, 1, 1, 1, 1, 1, 1, 1, 1,

+ ~a~ y; + ~fJ~}
1, 1, 1,

(2.99)

(2.100)
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These two equations can be solved simultaneously for U and U , after which thex y
values of v and w at the individual grid points within the global control volume
can be determined.

2.9 Closing Remarks

Although the discretization procedure for the general variable ~ has been
derived in the context of the Navier-Stokes equations, the procedure can also be
used in connection with any other variable for which the governing equation is
similar in form to that of the general transport equation (2.5). In the next
chapter, for example, it will be shown that the governing equations for the
turbulence kinetic energy k, and its decay rate f, can also be expressed in the
form of equation'(2.5), with ~ replaced by appropriate diffusion constants.

---00000---
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Figure 2.1 General grid point cluster
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Chapter 3

TURBULENCE IODEL

3.1 General

It was shown in Chapter 1 that the fluid motion for the problem under
consideration in this dissertation is highly turbulent. While it is generally
accepted that the Navier-Stokes equations can describe the highly disordered,
intermittent motions characteristic of a turbulent flow, it is not yet possible
to solve these equations directly. The computer time and storage that would be
required for the solution on a grid fine enough to resolve the details of the
turbulent motions exceed even that of the so-called super-computers that are
available today. Instead, the averaged Navier-Stokes equations, augmented by a
suitable model of turbulence, are usually employed for the solution of practical
flow problems.

3.2 The Averaged Navier-Stokes Equations

The averaged Navier-Stokes equations are obtained by separating the fluid motion
into a mean motion and a (turbulent) fluctuating motion. The mean motion need
not necessarily be time-independent; the fluctuating motion refers to (random)
oscillations about a mean motion that can be changing relatively slowly with
time. Thus, denoting by an overbar the mean value of a dependent variable and
by a prime the fluctuation in its value about the mean, the instantaneous values
of the dependent variables are given by

u=u+u'; v = v + v' ., iJJ = iJJ + iJJ'; p = p + p'; (3.1)

These relationships are now substituted into the governing equations given in
Chapter 2. The resulting eguations are then averaged with respect to the mean
motion, using the following rules for two general variables ~ and ~:

WJ = 0; ( ~ + ~) = 1+ ~; (3.2)
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In this way the averaged form of the Navier-Stokes equations are obtained:

Conservation of mass:

1 a 1 a a- -(prv) + - -(pr"W) + -(pu) = 0r ar r ao az

Conservation of axial momentum:

a 1 a 1 a a-(pu) + - -(prvu) + - -(prwu) + -(puu)at r ar r ao az

(3.3)

=
aT
av

a-p +~ !!'-[rJj aUl +~ !!.-[~aUl + !!'-[Jj aUl
az r ar a;J r ao r aoJ az a~J
aJj av aJj a"W aJj au

+--+--+--ar az ao az az az
1 a 1 a a

+ - -(rr' ) + - -(ro ) +-(u')r ar rz r ao z az. z (3.4)

Conservation of radial momentum:

a 1 a 1 a a-(pv) + - -(prvv) + - -(prwv) + -(puv) - pr"W2
at r ar r ao az

aIR
= --

av

aJj av aJj a"W aJj au
+--+--+---ar ar ao ar az ar

~[~ + 2 aWl
r r aoJ

u'o1 a 1 a a
+ - -(ru') + - -(r'o) + -(r' ) -r ar r r ao r az rz r

Conservation of moment of momentum:

(3.5)
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a 2- 1a 9- 1a 9- a 2
-(pr w) + - -(pr vw) + - -(pr ww) + -(pr uw)
at r ar r ao az

=
aq

av

ap,av ap,aw ap,au 2 a _
+ - - + - - + - - + - -(p,v)

ar ao ao ao az ao r ao

1 a 2 1 a a
+ - -(r r'0) + - -(rue) + -(rre )

r ar r r ao az z
(3.6)

Equations (3.3) through (3.6) have the same form as their original counterparts,
equations (2.1) through (2.4), except for the extra terms involving the
so-called Reynolds stresses. The Reynolds stress tensor is defined as

u' r' r' -pv'v' -prw'v' -pu'v'r rO rz

r' u' r' = -prw'v' 2- -prw'u' (3.7)rO 0 Oz -pr w' w'

r' .rez u' -pu'v' -prw'u' -pu'u'rz z

The determination of the Reynolds stresses is the main problem in calculating
turbulent flows, as pointed out by Rodi (1980). Expressing the stresses in
terms of mean flow quantities or other characteristics of the flow that can be
deduced experimentally ~r numerically is necessary; the character of turbulence
is therefore simulated or modeled rather than determined directly.

3.3 The Eddy Viscosity Concept

It is beyond the scope of this dissertation to provide a comprehensive review of
turbulence models used for the computation of turbulent flows. Such reviews
appear regularly in the literature; see for example Launder and Spalding (1974),
Rodi (1980,1982), Lakshminarayana (1986), Markatos (1986) and Nallasamy (1987).

Most turbulence models are based on Boussinesq's eddy viscosity concept (Rodi,
1980): it is assumed that Reynolds stresses are proportional to mean-strain
rates, analogous to the assumption for Newtonian fluids that viscous stresses
are proportional to instantaneous strain rates. For a polar cylindrical
coordinate system, the eddy viscosity concept may be expressed as follows:
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(J' =r

(J' =z
au 2

2J.tt- - -9k;az

(3.8)

where J.tt is the eddy, or turbulent, viscosity, and k is the turbulence kinetic
energy

1- - 2-k = 2(u'u' + v'v' + r w'w') (3.9)

The ~k-terms appearing in equation (3.8) have been introduced so that the sum of
the normal stresses (J~, (JO and (J~, is equal to -2k (as it should be) and not
equal to zero as it would have been without these terms. Back substitution
of equation (3.8) into the averaged Navier-Stokes equations yield the
original form of the Navier-Stokes equations, now written in terms of mean
quantities, and with p and J.treplaced by p+~k and J.t+J.ttrespectively. The
numerical procedure described in Chapter 2 can therefore also be used to solve
the averaged Navier-Stokes equations, provided J.tt can be modeled adequately.

3.4 The k-f. lode 1 of Turbulence

The most popular (and well-tested) turbulence model being used for general flow
situations is the k-E model. Transport equations for the turbulence kinetic
energy k and the decay rate of k, defined as

+
aw'

r - + w'
ar

1 av'
r an .' 2 + [8Vraz

(3.10)

are solved in addition to the averaged Navier-Stokes equations. The eddy
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viscosity is related as follows to k and f:

(3.11)

Here Cp is an empirical constant, usually taken as 0.09. The reasoning that
leads to equation (3.11) is given by Rodi (1980). The standard forms of the k
and f-equations are as follows (for the sake of convenience, the overbars which
denote mean quantities are dropped from now on):

Turbulence kinetic energy:

a 1 a 1 a a
--(pk) + - --(prvk) + - --(prwk) + --(puk)at r ar r ao az

(3.12)

Turbulence kinetic energy decay rate:

a 1 a 1 a a--(pf) + - --(prvf) + - --(prwf) + --(pUf)at r ar r ao az

(3.13)

These equations are derived from the Navier-Stokes equations; several modeling
assumptions are introduced to obtain the final expressions. The derivations and
modeling assumptions are given by, amongst others, Rodi (1980) and Schrelider
(1986). The empirical constants that appear in equations (3.12) and (3.13) are
usually assigned the following values:

(J = 1.9;
f

C2 = 1.92

Gk is the turbulence kinetic energy production term, given by (see also Gupta
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and Lilley, 1985):

+ [~ av + r aUl]2 + [~ au + r aUl]2]
r ao ar r ao az

3.5 Vall Functions

(3.14)

The empirical constants in the k-f model given in the preceding section are only
applicable if viscous stresses are negligible compared to their turbulent
counterparts. At a solid boundary viscous effects are important, so that the
constants have to be adjusted if the equations must be solved within a region
close to a solid wall. Fortunately this is not necessary, as the universal law
of the wall (see for example Schlichting, 1968) can be used to relate the shear
stress at the wall to that just outside the viscous layer.

Flow near a wall has three distinct regions: the laminar sublayer, where viscous
stresses predominate, the buffer layer, where both viscous and turbulent
stresses are important, and the outer layer, where viscous stresses are
overwhelmed by turbulent stresses. The k-f model is therefore only valid
outside the laminar and buffer layers, where the law of the wall is given by:

for 90 S y+ < 100 (3.15)

Here u is the magnitude of the velocity component parallel to the wall, and uw T
is the so-called friction velocity,

(3.16)

based on the shear stress at the wall, TW' y+ is a dimensionless distance based
on the distance yw perpendicular to the wall:

y+ =
1/

(3.17)
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The constant B is approximately equal to 9.0 for smooth walls (Launder and
Spalding, 1974), while K is Von Karman's constant, equal to 0.4. Equation
(3.15) can therefore be used to determine the shear stress at the wall if the
velocity parallel to the wall at a grid point in the outer layer is known.
Also, the boundary conditions for k and f are applied at this grid point. These
boundary conditions are obtained by assuming that convection and diffusion of
turbulence kinetic energy are negligible in the near-wall region, so that the
production and dissipation of turbulence kinetic energy is in equilibrium (Rodi,
1980). It then follows that

J1.t [au] 2 ~ 1"~

ay w J1.t
(3.18)

Substitution of the definition of J1.t' equation (3.11), into equation (3.18)
yields the boundary condition for k:

The law of the wall is used to derive the boundary condition for f: from
equation (3.15) it follows that

(3.19)

pu2 = 1" =
1" W

J1. [au] =
t By w

2kw u
pC _-.!..

J1. f Ky
W W

(3.20)

Substitution of the expression for kw' equation (3.19), into equation (3.20)
yields the boundary condition for f:

(3.21)

It is clear that the grid point at which the boundary conditions on k and fare
applied should lie in the region 30Sy+Sl00. For practical reasons, it is
convenient if this grid point is always the first one away from the wall. It is
common practice (see for example Burns and Vilkes, 1987) to ignore the
limitations insofar as the boundary conditions on k and f are concerned, and to
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compute the wall shear stress from a two-segment representation of the law of
the wall:

{

y+

U+ -- 1
"In (Ey+ )

(3.22)

Here the laminar sublayer (represented by the u+=y+) is assumed to extend "up"
from the wall to a point y~ within the buffer layer; similarly the outer layer
is assumed to extend "down" to this point. The value of y~ where the two
segments meet, is approximately equal to 11.6 for the quoted values of ~ and E
(0.4 and 9.0 respectively).

Violation of the y+~90-limitation should not present a problem, since for
reasonably high Reynolds numbers and affordable (CPU time-wise) grids y+ will
generally always be greater than 90. Exceptions are the regions in the vicinity
of separation and reattachment points for recirculating flows; effects should
nevertheless be fairly localized.

The y+~100-limitation is more severe, as close spacing of grid lines may be
required to enable the correct placement of a grid point. Furthermore, even
though the correct value of y+ may be achieved at some grid points along a solid
wall, it may not be achieved for other points due to acceleration or retardation
of the flow. It would therefore be instructive to obtain an estimate of the
error involved if the y+-limitations are not strictly adhered to.

Such an error estimate can be made by considering the case of fully developed,
turbulent pipe flow. The governing equations then reduce to a set of ordinary
differential equations:

1 d { dU} dp
- - (# + #t) r- - -- 0
r dr dr dz

~~[# + #t r dk] [dT+# - Pf. = 0
r dr uk dr t dr

~ ~[# + #j r dE] < { [dT pC2< }+ k C1#t dr = 0
r dr !Ff. dr

(3.23)

(3.24)

(3.25)
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The pressure gradient that appears In equation (3.23) is constant, and given by

dp 0 2
:::f - pU

dz 2
(3.26)

where f is the friction factor, 0 is the pipe diameter, and U is the mean axial
velocity. The friction factor can be determined from Prandtl's universal law of
friction (Schlichting, 1968):

f = {2.0Iog(BefJ) - 0.a}-2 (3.27)

where Be is the Reynolds number based on the pipe diameter and the mean axial
velocity. For comparison purposes, the friction factor for a given Reynolds
number can be determined numerically with the following procedure:

(a) Solve equations (3.23) through (3.25), using the techniques outlined in
Chapter 2, and the pressure gradient given by equations (3.26) and (3.27);

(b) Obtain the mean axial velocity by integrating the resulting velocity
profile;

(c) Calculate the Reynolds number based on the mean axial velocity determined
in step (b), and adjust the friction factor if the calculated Reynolds
number does not correspond with the specified Reynolds number;

(d) Return to step (a), and repeat the whole procedure, using the new friction
factor in the solution of equations (3.23) through (3.25).

These calculations were carried out for Reynolds numbers of 104, 105, 106 and
107, using successively finer grid spacings. An expansion ratio (that is, the
ratio of successive 6r's) of 1.15 was used throughout, expanding from the wall
inwards towards the pipe axis. The percentage errors in the friction factor
with respect to that of equation (3.27) are shown in figure 3.1, as function of
the y+-value at the first grid point from the pipe wall and the Reynolds number.

As expected, erroneous results are obtained if y+ is less than about 90, for all
of the Reynolds numbers tested. More important though, the results also
indicate that the y+5100 limitation need not be rigorously adhered to,
especially for higher Reynolds numbers.
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3.6 lodifications to the k-f lodel for Swirling Flows

For flows with streamline curvature, which can be caused by surface curvature,
swirl, rotation or a combination of these, the standard form of the k-f model is
no longer adequate (Nallasamy, 1986). The model has to be modified so that the
'destabilizing effect of rotation on turbulence is correctly represented. There
are two such modifications in use for flows with swirl, both involving changes
to the constants in the f-equation.

Launder et al. (1977) modified C2 by multiplying it with a factor (1-0.2Big),
where Biis a gradient Richardson number given by

9

2. k fJJ a 2
Bz = ~ - --(r fJJ)

9 f r ar
(3.28)

This definition of Big is similar to that of Bradshaw (1969), and can be
interpreted as the ratio between forces due to streamline curvature and inertia
forces.

Rodi (1979) modified C1 by multiplication with a factor (1+0.9Bif), where Bif is
a flux Richardson number defined as

(3.29)

Bif represents the ratio of turbulence kinetic energy production due to
streamline curvature and Reynolds stresses (Bradshaw, 1969).

It can be shown that the two modifications are equivalent to the addition of the
factors

. fJJ a 2
O.2C2Pk - --(r fJJ)

r ar

a 2
O.9C C1pkr --(fJJ )

J1. ar

(Launder et al.), and

(Rodi)

respectively to the right hand side of the f-equation.
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The effectiveness of these modifications can be evaluated by considering the
problem of a round cylinder of diameter 0 rotating with constant angular
velocity n in an infinite fluid. The shear stress Twat the surface of the
cylinder can be defined in terms of a friction factor Cj:

(3.30)

where f is the circumferential velocity of the surface of the cylinder.
Theodorsen and Regier (1944) have presented the following empirical expression
for the friction factor in terms of the Reynolds number based on f and the
radius of the cylinder {i.e. Be=pn(D/2)2/~}:

for Be > 1000 (3.31)

The governing equations reduce here also to a set of ordinary differential
equations:

dp 2
- = prw
dr

_1_d [~ + ~t dk] [dW]2--- r - + ~ r - - pf. = 0
r dr uk dr t dr

o

d 2
- O. 9C C1pkr -(w )

~ dr

w d 2
~ 0.2C2Pk - -(r w)

. r dr

(3.32)

(3.33)

(3.34)

(3.35)

Equations (3.33), (3.34) and (3.35) were solved for Reynolds numbers of 109,
104, 105 and 106, using the techniques outlined in Chapter 2. Computations were
carried out on successively finer grids, again using an expansion ratio of 1.15
(but this time expanding outwards from the cylinder surface). The outer radius
of the computational domain was always chosen so that the circumferential
velocity at the outer radius was less than 17. of f, the circumferential velocity
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at the surface of the cylinder. The results are depicted in figure 3.2, showing
the errors in the friction factors with respect to that of equation (3.31) as
function of the value of y+ at the first grid point away from the cylinder
surface. Several observations can be made from these results:

(a) The standard model always yields poor results, over the range of Reynolds
numbers tested, although its performance improves somewhat with increasing
Reynolds numbers.

(b) The modification of Launder et al. yields consistently better results than
that of the standard model, although its performance is also poor at lower
Reynolds numbers.

(c) The modification of Rodi yields slightly better results than that of
Launder et al. It must be noted, however, that it was difficult to achieve
convergence with Rodi's modification for Re=105 and 106 - all variables had
to be heavily underrelaxed.

It can therefore be concluded that the C2-modified k-f model is more robust than
the C1-modified one, albeit slightly less accurate. Hence it was decided to
incorporate the C2-modified k-f model in the solution procedure.

3.7 Closing Remarks

The governing equations for k and f are similar to that of the general transport
equation (2.5), with P replaced by (P+Pt)/uk and (P+Pt)/u

f
respectively, and the

source terms given by

(3.36)

(3.37)

The numerical procedure described in Chapter 2 for the solution of the general
variable ~ can therefore also be used for the solution of k and f. Details
about the discretization of the source terms, equations (3.36) and (3.37), are
given in Appendix B.

- - - 00000- --
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Figure 3.1 Errors in friction factor (f) for fully developed pipe flow
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Figure 3.2 Errors in friction factor (Cf) for a rotating cylinder
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Chapter 4

COIPUTER CODE

4.1 General

The numerical model described in chapters 2 and 3 has been implemented in a
computer code named "FLOWAX". The program listing is too long to be included
here, therefore the source code is provided on two diskettes on the inside back
cover of this manuscript.

The code is written in single preCISIon FORTRAN 77. Initial development of the
code was done on the VAX 785 computer of the University of Stellenbosch, but a
considerable amount of the numerical results that are reported in chapters 5 and
7 were generated on the CONVEX 120 computer of the Bureau for Mechanical
Engineering.

4.2 Computational Domain

An azimuthal section of the geometry on which FLOWAX can be used for flow
calculations is shown in figure 4.1. All the boundaries are aligned with the
main coordinate directions of the polar cylindrical coordinate system. Three
separate outer radii can be accommodated, the center one of which must be a
solid boundary. A solid object of arbitrary length at the symmetry axis is also
allowed for.

Although the computational domain is axisymmetric, three-dimensional flow
problems can be solved, because azimuthal variations in flow and fluid
properties are allowed.

The primary reason for choosing this geometry was that it is an idealized
representation of the geometry of the flow problem that is the main subject of
this thesis, as discussed in chapter 1. As will be shown in chapter 5, however,
many other flow problems can also be solved on this computational domain.
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4.3 Boundary Conditions

The boundaries of the computational domain that are hatched in figure 4.1 are
treated as solid boundaries, so that the no-slip boundary conditions on velocity
components are always applied there. Provision is made for the boundaries to
rotate about the sy~etry axis, however. The circumferential velocity of the
obJect on the symmetry axis can be specified, for example.

The remaInIng four boundaries, designated by Zi (Z-direction inlet), 'i
(I-direction inlet), Zo (Z-direction outlet) and '0 (I-direction outlet) in
figure 4.1, can be specified either as open or solid boundaries by the user.
The subscripts "i" and "0" are used here purely for convenience. Inflow may
take place over an outflow boundary, and vice versa.

Either the velocity component normal to an open boundary or the static pressure
at the boundary must be specified as a Dirichlet boundary condition. If a
velocity component tangential to an open boundary is not specified, a
zero-gradient boundary condition is applied there. Zero-gradient boundary
conditions are also applied for the turbulence model variables, k and f, if
these are not specified as Dirichlet boundary conditions. At solid walls, the
wall functions are used to determine k and f (see Chapter 3).

4.4 Computational Grid

The computational domain is divided into five zones for the purpose of defining
the computational grid for the code. The five zones are shown in figure 4.2.
Any of these zones, except number 3, can be specified to have either zero length
(axial direction), zero thickness (radial direction) or both zero length and
thickness.

Zone 3 must have both nonzero length and thickness. Its length must be equal to
or greater than both the sum of the lengths of zones 1 and 2, and of zones 4 and
5. Its outer radius must be larger than that of the solid object on the
symmetry axis.

The number of radial and axial control volumes in each zone, as well as the
actual spacing between successive grid lines, are specified by the user. The
number of control volumes in the azimuthal direction is likewise specified by
the user.
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4.5 System Files and Devices

The program uses the following system files and devices:

Unit File/Device
VAX CONVEX

1
2

3
4
5
6

7

8
9

FOR001.DAT fort.1
FOR002.DAT fort.2
FOR003.DAT fort.3
FOR004.DAT fort.4

Keyboard
Visual Display Unit

FOR007.DAT fort.7
FOR008.DAT fort.8
FOR009.DAT fort.9

(Input data file)
(Restart file)
(Continuation file)
(Preprocessed output data file)

(Convergence history data file)
(Flowfield output data file)
(Flowfield plot file)

A description of the way in which these files are used, is contained in the
description of the program that follows.

4.6 Program Structure

The main program structure is shown in figure 4.3. The subroutines which read
and process the input data, control the calculation procedures and write the
output data, are called from the main program, FLOVAX. The sequence in which
these subroutines are called, depends on whether the solution procedure for a
problem is to be started from scratch, restarted, or continued using previously
calculated results, or whether the program is used to generate plotting data
files.

4.6.1 Subroutine DINPUT

The basic data required to define a flow problem is read from an input file
(unit 1) in subroutine DINPUT. The format of the input file is given in
Appendix D. Basic data includes program control variables, physical properties
of the fluid, zone size and subdivision specifications and boundary value
specifications.

A certain amount of preprocessing is also done in this subroutine. Arrays are
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set up with information on the location of every grid point with respect to the
origin of the coordinate system, and on the numbers of the neighboring grid
points. Geometrical factors are calculated and stored for later use; also the
constants that appear in the special functions described in Appendix A.

All the input data, as well as most of the data that are generated during the
preprocessing stages, are written to unit 4.

Three other subroutines are also called by subroutine DINPUT, as shown in figure
4.4:

4.6.1.1 Subroutine DIAGNO

The input data is checked by subroutine DIAGNO for obvious errors such as
negative program control variables and fluid properties, overlapping of
boundaries, and inconsistencies in boundary conditions .. More than fifty such
checks are made, and error messages are written to unit 4. If any of the error
checks fail, program execution is halted on return to subroutine DINPUT.

4.6.1.2 Subroutine DOIAIN

This is one of four "empty" subroutines in the program (the other three are
FIELDS, BFORCE and POSTPR). It is called by DINPUT before geometrical data such
as control volume sizes are calculated. The user can specify the distances
between neighboring grid lines by inserting the necessary FORTRAN code, or
simply by means of DATA statements. If nothing is specified, the grid lines
will be spaced uniformly within the zones.

4.6.1.3 Subroutine FIELDS

The user must set up the boundary values in subroutine FIELDS by specifying
values for variables at the grid points on the boundaries. Initial values may
also be set up for the remaining grid points, but it is not necessary to do so.

4.6.2 Subroutine RSTART

It is possible with FLOVAl to restart a solution procedure without having to
reread and reprocess the input data. For this purpose, the processed input data
is written to an unformatted file (unit 2) in subroutine RSTART.
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4.6.3 Subroutine ITERAT

The SIMPLEN-algorithm for setting up and solving the discretized equations
described in chapter 2 is implemented in subroutine ITERAT. In addition to
this, output files are written and convergence checks made. On convergence, or
after the specified number of time steps have been completed, the current values
of the ,flow field variables are written to an unformatted file (unit 3) to
facilitate continuation of the calculation at a later stage.

Calculations are carried out in the fourteen subroutines shown in figure 4.5,
not in Subroutine ITERAT itself:

4.6.3.1 Subroutine ISOURC

The conventional source terms for the momentum equations are calculated.

4.6.3.2 Subroutine BFORCE

The body forces due to the fan rotor are evaluated and added to the conventional
momentum source terms.

4.6.3.3 Subroutine TSOURC

The turbulence kinetic energy and decay rate production terms are calculated, as
well as the effective viscosity (using the latest values of k and €) and the
boundary values (solid walls) of k and € (using the latest values of the
velocity field).

4.6.3.4 Subroutine VELINT

Velocity components are interpolated onto the control volume faces.

4.6.3.5 Subroutine UCOEFF

The discretized equations for the axial momentum equation are set up.

4.6.3.6 Subroutine VCoEFF

The discretization equations for the radial momentum equation are set up.
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4.6.3.7 Subroutine WCOEFF

The discretization equations for the angular momentum equation are set up.

4.6.3.8 Subroutine PCOEFF

The discretization equations for the continuity equation, that is, for the
pressure correction equation, are set up.

4.6:3.9 Subroutine ICOEFF

The discretization equations for the turbulence kinetic energy transport
equation are set up.

4.6.3.10 Subroutine ECOEFF

The discretization equations for the turbulence kinetic energy decay rate
transport equation are set up.

4.6.3.11 Subroutine CENLIN

The discretization equations for control volumes bordering on the centre line
(or axis) of the coordinate system are adapted - if required by the user - to
yield global instead of individual values of the flow field variables (see
Chapter 2 for details).

4.6.3.12 Subroutine SOLVER

This subroutine is used to solve the discretization equations set up by
subroutines UCDEFF, VCDEFF, WCDEFF, PCDEFF, KCDEFF and ECDEFF. Two options are
available: point-Jacobi and line-by-line substitution. The line-by-line solver
scans the computational domain - first in the positive axial direction, secondly
in the negative axial direction, then in the outward radial direction, and
final~y in the inward radial direction - using the Tri-Diagonal Matrix Algorithm
in the manner described by Patankar (1980).

4.6.3.13 Subroutine VELCOR

The pressure corrections obtained from the solution of the discretized
continuity equation are applied to correct the velocity field obtained from the
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solution of the discretized momentum equations.

4.6.3.14 Subroutine TOLREL

A check is made on whether the solution has converged to the required tolerance,
the convergence parameter that is calculated at each time step being

( = P~ax

Pmax - Pmin
(4.1)

The merits of this convergence parameter has been discussed by Schrelider (1986);
values of order 10-:1 -to 10- 5 are considered to be adequate for most problems.

The convergence history is written to an output file (unit 7) in the form of a
table of log(() versus the number of iterations. This file can be used later to
generate a graphic representation of the convergence history.

4.6.4 Subroutine RINPUT

When a calculation is restarted or continued, the previously calculated data
that is required is read in from the relevant files (units 2 and 3) in
subroutine RINPUT.

4.6.5 Subroutine DATEDT

Provision is made to change some of the program control variables when a
calculation is restarted or continued. This option is carried out in subroutine
DATEDT through a menu-driven interaction between the user (unit 5) and the
program (unit 6).

4.6.6 Subroutine YRITER

On completion of the specified number of time steps, or when the solution has
converged to the specified tolerance, the newly calculated values of the flow
field variables are written to an output file (unit 8).

4.6.7 Subroutine POSTPR

This is the last of the "empty" subroutines, and is called just before program
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execution is halted. It can be used to process the output data, for example to
calculate the shear stress on a surface or the volume flow rate through a
section of the computational domain.

4.6.8 Subroutine PLOTTR

FLOWAX can also be utilised to generate data (in tabular form) for plotting of
the computational grid, the velocity vectors, or contours of any of the
dependent variables by means of other software available locally. Options are
provided in subroutine PLOTTR to obtain tables for any axial, azimuthal or
radial section through the computational domain. These options are exercised
through a menu-driven interaction between the user (unit 5) and the program
(unit 6); the data is written to an output file (unit 9).

4.7 Closing Remarks

It should be clear from the description of the program structure that, to use
the code efficiently, a good working knowledge regarding the program variables
is required from the user. It is beyond the scope of this dissertation to
provide a full description of all variable names that occur in the program;
cryptic descriptions of the more important variables (specifically, those that
are common to all the subroutines) are given in the source code of the main
program.

---00000---
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Figure 4.2 Zones in the computational domain
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Chapter 5

VERIFICATION

5.1 General

The numerical procedure and computer code were verified on the basis of five
test problems. The first two problems involve laminar, axisymmetric flows for
which analytical solutions are available, so that the errors introduced by the
numerical procedure can be estimated. The performance of the numerical and
turbulence model for flow through a thrust- and torque-generating device is
evaluated in the third problem, turbulent flow through an unshrouded propeller,
for which experimental data are available. The performance of the turbulence
model with wall functions is tested in the fourth and fifth test problems -
turbulent flow through an abrupt contraction and turbulent swirling flow in an
annulus - for which experimental data are also available.

5.2 Stagnation in Three-Dimensional Flow

The analytical solution procedure for flow near a three-dimensional stagnation
point on a flat plate, figure 5.1, is outlined by Schlichting (1968). The
Navier-Stokes equations for laminar, incompressible flow can be written in terms
of the dimensionless variable (=[a7Vz (a is an arbitrary constant) as two
ordinary differential equations:

~/(() = 4~"(() + 8~(()~/(()

(5.1)

(5.2)

The velocity components and the static pressure (relative to the static pressure
at the origin of the coordinate system, z=r=O) are related to the dimensionless
functions ~(() and ~(() in the following way:

v = ar~/(();
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The boundary conditions for equation (5.1) are

( = 0: tp= 0, tp'= OJ ( = lD: tp' = 1

The analytical solution was obtained by numerical integration of equations (5.1)
and (5.2) in double precision FORTRAN 77, using a very fine grid spacing
(100,000 intervals between (=0 and (~:dO). The "exact" thickness 8 of the
boundary layer (defined as the (-position where tp'=0.99) that forms on the plate
was found to be equal to 1.94440[V7a (to six significant figures). Numerical
values of the solution are given in table 5.1, for 05z/852.

The problem was subsequently solved with FLOVAX on a computational domain of
28x28. Four uniform (2n+1)x(2n+1) meshes, with n taking the values 1, 2, 3 and
4 corr~sponding to grid spacings of 8, 8/2, 8/4 and 8/8 respectively, were used.
The boundary conditions used for the numerical solution were as follows:

av
z = 0: u = 0, v = O. z = 28: u = -2faVtp(2faTV8), - - O., ,

az
au au

r = 0: = O. v = O. r = 28: - - O. v = artp'(faTVz), , ,
ar ar

The constant a was set equal to 1, and all pressures were calculated relative to
that at the origin of the coordinate system. In order to obtain an estimate of
the accuracy of the numerical solution, the normalized root mean square error of
each of the dependent variables, defined as

E~ = (5.3)

was calculated. The summations in equation (5.3) are taken only over those grid
points for which the value of the relevant variable has not been prescribed by a
Dirichlet boundary condition. Excellent agreement between the analytical and
numerical solutions was obtained, as illustrated in figure 5.2. The dashed
lines in this figure, which have slopes of exactly 2, illustrate that the
numerical method is essentially second-order accurate for this particular
problem - not only for the velocity components, but also for the static
pressure.
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5.3 Laminar flow Near a Rotating Disk

The analytical solution procedure for laminar flow near a disk rotating with
angular velocity 0, figure 5.3, is also outlined by Schlichting (1968). Here
the governing equations can be written in terms of the dimensionless variable
(=fIT7Vz as four ordinary differential equations:

2F(() + H'(() = 0

2F(OC(O + C'(OH(() - C"(O = 0

P' (() + H( () H' (0 - H" (0 = 0

where

v = rOF((); (J1 = OC(O; u = [VIrH(O; P = plIOP(O

The boundary conditions are as follows:

(5.4)

(5.5)

(5.6)

(5.7)

( = 0: F = 0, C = 1, H = 0, P = 0; ( = 00: F = 0, C = 0

The analytical solution was obtained by numerical integration of equations (5.4)
through (5.7) in quadruple precision FORTRAN 77, again using a very fine grid
spacing (128,000 intervals between (=0 and (~23). The "exact" thickness 0 of
the boundary layer (defined as the (-position where the resultant velocity
parallel to the disk surface is equal to 17. of the'velocity at the disk surface)
that forms on the disk was found to be equal to 5.67328fV7IT (to six significant
figures). Numerical values of the solution are given in table 5.2, for O~z/o~l.

The problem was subsequently solved with FLOVAX on a computational domain of
Oxo. Four uniform (2n+1)x(2n+1) meshes, with n taking the values 2, 3, 4 and 5
corresponding to grid spacings of 0/4, 0/8, 0/16 and 0/32 respectively, were
used. The boundary conditions for the numerical solution were as follows:
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Ou 8fJ}

Z = 0: U = o. v = 0, fJ} = OJ r = 0: - - 0, v = 0, = OJ,
Or Or

Ov
z = S: U = -fV[8(fIT7VS), - - 0, fJ} = OC(fIT7VS) j

Oz
Ou

r = 8: - - 0,
Or

v = rOF(fIT7Vz), fJ} = OC(fIT7Vz)

Here also, the normalized root mean square errors calculated for each of the
dependent variables show that good agreement is obtained between the numerical
and analytical solutions. Second order accuracy is obtained for u, v and p, but
not for fJ}, figure 5.4. The solution for the (indirectly calculated) azimuthal
velocity component w=fJ}r does, however, exhibit second-order accuracy.

5.4 Turbulent Flow Near a Propeller

The three-dimensional turbulent flow near a propeller was simulated by Pelletier
(1984), using a finite element method with a relatively simple turbulence model
(compared to the k-f model): the eddy viscosity is assumed to vary only in the
axial direction, the variation being described by a first order ordinary
differential equation. The propeller and flow characteristics used for the
simulation corresponded to those of the wind-tunnel experiments of Kotb (1984).

The propeller was modeled as an actuator disk of constant thickness and
diameter. The following radial distribution of thrust per unit volume was used:

0 for o S 10 s 1/8

5tm(8r-l) for 1/8 S 10 S 7/20
OT
- - tm for 7/20 S 10 S 17/40 (5.8)or

20t m(1- 210)/9 for 17/40 S 10 S 1/2

0 for 10 ~ 1/2

where r=r/D is the dimensionless radius, D is the diameter of the actuator disk,
and t is the maximum value of the thrustj see figure 5.5. The radialm
distribution of the swirl force per unit volume, i.e. (oq/On/r, was the same as
the thrust distribution, with a maximum value of q. The total thrust andm
torque produced by the propeller are found by integration of the respective
distributions:
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- 129 2
T = 800 dO tm

- --.llil. 9q = 64000 dO qm

where A is the thickness of the actuator disk.

(5.9)

(5.10)

Two cases were considered by Pelletier and Kotb: one for uniform flow into the
propeller, and one for a shear flow. These two cases were solved with FLO~AX
using the same computational domain and, as far as possible, the same boundary
conditions as for the calculations of Pelletier.

5.4.1 Uniform Flow

The propeller and flow characteristics are as follows:

Propeller diameter: 0 = 0.492 m
Propeller thickness: A = 0.04070 = 0.020 m
Air density: p = 1.177 kgfm3
Relative air velocity: U = 8.52 mfs
Total thrust: T = 9.80 N
Total torque: 1= 0.948 Nm

The computational grid is depicted in figure 5.6. In the axial direction, the
computational domain extends two diameters upstream of the propeller face and
three diameters downstream of the rear face of the propeller. The rear face is
located at z=O, thus locating the inlet plane at z=-2.04070 and the outlet plane
at z=90. Radially, the computational domain extends from the propeller axis to
r=1.20.

The computational grid has 94 stations in the axial direction and 22 stations in
the radial direction, giving a total of 748 grid points. The grid has been
designed so that expansion ratios (that is, the ratio of successive.Sz's or
Sr's) never exceed 1.9. Other constraints were that one radial grid line had to
coincide with each of the following axial stations within the computational
domain: z=-0.04070 (propeller face), z=O (rear face of propeller), and z=0.0250
and z=0.290 (locations where velocity components and static pressure were
measured by Kotb). Similarly, in the radial direction, one grid line had to
coincide with each of the radial stations r=0.4250 (location for which axial
distributions of velocity components and static pressure are given by Pelletier)
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and r=0.50 (outer radius of propeller).

Boundary conditions for the numerical solution (other than those of the
zero-gradient type) were as follows:

z = -2.04070: u = 71, v = 0, 0, -2 2000p Cp,k2;w = k = 0.0095TJ , f =

z = 30: p = p = 0;
o r = 1.20: u = 71

The free-stream value of k is one commonly used with the k-f model, while the
free-stream value of f was chosen so that the free-stream value of eddy
viscosity corresponds to that used by Pelletier.

The numerical solution was done with a time step of 0.0125 seconds, a relaxation
factor for pressure correction of 0.4, and 5 point-Jacobi substitutions per time
step. The thrust and torque distributions were "wound up" from zero in the
first 100 time steps. Approximately 14 minutes of CPU time (1941 time steps) on
the CONVEX was required to reduce the convergence parameter ( to a value of
10-6. Results are presented in figures 5.7 through 5.18.

The axial distribution of the axial velocity component at r=0.4250 (figure 5.7)
appears to have a lower peak value compared to that of Pelletier; the decay of
axial velocity component also seems to be much slower. This is not the case,
however; at r=0.4250 the thrust and torque distributions and therefore the
velocity components change rapidly with radius so that small differences in
radial profiles appear as large differences in axial distributions.

The axial velocity profiles at z=0.0250 and z=0.230 are compared with those of
Pelletier and Kotb in figures 5.8 and 5.9. Values shown at a negative radius in
figures 5.8 and 5.9 (and in subsequent figures) correspond to the measurements
of Kotb on a vertical plane, and values at a positive radius to measurements on
a horizontal plane. The numerical procedures do of course yield identical
results for the vertical and horizontal planes. The predicted axial velocity

.profiles are almost identical for the two numerical solutions, and show good
correspondence with the measured velocity profiles.

The corresponding axial distributions of the azimuthal velocity component is
shown in figure 5.10. Here also a lower peak value and a slower decay with
axial distance is observed. In this case, however, there is a real difference,
as borne out by the azimuthal velocity profiles, figures 5.11 and 5.12. The
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current calculations seem to yield better correspondence with the experimental
results. Note also in figure 5.10 the absence of "wiggles" upstream of the
propeller compared to the substantial oscillations produced by the
finite-element calculations.

Axial distributions of the radial velocity component, figure 5.13, are almost
identical for the two sets of numerical results, as are the radial velocity
profiles, figures 5.14 and 5.15. Correspondence with the experimental results
is reasonable at z=0.0250, and poor at z=0.230. The latter result is to be
expected, however, since the upstream end of the propeller drive train housing
is located at z=0.230.

Finally, axial distributions and profiles of the pressure coefficient
C =(p-p )/0.5pU2 are shown in figures 5.16, 5.17 and 5.18. Evident in figurep 0
5.16 is the pressure jump associated with thrust provided by the propeller. The
axial distributions are almost identical, with the current calculations showing
slightly higher peak value on the upstream face and a slightly lower peak value
at the downstream face of the propeller. Correspondence with the experimental
results is again reasonable at z=0.0250 and poor at z=0.230.

5.4.2 Shear Flow

The propeller dimensions and aIr density are the same as for the uniform flow
case; the other characteristics being as follows:

Relative air velocity: lJ= lJ(O) = 8.52- O.67cosOm/s
Total thrust: T = 4.00 N
Total torque: q = 0.332 Nm

The computational grid is the same in the axial and radial coordinate
directions, but now has twelve equispaced azimuthal planes instead of only one.
The boundary conditions used here are similar to those for the uniform flow
case:

r = 1.20: u = lJ( 0)z = 30: p = p = 0;o

z = -2.04070: u=lJ(O), v=O, fJJ=O, -2k = 0.0035lJ ,

Note that the inlet boundary condition on k (and therefore also on f) is based
on the average inlet velocity U.
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The numerical solution was done with the same control variables (time step,
relaxation factor, etc.) as for the uniform flow case. Initial conditions were
taken from an axisymmetric (uniform flow) solution, with the axial velocity
field suitably adjusted to produce the shear flow boundary conditions.
Approximately 50 minutes of CPU time (407 time steps) was required to reduce (
to 10-5 and a further 105 minutes (937 time steps) to reach (=10-6. Some
results are presented in figures 5.19 through 5.28.

Axial distributions of the axial velocity component at rjD=0.425 are shown in
figure 5.19 at four azimuthal sections through the computational domain.
Pelletier's results differ from these in the same way as for the uniform flow
case and are therefore not reproduced here. The nonsymmetrical behaviour of the
0° and 180° curves reported by Pelletier is clearly evident in figure 5.19.

Corresponding axial distributions of the azimuthal velocity component are
presented in figure 5.20. Once again no "wiggles" can be observed upstream of
the propeller, and the near-perfect axial symmetry reported by Pelletier is also
evident.

Radial profiles of axial and azimuthal velocity components are compared with
those of Pelletier and Kotb in figures 5.21 through 5.28. Values shown at
negative radii in these figures correspond to results at 0=180° and 0~2700, and
values at positive radii to results at 0=0° and 0=90°. The same comments as for
the uniform flow case apply generally.

Distributions of radial velocity and static pressure for the shear flow case are
not presented here due to lack of space; the results are similar to those for
the uniform flow case and generally confirm the predictions of Pelletier.

5.5 Turbulent Flow Through an Abrupt Axisymmetric Contraction

The actuator disk type flow analysed in the previous section represents one of
the major components of the fan problem, that is, the flow through the fan
rotor. The other main component is the duct system which (for the idealised fan
problem) is simply an abrupt axisymmetric contraction. Simulation of the flow
through such contraction is therefore an ideal test problem.

A major problem in setting up such a problem is to decide on the extent of the
computational domain, both upstream and downstream of the contraction. In order
to make the results directly applicable to the experimental work described in
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Chapter 6, the computational domain was chosen to correspond to the geometry of
the experimental setup. The dimensions of this computational domain are shown
in figure 5.29.

Boundary conditions other than those of the zero-gradient type are as follows
(with the origin of the coordinate system located at the contraction, and the
diameter of the pipe section denoted by D):

z = 0, 0.50 ~ r ~ 1.968150: u = 0, v = 0, M = 0

r = 0.50, 0 ~ z ~ 1.59540: u = 0, v = 0, M = 0

z = -1.59490, 0 ~ r ~ 1.968150: p = p.~

r = 1.968150, -1.59490 ~ z ~ 0: p = Pi

z = 1.59540, 0 ~ r ~ 0.50: P = Po = 0

In this way, the flow rate through the contraction is specified indirectly
through the static pressure difference Pi-Po' The pressure difference required
for a specified flow rate can be estimated by means of a simple hydraulic
analysis: application of Bernoulli's equation between the upstream and
downstream boundaries of the computational domain yields the following
relationship between the pressure difference and the mean velocity U in the pipe
section:

1 2{ Lp. - P = 2-pTJ 1 + k. + f - -
~ 0 zo 0 (5.11)

Here k. is the loss coefficient for an abrupt contraction, f is the pipe~o
friction factor, L is the length of pipe and Ai and Ao are the throughflow areas
of the inlet and outlet boundaries respectively. It is convenient to express
equation (5.11) in dimensionless form, in terms of a pressure coefficient Cp:

p. - P L [A] 2
C = ~1 /=l+k. +f-- ..!l.
P 2PU ~o 0 Ai

(5.12)

For the geometry under consideration, L/O and Ao/Ai are equal to 1.5954 and
0.0401 respectively. The value of kio for an abrupt expansion of the type
considered here has been determined experimentally by Benedict et al.(1966) and
can be taken as equal to 0.5781. The value of f is Reynolds number dependent
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and has also been determined experimentally; it can be calculated from Prandtl's
universal law of friction, equation (3.27).

The problem was solved for two flow rates, corresponding to Reynolds numbers of
105 and 106. For these Reynolds numbers, f is equal to 0.0180 and 0.01165
respectively, resulting in pressure coefficients of 1.6041 and 1.5944
respectively. Specification of these pressure differences, together with
appropriate values of 0 (1.0), P (1.0) and ~ (10-5 and 10-6) for the two
Reynolds numbers, makes the problem one of predicting the mass flow rate through
the contraction.

Initial conditions were as follows for both flow rates:

(a) Inside the pipe section, the axial velocity component was taken as uniform
and equal to U, the radial velocity component was put equal to zero and the
static pressure equal to the static pressure at the outlet boundary.

(b) Outside the pipe section and for (r2+z2»(D/2)2, the flow field of a
potential source located at the origin was used for the velocity
components; the static pressure was taken as uniform and equal to the
static pressure at the inlet boundaries.

(c) In the region between those described in (a) and (b) above, values for the
velocity components and static pressure were interpolated to give
continuous transitions.

(d) The turbulence kinetic energy (k) and its decay rate (f) were put equal to
0.0095U2 and 0.002205pU4 respectively, so that the initial value for the
eddy viscosity was equal to 5xI0-4 everywhere, as for the propeller
problem.

The computational grid is depicted in figure 5.30. It has 49 axial stations
(expansion ratio of 1.08) and 94 radial stations (expansion ratio of 1.15), with
a total of 1294 grid points. Both cases were solved with a time step of 0.005
seconds and pressure correction relaxation factor of 0.4, using 5 point-Jacobi
substitutions per time step. Convergence to (=10-4 was obtained in 2591 time
steps (17 minutes CPU time) for Re=105 and in 1894 time steps (12 minutes CPU
time) for Re=106. At this stage both flow rates were predicted correctly to
within 0.257., which was difficult to believe. The calculation was therefore
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continued to 100,000 time steps for both cases. The differences between
predicted and "specified" mass flow rates as function of the number of time
steps (N) are shown in figures 5.31 and 5.32. In both cases, the mass flow rate
"stabilizes" at approximately 67. below the specified mass flow rate. The
oscillatory behaviour of these curves are attributed to the shedding of vortices
from the sharp edge at the inlet of the pipe section (observed during the
calculation), as a result of which the shape of the velocity profiles and hence
the shear stress on the walls vary continually.

Streamlines for the two cases are presented in figures 5.33 and 5.34
respectively, showing the contraction and subsequent expansion of the flow
through the inlet plane of the pipe section. The streamlines are almost
identical for the two cases, indicating independence of Reynolds number, except
for a thin separation zone just downstream of the contraction. The separation
zones are too thin for adequate graphical representation; they also vary
continually in size as vortices are shed from the sharp edge. Radial profiles
of the axial velocity component at seven axial positions between the inlet and
outlet planes of the pipe section are presented in figure 5.35. Values shown at
negative radius are for the Be=105 case, and values at positive radius for
Be=106. These velocity profiles are also almost identical except for the second
station shown, where the reverse flow in the separation zone close to the wall
is evident for the Be=106 case.

Pressure contours are presented in figures 5.36 and 5.37, showing that the
minimum pressure occurs a short.distance downstream of the sharp edge (potential
flow theory would of course locate the point of minimum pressure at the edge).
Contours of effective viscosity are presented in figures 5.38 and 5.39, showing
that the effective viscosity is essentially independent of Reynolds number
within the range under consideration. This is consistent with mixing length
theory applied to fully developed pipe flow (see for example Schlichting, 1968).

5.6 Swirling Flow in an Annulus

In the fan problem, an annulus is formed by the fan motor and the pipe wall.
Although this annulus is relatively short, there exists a strongly swirling flow
field which the numerical and turbulence models must be able to simulate.
Experimental data for swirling flow in an annulus have been presented recently
by Clayton and Morsi (1984, 1985) for various combinations of inner-to-outer
radius ratio, inlet flow angle and Reynolds number. One of these combinations,
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that is, the one for a radius ratio of 0.51, inlet flow angle of 45 degrees and
Reynolds number of 28700 (based on the outer radius Bo) was chosen for
comparison purposes.

The computational grid is shown in figure 5.40 (not to scale: radial dimensions
have been multiplied by 2). The computational domain is 15.19 hydraulic
diameters long (the hydraulic diameter Dk is equal to the difference between the
outer and inner diameters of the annulus), and have been divided into 59 axial
sections and 18 radial sections for a total of 1140 grid points. In the radial
direction, an expansion ratio of 1.15 was used from both walls to midway between
them. In the axial direction, the grid was designed to coincide with six
stations at which velocity profiles were measured by Clayton and Morsi.

At the inlet plane, the experimentally determined values of the velocity
components and turbulent kinetic energy (~ 0.006642U2, where U denotes the
average axial velocity) were prescribed as boundary conditions. The value of f

at the inlet plane was prescribed to make the eddy viscosity equal to 0.0005,
the same value as for the propeller problem. Initial conditions for the
remainder of the flow domain were taken as equal to the boundary conditions at
the inlet plane. At the walls of the annulus, all three velocity components
were put equal to zero (no-slip condition). At the outlet plane the radial
equilibrium boundary condition on static pressure was prescribed, i.e.

8p
= prul

8r
(5.13)

The problem was solved with a time step of 0.0975 seconds and a pressure
correction relaxation factor of 0.4, using 5 line-by-line substitutions per time
step. Approximately 99 minutes of CPU time (590 time steps) was required to
reduce the convergence parameter [ to 104, and a further 116 minutes (1866 time
steps) to reach [=10- 6.

Results are presented in figures 5.41 (axial velocity profiles) and 5.42
(azimuthal velocity profiles). The decay of the azimuthal velocity component is
fairly well predicted, as are the axial velocity profiles over the outer
two-thirds of the annulus. At the inner wall, the predicted values of the axial
velocity component are approximately two times lower than the experimental ones.
This discrepancy can possibly be attributed to inadequacies in the k-f
turbulence model.
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5.6 Closing Remarks

It is evident that the numerical and turbulence model are able to simulate flow
situations similar to, but simpler than, that for the fan problem. The next
obvious step is therefore to solve the fan problem itself; for that, however,
comparative data are required. In the next chapter, the experimental work which
was undertaken to obtain the relevant data will be described.

---00000---
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Table 5.1 Analytical solution for stagnation in three-dimensional flow

z/6 ~(() ~'(O ~"(O 11(0

0.000 0.000000 0.000000 1.311938 0.000000
0.125 0.036958 0.289947 1.069255 1.162676
0.250 0.135902 0.520138 0.831418 2.154428
0.975 0.284696 0.694752 0.609149 3.103081
0.500 0.469498 0.818587 0.415698 4.156059

0.625 0.679111 0.900030 0.261591 5.444886
0.750 0.904391 0.949257 0.150559 7.068729
0.875 1.138760 0.976409 0.078758 9.092739
1.000 1. 977991 0.990000 0.097268 11.55477

1.125 1.619402 0.996150 0.015898 14.47444
1.250 1.861868 0.998658 0.006099 17.86084
1.375 2.104722 0.999577 0.002099 21.71779
1.500 2.347713 0.999880 0.000648 26.04654

1.625 2.590746 0.999969 0.000179 30.84774
1.750 2.899791 0.999999 0.000044 96.12147
1.875 9.076840 0.999999 0.000010 41.86777
2.000 9.319889 1.000000 0.000002 48.08666
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Table 5.2 Analytical solution for laminar flow near a rotating disk

z/o F(O C(O - B( 0 - P( 0

0.00000 0.000000 1.000000 0.000000 0.000000
0.09125 0.075855 0.891650 0.014279 0.151812
0.06250 0.126671 0.787667 0.050897 0.254695
0.09975 0.158055 0.690756 0.101816 0.921299
0.12500 0.174795 0.602912 0.161189 0.962461

0.15625 0.180609 0.522897 0.224456 0.986996
0.18750 0.178786 0.452252 0.288960 0.999147
0.21875 0.171742 0.990121 0.95062p 0.404954
0.25000 0.161961 0.995807 0.409760 0.406679

0.28125 0.149060 0.288576 0.464894 0.406156
.0.91250 0.195878 0.247679 0.515964 0.404556
0.94975 0.122549 0.212960 0.561177 0.402557
0.97500 0.109575 0.181947 0.602914 0.400540

0.40625 0.097280 0.155802 0.698964 0.998697
0.49750 0.085858 0.199957 0.671404 0.997108
0.46875 0.075406 0.114108 0.699966 0.995789
0.50000 0.065955 0.097615 0.724998 0.994722

0.59125 0.057490 0.089491 0.746855 0.999876
0.56250 0.049965 0.071401 0.765879 0.999216
0.59975 0.049919 0.061055 0.782992 0.992706
0.62500 0.097478 0.052205 0.796694 0.992916

0.65625 0.092967 0.044695 0.809056 0.992020
0.68750 0.027911 0.098161 0.819725 0.991797
0.71875 0.024098 0.092626 0.828919 ' 0.991690
0.75000 0.020680 0.027892 0.896899 0.991505

0.78125 0.017774 0.029845 0.849698 0.991411
0.81250 0.015265 0.020985 0.849484 0.991942
0.84975 0.019101 0.017427 0.854504 0.991291
0.87500 0.011297 0.014898 0.858811 0.991259

0.90625 0.009694 0.012796 0.862504 0.991225
0.99750 0.008256 0.010888 0.865670 0.991204
0.96875 0.007079 0.009908 0.868982 0.991189
1.00000 0.006057 0.007957 0.870705 0.991178
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Figure 5.1 Stagnation in three-dimensional flow
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Figure 5.2 Root mean square errors for stagnation in three-dimensional flow
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Figure 5.3 Laminar flow near a rotating disk
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Figure 5.4 Root mean square errors for flow near a rotating disk
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Figure 5.11 Profiles of w at z=O.025D (propeller in uniform flow)
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Figure 5.17 Profiles of p at z=O.0250 (propeller in uniform flow)
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Figure 5.21 Profiles of u at z=0.025D and 0=0/180° (propeller in shear flow)
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Figure 5.33 Streamlines for flow through an abrupt axisymmetric contraction
(Be=105)

Figure 5.34 Streamlines for flow through an abrupt axisymmetric contraction
(Be=106)
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Figure 5.36 Static pressure contours for flow through an abrupt axisymmetric
contraction (Be=105)

Figure 5.37 Static pressure contours for flow through an abrupt axisymmetric
contraction (Be=106)
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Figure 5.38 Effective viscosity contours for flow through an abrupt
axisymmetric contraction (Be=105)

Figure 5.39 Effective viscosity contours for flow through an abrupt
axisymmetric contraction (Be=106)
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Chapter 6

EIPEJllIENT

6.1 General

The objective of the experiment was to obtain data for the verification of the
numerical performance predictions; specifically for the degradation (or
improvement) under crossflow conditions of the performance of a typical axial
flow fan used in air cooling applications. The main features of the fan used in
the experiment are as follows:

Diameter: 620 mm
Number of blades: 7
Average blade chord: 86 mm (89 mm at the hub, 76 mm at the blade tips)
Hub diameter: 168 mm
Hub length: 69 mm
Design speed: 1400 rpm
Free discharge flow: 5 m3/s

6.2 Flow System

The subsonic windtunnel of the Department of Mechanical Engineering, University
of Stellenbosch, was used for the simulation of the cross-flow conditions. The
flow system in which the test fan is mounted is shown schematically in figure
6.1. The intake is located in a hole in the floor of the wind tunnel test
section, and the system exhausts to atmosphere outside the wind tunnel building.
Three different duct sizes are used in the system, to facilitate the use of
existing equipment. The other main components of the flow system are the
following:

(a) Test fan. The test fan is mounted with the upstream surface of the rotor
hub (which is flat) flush with the wind tunnel floor. The fan unit is
supported within the duct by means of four pairs of (symmetrically spaced)
steel rod struts, bolted to the motor casing.

(b) Auxiliary fan. A detailed description of the wind tunnel has been given by
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Du Buisson (1988); the main features of importance here are that it is an
open loop, draw-through tunnel. The static pressure in the test section is
therefore always below atmospheric pressure, which necessitates the use of
an auxiliary fan to obtain realistic flow rates through the system.

(c) Venturi tube. A venturi tube, consisting of a conical nozzle section (half
included angle of 10.50), a constant area throat section (inner diameter of
265 mm) and a conical diffuser section (half included angle of 9.50), is
provided for the measurement of volume flow rate. A swirl attenuator and a
flow straightener are located upstream of the venturi tube to provide the
essentially uniform axial flow necessary for its proper functioning.

(d) Throttle valve. The volume flow rate through the fan system can be
regulated with a throttle valve consisting of a flat plate mounted on a
threaded spindle at the outlet of the system.

(e) gOo-bend. Due to limited space below the tunnel, the duct system had to be
turned through 900 so that it could run out horizontally through a door in
the wall of wind tunnel building. A 900-bend with turning vanes is
provided for this purpose.

6.3 leasurements and Instrumentation

Two main types of measurements were performed during the experiment: global
measurements of fan power, pressure, volume flow rate and cross flow velocity,
and detailed measurements of the static pressure and velocity distributions
downstream of the fan. In addition to these measurements, atmospheric
conditions were also monitored. Details of the measurements and instrumentation
are as follows:

6.3.1 Atmospheric Conditions

A conventional mercury-column barometer was used to measure atmospheric pressure
P t (in mm mercury) and a conventional mercury-in-glass thermometer to measurea m
the atmospheric temperature tatm (in degrees Celsius). Both these instruments
are located in a laboratory which is about twenty metres away from, but at
essentially the same elevation as, the flow system. Conversion of the barometer
reading to N/m2 is done with the density of mercury taken as 19550 kg/m3 and
using the local value of 9,796 m/s2 for the acceleration of gravity.
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The atmospheric temperature and pressure are used to determine the air density p
at any location in the flow system where the static pressure is known, using the
ideal gas law (and -assuming isothermal flow):

p = P + P atm

Il(ta tm + to)
(6.1)

Here P is the measured pressure relative to atmospheric pressure, Il is the gas
constant for air, 287.08 JjkgK, and to=-273.15 °C is absolute zero temperature.

6.3.2 Pressure

The instrumentation for pressure measurements is shown schematically in figure
6.2. Static pressures are measured at three positions: at the roof of the wind
tunnel test section (Pi)' approximately one duct diameter length downstream of
the fan unit (po)' and just upstream of the venturi tube (pvent). A single wall
tapping is used for p., and four symmetrically spaced tappings each for P andz 0
Pvent. Another set of four symmetrically spaced tappings located at the throat
of the venturi facilitates the measurement of the static pressure difference
across the nozzle of the venturi (Ap )vent .

The dynamic pressure in the wind tunnel corresponding to the cross-flow velocity
across the fan (Ycr) was measured with a Pitot-static tube (specifically, a
Prandtl tube) located near and parallel to the roof of the test section,
pointing upstream. The mouth of the tube is located approximately 30 mm below
the static pressure wall tapping in the roof of the test section. This position
was found by trial and error to be outside the boundary layer on the roof of the
test section for all values of cross-flow velocity of interest, yet far enough
away from the fan intake for the tube to be aligned with the cross-flow.

All the pressure leads are connected to an inductive pressure transducer (range
-10 to +10 kPa) through a differential pressure scanning valve, as shown in
figure 6.2. One channel of the scanning valve (number 4) has been left open to
atmosphere so that the zero-reading of the pressure transducer could be obtained
at any time.

The output signal from the pressure transducer is relayed to one channel of a
six-channel bridge amplifier, where the input signal is amplified over a range
from -10 to +10 Volt. The output signal from the bridge amplifier is
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transmitted to a personal computer fitted with an analog to digital interface
card. The computer is used to "drive" the scanning valve: it sequentially
selects the required channels on the scanning valve; for each channel it waits
for 5 seconds for the pressure reading to stabilize, then reads 9600 voltages at
5 millisecond intervals, calculates the average voltage, converts it to pressure
units using the calibration constants of the pressure transducer, and displays
the result. The software for this application was developed by Visser (1989);
the channels to be selected, waiting time, sampling number and interval, and
calibration constants are selected by the user.

6.3.3 Volume Flow Rate

Volume flow rate was measured by means of the venturi tube. The relationship
between the volume flow rate q through a venturi tube and the pressure
difference APvent across the nozzle, as given by Bass (1971), is as follows:

q =
~

vent
'-1-- -(-A--/A--)-2 P
~ vent duct

(6.2)

Here Avent is the cross-sectional area of the throat of the venturi, Aduct is
the cross-sectional area at the inlet of the nozzle, and Cd is a discharge
coefficient close to unity.

The venturi was calibrated in a test installation consisting of the horizontal
part of the flow system shown in figure 6.1 connected to a calibrated inlet
bellmouth. The venturi calibration results are depicted graphically in figure
6.3; the discharge coefficient was determined by means of a linear regression
analysis (correlation factor of 0.9999) and is equal to 0.917.

6.3.4 Shaft Power and Jotor Speed

Shaft power was measured indirectly by means of the motor calibration described
in Appendix E. The same instruments that were used during the calibration
exercise for the measurement of input power, line current and voltage, and for
the temperature of the stator windings, were used during the experiment. Motor
speed was measured with a magnetic pickup mounted in the duct wall. The pickup
is connected to a pulse counter, which monitors the blade passing frequency.
The fan rotor is made of aluminium, which is non-magnetic; a thin strip of steel
was therefore glued to each of the seven blade tips to provide the required
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pulses in magnetic flux.

6.3.5 Static Pressure and Velocity Distributions

Distributions of static and dynamic pressure were measured approximately one fan
diameter downstream of the rear end of the fan motor. .A five-hole probe was
used; a description of the probe and its calibration are given by Venter
(1990b). The probe, which has a diameter of 16 mm and is about 20 mm long, was
screwed onto a probe holder, which is simply a 16 mm diameter stainless steel
tube. The probe holder was clamped onto a manual traversing mechanism. A
semi-circular brass block was bolted to the probe holder: the flat surface of
this block was set up to be parallel to the plane of the five holes in the
probe, thus providing a reference surface for determining the orientation of the
probe. A digital inclinometer was used for the latter purpose.

The instrumentation for the five-hole probe is also shown in figure 6.2. Each
of the pressure leads is connected to an inductive pressure transducer (range -1
to +1 kPa). The output signals from these pressure transducers are relayed to
the remaining five channels of the six-channel bridge amplifier, where the input
signals are amplified over a range from -10 to +10 Volt. The output signals
from the bridge amplifier are transmitted to the personal computer. The
computer, when prompted by the user, reads 500 voltages for each transducer at a
sampling interval of 20 milliseconds, calculates the averages, converts th~
results to pressure units using the appropriate calibration constants, and
displays the result. The software for the five-hole probe was developed by
Venter (1990a, 1990E)j the sampling number and interval and the calibration
constants are selected by the user.

Venter (1990b) also developed software for processing the raw data obtained with
the five-hole probe. This was used to obtain the final results: static
pressure, absolute velocity (Vabs)' and direction of the velocity vector with
respect to the reference plane of the probe, expressed in terms of a yaw angle
(a) and a pitch angle (A). The velocity components normal to the reference
plane of the sensor (the axial velocity u), parallel to the axis of the probe
(the radial velocity v), and parallel to the reference plane and normal to the
axis (the azimuthal velocity w) are given, respectively, by

u = Vabscosp)cos(a)

v = Vabssinp)

(6.3)

(6.4)



w = VabsCOs(A)sin(a) (6.5)

The calibration curves built into this software are only valid for Reynolds
numbers (based on the probe diameter) above 5125 (corresponding to approximately
5 m/s in air at atmospheric conditions) and yaw and pitch angles less than 90
degrees from an axis normal to the reference plane of the probe.

Access for the probe was provided by eight 17 mm diameter holes, spaced
symmetrically around the duct at the same axial position as the static pressure
tappings. Provision was made at these holes for bolting the traversing
mechanism to the duct.

6.4 Experimental Procedure

Exploratory measurements with the five-hole probe showed that the static
pressure measurement downstream of the fan (channel 5 on the scanning valve) did
not give the correct average static pressure at this location: a strong radial
pressure gradient existed due to the swirl caused by the test fan. It was
therefore decided to measure the system pressure drop between this point and the
one just upstream of the venturi tube, with the test fan rotor removed. Then,
when the test fan is running, the average static pressure at the fan outlet can
be estimated by measuring the static pressure at the venturi and adding the
system pressure drop.

The system pressure drop as function of the dynamic pressure at the venturi tube
inlet was determined during a test involving channel 4 (zero-reading), channel 5
(system pressure drop), channel 6 (pvent' for determination of air density at
the venturi tube inlet) and channel 7 (APvent' for determination of the volume
flow rate) on the scanning valve. The results are depicted in figure 6.4; the
slope of the linear regression line is equal to 1.268 (correlation factor of
0.999).

The main experiment was carried out for no flow across the fan inlet, and for a
nominal crossflow velocity of 10 m/s. The maximum flow rate that could be
obtained with the help of the auxiliary fan was approximately 507. of the free
discharge flow of the fan; this volume flow rate was kept nominally the same for
the two tests. The mean axial velocity through the fan (blade area only) was
therefore also approximately 10 m/s.
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The experimental procedure for each of the tests was as follows:

(a) Switch on all instrumentation, set up the bridge amplifier to give zero
readings on all the channels and set up the computer program for the
scanning valve measurements (to read channels 1, 2, 3, 4, 6 and 7). Switch
on the test fan, auxiliary fan and wind tunnel fan (last two tests only).

(b) Take readings of the atmospheric pressure and temperature. Use the
throttle valve on the flow system to set up the required volume flow rate,
and the wind tunnel controls to set up the required crossflow velocity.

(c) Take the readings for fan power and speed, also the six differential
pressure readings selected on the scanning valve.

(d) Set up the computer program for the five-hole probe, and carry out the
eight traverses. Readings were taken at 20 mm intervals between the duct
centreline and the last point 11 mm from the duct wall. (For each of these
points, the digital inclinometer was used to set up the probe so that the
yaw angle was within 15 degrees of the axis normal to the reference plane
of the probe: this setting was noted and added to the measured yaw angle
afterwards. Unfortunately no control could be exercised to ensure that the
pitch angle was within range.)

(e) Repeat the measurements for fan power and speed, for the six pressure
differentials selected on the scanning valve, and also for atmospheric
conditions.

6.5 Results

The "before" and "after" measurements of atmospheric conditions, pressures,
etc., taken two to three hours apart, were always very close, indicating a high
degree of repeatability. In what follows, therefore, only averages are
reported; variations between the "before" and "after" measurements are given
where appropriate. The two tests are identified by the codes "00" for the
no-crossflow case and "10" for the (nominally) 10 mls crossflow case.

6.5.1 Crossflov Velocity

Measured and calculated values relevant to the determination of crossflow
velocity are given in table 6.1. Here Appit represents the dynamic pressure
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measured with the Pitot-static tube, and Ppit the local air density; the
crossflow velocity is determined from

2 P 'tp't

Ppit

(6.6)

The static pressure measurement at the roof of the test section is used with
equation (6.1) to determine the air density. The "before" and "after"
measurements of crossflow velocity differed by less than 0.57. from the average
values indicated.

6.5.2 Static Pressure and Velocity Distributions

Distributions of static pressure and the three velocity components at the
position downstream of the fan are depicted graphically in figures 6.5 through
6.12 in the form of contour plots of ufU, vfu, wfu and C =(p -p.)fO.5pU2 (U isP 0 1,
the mean axial velocity in the duct). The crossflow velocity direction is from
left to right; the fan rotation is clockwise. The "holes" in the contour plots
represent those areas for which no measurements within the range of validity of
the calibration curves of the five-hole probe could be obtained.

The distributions for case 00 are fairly symmetric. The presence of the four
pairs of fan support struts is clearly evident in the axial and radial velocity
distributions (figures 6.5 and 6.7). The maximum azimuthal velocity is
approximately equal to the mean axial velocity (figure 6.7).

The asymmetry caused by the flow across the fan intake is clearly evident in the
distributions for case 10, although the degree of distortion of the static
pressure distribution (figure 6.12) is markedly less than those for the velocity
components. The axial velocity distribution (figure 6.9) exhibits a maximum
value of approximately two times the mean axial velocity, while the radial
velocity distribution (figure 6.10) exhibits a maximum negative value of
appoximately three-quarters of the mean axial velocity at approximately the same
position as the maximum axial velocity. The maximum azimuthal velocity is again
approximately equal to the mean axial velocity (figure 6.14).

6.5.3 Volume Flow Rate

The measurements and calculations relevant to the determination of the volume
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flow rate are presented in table 6.2. qvent is the volume flow rate determined
by means of equation (6.2); the density Pvent is determined with equation (6.1)
using the pressure reading at the venturi tube inlet. "Before" and "after"
readings of qvent differed by less than 0.27. from the average values for all
three cases. qpr is the volume flow rate determined by numerical integration of
the axial velocity distributions measured with the five-hole probe (the axial
velocities at the "holes" in the distributions were taken as zero). q agreespr
surprisingly well with qvent' being only 0.47. high for case 00 and 1.97. low for
case 10.

6.5.4 Fan Static Pressure

The results for the static pressure difference across the fan - defined for the
purpose of this dissertation as the mean static pressure at the measuring
station downstream of the fan minus the static pressure at the roof of the test
section - are given in table 6.3. APsf,sys is the static pressure difference
obtained by the procedure outlined in section 6.4; Ap f is the statics ,pr
pressure difference obtained by numerical integration of the static pressure
distributions measured with the five-hole probe (values in the "holes" of the
static pressure distributions were obtained by interpolation in the azimuthal
direction).

Correspondence between the results obtained by the two methods is reasonable.
Differences are probably due to two effects which are not accounted for by the
"system" method: the regain of static pressure due to the straightening of the
flow by the flow straightener and the swirl attenuator between the fan outlet
and the venturi tube inlet, and increased pressure drop due to the
non-uniformity of the flow caused by the cross flow conditions. On the other
hand, the effect of the "hole" in the pressure distribution on the acCuracy of
the "probe" method is not known. Nevertheless, the "probe" method is considered
to be more accurate, since the "hole" represents an area of relatively low
velocity and therefore probably of low pressure gradients also.

6.5.5 Fan Pover and Efficiency

Measurements and calculations relevant to the determination of the fan power
required to deliver the required flow rate are presented in table 6.4. The
calculation procedure is outlined in Appendix E. "Before" and "after" readings
of P t differed by less than 0.57. from the average values for both cases.. ou
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In order to compare the power requirement for the three test cases, it is
necessary to scale the volume flow rate, fan static pressure and fan power to a
common density p' and fan speed H'. The scaling rules, as given by British
Standard 848: Part 1: 1980 for the testing of fan performance, are as follows:

H'
q' = q -

H

p' H,9
P' = P -;;7

(6.7)

(6.8)

(6.9)

Scaled values are presented in table 6.5, for p'=1.2 kg/m3 and H'=1400 rpm. The
scaled values of volume flow rate are almost identical for the two test cases;
the power requirement, however, is 297. higher for case 10 compared to that for
case 00. The fan static pressure is 967. higher. Also presented in table 6.5
are values of fan static efficiency, defined as

q'Ap' sf
P'

(6.10)

The efficiency values are almost identical for the two test cases: this seems to
indicate that the performance of the fan is not influenced by flow across its
inlet. Equation (6.10) does not, however, take into account the energy which is
available in the crossflow .. The need for a more appropriate indicator of fan
efficiency is obvious, but was not pursued because it is beyond the scope of
this thesis.

The fan efficiency is very low (N227.) for both cases. Voollen tufts attached to
the test section floor in the vicinity of the fan inlet were observed to be
blown outwards during the experiment for case 00, indicating that the fan blades
experienced reverse flow to some extent and were therefore relatively
inefficient. Also, the pressure loss associated with the abrupt contraction-
type inlet is large compared with that of a more conventional bellmouth-type
inlet. Brand (1990) tested the fan in a ducted inlet/ducted outlet type
installation; even under these more favourable conditions the efficiency was
only about 407. for the volume flow rate under consideration.
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6.6 Closing Remarks

It is clear from the data presented in this chapter, that flow across the intake
of the test fan has a detrimental effect on its performance in that an increased
amount of power is necessary to deliver the same flow rate. Furthermore,
reverse flow conditions at the fan blade tips cause the fan efficiency to be low
even without crossflow. In the next chapter, numerical predictions are
presented to'support these observations, and to provide more insight with regard
to the cause of the deterioration of fan performance under crossflow conditions.

---00000---
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Case 00 10

Patm (kPa) 100.196 100.282

tatm (DC) 24.55 29.60
2 0.2 58.0Appi t (N/m )

p. (N/m2) -1.2 - 79.4~

p. (kg/m3) 1.172 1.176~

Vcr (m/s) ~ 0 9.99

Table 6.2 Volume flow rate

Case 00 10

2 1497.7 1402.1APvent (N/m )
p ven t (N/m2) - 88. 7 -108.0

Pven t (kg/m3) 1.171 1.176

qvent (m3/s) 2.627 2.590

qpr (m3/s) 2.697 2.557
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Case 00 10

APi,vent (N/m2) 85.9 95.5

APo,vent (N/m2) 154.2 150.9
2 68.9 114.9APsf,sys (N/m )

2 79.0 101.6Apsf,pr (N/m )

Table 6.4 Fan shaft power

Case 00 10

N (rpm) 1409 1969
tstat (DC) 56.4 69.9

'stat (ohm) 19.271 19.859
Istat (A) 2.459 2.909

'stat (V) 119.8 175.2

Vin (V) 996.7 986.7

'core (V) 61.1 58.1

'fw (V) 8.4 8.4

'in (V) 1291.0 1605.0

,out (V) 981.9 1164.9
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Table 6.5 Comparison of power requirement

Case 00 10

q' (m3/s) 2.610 2.649vent

Ap~f,pr (N/m2) 79.8 108.4

P~ut (V) 985 1272

17sf (7.) 21.1 22.6
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Figure 6.5 u/ U- contours - case 00

Figure 6.6 v / U- contours - case 00
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Figure 6.7 wi lJ- contours - case 00

Figure 6.8 Cp-contours - case 00
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Figure 6. 9 '/1,1 U- contours - case 10

Figure 6.10 vi U- contours - case 10
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Figure 6.11 wi U- contours - case 10

Figure 6.12 Cp-contours - case 10
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Chapter 7

NUIERICAL PREDICTIONS

7.1 General

The main objective of this thesis, as stated in Chapter 1, is to predict how the
performance of an axial flow fan is influenced by external flow across its
inlet, and to compare the predictions with experimental results. The numerical
predictions presented in this chapter are those of shaft power and fan static
pressure, for prescribed values of volume flow rate through the fan and
cross-flow velocity. All numerical values correspond to those of the experiment
described in Chapter 6; a summary is presented in table 7.1.

7.2 Computational Domain and Grid

The idealised computational domain corresponding to the experimental
configuration described in Chapter 6 is shown in figure 7.1. Several
idealisations are incorporated due to the limitations of the computer code
described in Chapter 4:

(a) The wind tunnel test section is modeled as two parallel plates of diameter
equal to 1702 mm, which is the length of the test section measured between
two static pressure wall tappings located at either end of the section.
The spacing between the plates is equal to the height of the test section,
992 mm. No account is taken of the sidewalls of the test section, which
are 1435 mm apart.

(b) The duct section (diameter equal to 622 mm, as for the experiment) extends
from the test section to the five-hole probe measuring position, that is,
to the position in the flow system where the 900 bend is located. The
length of the duct section is therefore modeled as 955 mm.

(c) The fan rotor hub and fan motor is modeled as a round cylinder of length
350 mm and diameter 168 mm. The length corresponds to the combined length
of the hub and motor, while the diameter corresponds to the hub diameter -
the motor is actually slightly smaller in diameter than the hub. The small
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gap between the hub and the motor is not modeled; neither are the cooling
fins on the motor surface.

(d) The fan blades are not modeled directly as rotating solid surfaces, but
indirectly, through the forces which they impart on the air; details are
given in the next section.

The computational grid for axisymmetric inflow is shown in figure 7.2. There
are 67 axial stations and 45 radial stations, for a total of 2901 grid points.
Expansions ratios of 1.08 in the axial direction and 1.15 in the radial
direction are used throughout.

The computational grid for distorted inflow is the same as for axisymmetric
inflow, but now has sixteen equispaced azimuthal planes instead of only one.
The total number of grid points in this case is 96,096.

7.3 Blade Element lode1

The influence of the fan blades are modeled as body forces by means of the blade
element theory commonly employed for aircraft and ship propeller calculations
(see for example Von Mises, 1959). In the present context, the theory is
applied as follows:

(a) Each blade element between two radii r and or experiences a lift force oL
and a drag force 00 (there are assumed to be no radial forces). The
directions of the lift and drag forces are, respectively, normal and
parallel to the vector of relative velocity VB of the fluid against the
element, figure 7.3.

(b) The relative velocity vector is composed of an axial component u which is
the average value of the axial velocity components at the leading and
trailing edge positions, and an azimuthal component r(fi-w), which is the
azimuthal velocity component of the fluid relative to the blade element,
also averaged between the leading and trailing edge positions.

(c) The magnitudes of the lift and drag forces are given by, respectively

(7.1)
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(7.2)

where CL and Co are the lift and drag coefficients, and C is the chord of
the blade element.

(d) The thrust oT and torque oq exerted by the blade element on the fluid (and
vice versa) are obtained by decomposing the drag and lift forces into axial
and azimuthal components:

oT = OLcos(f3) - oOsin(f3)

oq = {oLsin(f3) + oOcos(f3)}r

f3 is the angle between the relative velocity vector and the plane of
rotation of the blade element, as shown in figure 7.3.

(7.3)

(7.4)

The actual body forces, which appear in the Navier-Stokes equations as forces
per unit volume, are obtained by taking into account the number of blades Nand
the axial "thickness" fl of the fan rotor:

av 27frorfl Corfl

av 27frorfl Corfl
=------

aT

aq

NoT

Noq

(JoT

(Joq

(7.5)

(7.6)

Here (J=NC/27fr denotes the solidity of the rotor. Substitution of equations
(7.1) through (7.4) into equations (7.5) and (7.6) yields the final expressions
for the body forces, which can also be written in terms of the thrust and torque
coefficients CT and Cq:

(7.7)

(7.8)

Assuming that the direction and magnitude of VB is known, it remains to specify
the lift and drag coefficients to complete the model. These coefficients are,
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in general, dependent on the geometry of the blade elements, the local angle of
attack a=1-p (1 is the angle between the chord of a blade element and the plane
of rotation, figure 7.3), and the blade Reynolds number Be=pVBC/p.

There are three possibilities for determining CL and CO: experimentally (e.g.
wind tunnel testing), theoretically (e.g. thin airfoil theory and boundary layer
theory), or using empirical correlations available in the literature. The
geometrical features of the fan blades under consideration are presented in
Appendix Fj it was unfortunately not possible to determine the geometry of the
blade elements with the necessary degree of accuracy required for experimental
testing or theoretical calculations. The four parameters necessary for use with
most empirical correlations, that is, blade angle 1, chord C, camber ratio c/C
and thickness ratio t/C, could however be determined sufficiently accurately for
practical purposes. It was therefore decided to use empirical correlations, in
particular those of Hoerner (1965) and Hoerner and Borst (1975). Details are as
follows:

(a) For small angles of attack (below stall), the lift coefficient is given by

(7.9)

where ~ is the so-called blade efficiency expressing the deviation of the
lift-curve slope from the ideal value of 2~, and aO is the zero-lift anglej
~ is taken as 0.9 and aO is calculated from (Hoerner and Borst, chapter II,
equation 18)

c
aO = -115 - degrees

C

which is representative for airfoils with circular-arc camber lines.

(7.10)

(b) The maximum value of the lift coefficient, CLmax' which is attained just
before stall, depends on many factorsj here it is assumed that it is only
influenced by the camber and thickness ratios, and that it can be
determined by linear interpolation amongst the following four values taken
from figure 13, chapter IV of Hoerner and Borst:
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1.234 for t/ C=O. 06; e/ c=o. 045
1.297 for t/ C=O. 06; e/ C=O. 065

C - (7.11)Lmax - 1.586 for t/ C=O. 09; e/ c=o. 045
1.657 for t/ C=O. 09; e/ C=O. 065

(c) The drag coefficient for small angles of attack is given by (Hoerner,
chapter VI, equations 6, 13 and 15)

(7.12)

Here Cf is the skin friction coefficient for one side of a flat plate with
length equal to the blade element chord, and which can be approximated, for
turbulent flow, by the equation (Hoerner, chapter II, equation 26):

Cf = {3.46Iog(Be) - 5.6r2 (7.13)

The second and third terms within the brackets in equation (7.12) are
corrections for thickness and circulation respectively; the last two terms
represent the pressure drag of the blade element (the last term is
meaningless if t/C<CL/5; a minimum value of zero should be used then).

(d) Beyond stall, particularly for angles of attack larger than about 20°, the
blade element behaves like a flat plate in separated flow: it experiences a
force per unit area of magnitude 0,5PV~COmaxsin(a) in a direction normal to
its surface. Here COmax is the drag coefficient of the plate when it is
perpendicular to the flow direction; in the present context the lift and
drag coefficients are therefore given by, respectively,

CL = COmaxsin(a)cos(a)

Co = COmaxsin2(a)

(7.14)

(7.15)

The value of COmax for a flat plate with sharp edges is 1.98; it is less
for plates with rounded edges and is also influenced by factors such as
camber and aspect ratio.

These correlations have been used in the following manner to obtain the lift and



drag characteristics:

(a) Lift. Equation (7.9) is used between aO and an angle of attack a1
corresponding to CL=0.6CLmax' A third degree polynomial is used to
represent CL between a1 and a2, where CL=CLmax' Equation (7.14) is used
for a>a3, and another third degree polynomial between a2 and a3. Much the
same procedure is used for angles of attack less than aO: equation (7.14)
for a<-a3, a third degree polynomial between -a2 and -a3, and so on. There
are two minor differences (which are necessary because aO is not equal to
zero): equation (7.9) is used between aO and aO-a1 and the maximum negative
value of CL is taken as -CLmax-2~~aO'

(b) Drag. Equation (7.12) is used between aO and a1, a third degree polynomial
between a1 and as' and equation (7.15) for a>aS' The procedure for angles
of attack less than aO is similar.

The actual values of a2, as and COmax are taken as 15°, SOo and 1.4
respectively. These values were found to yield the best results for the
prediction of the fan performance for the case of axisymmetric inflow. The
resulting variations with angle of attack of the lift, drag, thrust and torque
coefficients of the fan blade under consideration are depicted in figure 7.4,
for the midspan position.

7.4 Boundary and Initial Conditions

The boundary conditions for the fan performance predictions are as follows: at
the solid surfaces, the no-slip conditions (u=v=w=O except at the rotor hub,
where w=fi) and wall functions are used; at the duct outlet plane zero-gradient
boundary conditions are used for all variables except static pressure, for which
the radial equilibrium boundary condition BpjBr=pw2 is used; at the inlet and
outlet planes between the parallel surfaces zero-gradient boundary conditions
are used for k and f, while the velocity components are fixed to provide the
correct flow rate through the fan.

The velocity profiles to be used as boundary conditions between the parallel
surfaces (representing the wind tunnel top and bottom walls) posed a problem:
these boundaries are not sufficiently far removed from the fan for uniform flow
velocity profiles to be used. The following procedure was used to overcome this
problem:
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(a) Axisymmetric inflow. The inlet velocity profiles (u and v only - w is
equal to zero) are determined from a potential flow solution on part of the
computational domain, excluding the duct section but extended in the radial
direction, as shown in figure 7.5.

(b) Distorted inflow. Uniform flow equal to the required crossflow velocity,
that is, v=Vcrcos(O); w=Vcrsin(O)/r, added to the potential flow solution
for the axisymmetric inflow case, is used to provide the required velocity
boundary conditions.

The governing equation for the axisymmetric potential flow solution is Stokes'
stream function equation (see for example Karamcheti, 1966):

(7.16)

Boundary conditions for the stream function ~ are also shown on figure 7.5;
these correspond to uniform inflow conditions between the parallel surfaces, and
also uniform outflow into the duct section. Equation (7.16) is readily
discretized using central differences, the result being as follows for a general
grid point P with neighbors S, N, Band' T:

(7.17)

The discretized problem was solved on three different grids: the first one
corresponding to the computational domain shown in figure 7.2, but extended
radially to approximately twice its size; the second one similar to the first
one but extended radially to approximately three times the size of the original
computational domain; the third one the same as the second, but refined by
insertion of a grid line between every pair of grid lines of the second grid.

For each of the three solutions, the axial velocity u=(a~/ar)/r and radial
velocity component v=(a~/az)/r at r=Di/2, the outer radius of the original
computational domain, were determined; the three sets of results are too close
for graphical comparison, indicating that the potential flow solution is
grid-independent. The velocity profiles (non-dimensionalized by means of the
mean radial velocity q/2~DiH) are shown in figure 7.6. It is clear that the
flow direction at the inlet boundary differs significantly from that of a
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uniform flow, which would have been purely In the inward radial direction.

The potential flow solutions are also used as initial conditions for the fan
performance predictions; static pressure conditions are readily obtained from
Bernoulli's equation. In the duct section the initial values for v and ware
taken as zero, while the axial velocity component u is taken as uniform
everywhere between the inlet and outlet planes of the duct.

7.5 Prediction of Fan Performance - Axisymmetric Inflow

The axisymmetric inflow problem was solved with a time step of 0.0005 seconds
and a pressure correction relaxation factor of 0.4, using 5 point-Jacobi
substitutions per time step. A relaxation factor of 0.001 was used for the body
forces during the first 1000 time steps, and 0.01 thereafter.

Convergence to (=10-5 was achieved in approximately 90,000 time steps (6 hours
CPU time on the CONVEX). At this stage the numerical predictions differed from
the experimental results by -7.57. for the fan static pressure, and by 1.57. for
fan power. The calculation was continued to 90,000 time steps (18 hours CPU
time), at which stage ( had stabilized at around 2x10-7, and the fan static
pressure and fan power at -57. and N07. respectively compared to the experimental
results.

A similar calculation was done for uniform inflow boundary conditions - in this
case the predictions differed from the experimental results by -87. for the fan
static pressure, and by +47. for the fan power. The introduction of the inflow
boundary conditions calculated from the potential flow solution is therefore
considered worthwhile. The calculation was also repeated for other values of
a2, a9 and CDmax: it was found that the results were not very sensitive to a2
and a9, but quite sensitive to CDmax. Fan power was underpredicted and fan
static pressure overpredicted for 1.5~CDmax~2.0, and vice versa for CDmax~1.4.

The general features of the flow field are depicted in figures 7.7 through 7.10.
The reverse flow at the outer part of the fan blades observed during the
experiment is clearly evident in figure 7.7, which shows the streamlines in an
azimuthal plane. Another zone of recirculatory flow is predicted downstream of
the fan motor, extending beyond the outflow boundary. The reverse flow at the
outflow boundary was not observed during the experiment; possible reasons for
the discrepancy are: inadequacies of the turbulence model (a similar discrepancy
occurred for the swirling annulus flow problem discussed in Chapter 5) and the



~9

influence of the bend and turning vanes just downstream of the outflow plane
which are not accounted for in the numerical predictions.

Static pressure contours are shown in figure 7.8, and contours of the azimuthal
velocity component (w) and effective viscosity in figures 7.9 and 7.10
respectively; the rapid increases in the values of all three these variables at
the fan rotor are clearly evident.

The effect of the reverse flow at the outer part of the fan blades is depicted
in figures 7.11 and 7.12. Figure 7.11 shows the local angles of flow onto the
fan blades: separated flow (beyond stall) prevails over the outer quarter of the
blade span and attached flow over the inner three-quarters. The corresponding
thrust and torque distributions, non-dimensionalized by means of the mean thrust
and torque respectively, are shown in figure 7.12. There is a sharp drop in
thrust, and a corresponding but smaller drop in torque (and hence power
requirement) at the outer quarter of the blade span. This is considered to be
the main reason for the low efficiency of the fan; under normal conditions (for
example with a bellmouth-type inlet) the flow would be attached over a far
greater portion of the fan blade span.

Predicted profiles of velocity and static pressure at the outflow boundary are
compared with experimental measurements in figures 7.13 through 7.16. As can be
expected from the foregoing discussion, the predicted axial velocity profile
(figure 7.13) does not compare very well with the measured one: the reverse flow
region at the centreline has to be compensated for by a higher maximum value of
axial velocity in the outer region. Also, the predicted radial velocities at
the outflow boundary are close to zero (figure 7.14), in accordance with the
zero-gradient boundary condition on the axial velocity component, whereas the
experimental results indicate a significant inward radial flow. Another
calculation with a computational domain two duct diameters longer than the
original one was also performed: the results were almost identical, indicating
that the discrepancies cannot be ascribed to the zero-gradient outflow boundary
conditions.

The results for the azimuthal velocity (w) and the static pressure (figures 7.15
and 7.16) are better; both these variables are fairly well predicted over the
region excluding the reverse flow zone. The good prediction of w is to be
expected to some extent, because the amount of swirl is essentially proportional
to the power input by the fan, and the constants in the blade element model have
been chosen so as to give the correct power. Also, the static pressure at the
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outflow boundary is related to w through the radial equilibrium boundary
condition, so that if w is predicted correctly, the static pressure must also be
predicted correctly. It is nevertheless encouraging that the shapes of the
predicted profiles are also essentially correct.

7.6 Prediction of Fan Performance - Distorted Inflow

It was clear from the start of the numerical investigation for the distorted
inflow case that the numerical procedure was not able to simulate the crossflow
- the angular velocity (w) field tended to checkerboard in the ~direction,
causing the solution to diverge after a small number of time steps. The reason
for this behaviour could not be found, and it was therefore decided to suppress
the problem by application of the fourth-order one-dimensional linear filter
developed by Shapiro (1970): at each time step the newly calculated w-values are
smoothed azimuthally by means of the following equation

1
= --- [186W(B.) + 56{w(B. 1) + w(B. 1')}- 28{w(B. 2) + w(B. 2)}256 z z+ z- z+ z-

+ 8{w(Bi+3) + w(Oi_3)} - {w(Bi+4) + w(Bi-4)}] (7.18)

The filter removes two-grid interval waves (i.e. chequerboarding), but restores
all other wave components with slightly damped amplitudes but without changes in
phase. The amount of damping introduced by a fourth-order filter is as follows:
three-grid interval waves - 327.; four-grid interval waves - 67.; five-grid
interval waves - 17.; waves of six or more grid intervals - less than 17..

The introduction of the filter introduced a second problem: the convergence
parameter { was now meaningless, because the pressure correction equation and
the filter must, per definition, adjust the grid point values of w in opposite
directions during each time step. It was therefore decided to use the
difference between the volume flow rate at the duct outlet and the specified
volume flow rate as convergence parameter.

The same control parameters (time step, relaxation factors, etc.) as for the
axisymmetric inflow case were used to solve the distorted inflow problem, except
that the center line control volumes were now treated "globally" (see Chapter
2). The crossflow was introduced gradually during the second thousand time
steps. The calculation proceeded extremely slowly, at approximately 200 time
steps per hour of CPU time on the CONVEX. Intermediate solutions (restart
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files) were saved at every thousand time steps.

At approximately 16,000 time steps the volume flow rate at the duct outlet had
converged to within +2.57. of the specified volume flow rate, but thereafter it
started to diverge again. The calculation was then restarted from the 16,000
time step intermediate solution with a pressure correction relaxation factor of
0.1 and a body force relaxation factor of 0.001. This seemed to have the
desired effect in "stabilizing" the solution: the volume flow rate at the duct
outlet oscillated with an amplitude of %37.near the specified volume flow rate,
while both the fan static pressure and fan power tended to a value of -11.57.
with respect to the experimental values. The calculation was eventually stopped
at 23,500 time steps (125 hours CPU time); the volume flow rate convergence
history up to that point is shown in figure 7.17 (the dashed line represents the
"divergent" stage of the calculation).

Figure 7.18 depicts the azimuthally averaged streamlines of the flow field. It
shows that there is, on average, a small separation bubble downstream of the fan
motor, and also thin recirculation zone at the blade tips and roots. The latter
two recirculation zones can also be seen in figure 7.19, which shows the local
angles of flow onto the fan blades (the crossflow is from left to right; the fan
rotation is clockwise): the blade tip angle is approximately 30°, therefore
there must be reverse flow between 135° and 180° near the duct surface;
similarly, because the blade root angle is approximately 55°, there must be
reverse flow between 225° and 315° at the hub surface.

It is evident from figure 7.19 that the flow onto the fan blades is highly
distorted, both radially and azimuthally, and that separated flow prevails over
a large fraction of the fan blade area. This means that the blade loading is
very much non-uniform, and that the stresses in a blade can vary considerably
during a revolution. The non-dimensionalized distributions of thrust and torque
over the fan blade area are depicted in figures 7.20 and 7.21 respectively: both
distributions show maxima of more than twice their mean values.

Examination of the numerical solution revealed that the predicted value and
position of the maximum axial velocity at the duct outlet compare very well with
the experimental values: approximately 2.2 times the mean axial velocity at
8=225° and rjD=0.4 (see figures 6.9 and 7.22). Comparisons between the
numerically predicted and experimentally determined profiles of the velocity
components and static pressure at the duct outlet are therefore presented for
the 8=45j225°-section through the calculation domain, and for the section
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perpendicular thereto, i.e. 0=135/315°.
7.23 through 7.30, where negative values
270° .

These comparisons are shown in figures
of r/O represent angles between 90° and

The axial velocity profiles (figures 7.23 and 7.24) compare very well with the
measured profiles, while the correlations between the predicted and measured
radial velocity profiles (figures 7.25 and 7.26) are once again poor.
Correspondence between the predicted and measured azimuthal velocity profiles
(figures 7.27 and 7.28) is fair in the sense that the maximum values are
predicted correctly. The static pressure distributions (figures 7.29 and 7.30)
also compare favorably.

7.7 Closing Remarks

It can be concluded that the numerical predictions confirm the results of the
experiment in the sense that more power is required to deliver the same volume
flow rate under crossflow conditions as under axisymmetric inflow conditions.
The numerical procedure underestimates the increase in power, however: an
increase of only 147. is predicted versus a measured increase of 297. (scaled
values). The predicted increase in fan static pressure is also slightly low:
277. versus 367.. As pointed out in Chapter 6, fan static efficiency cannot be
regarded as a true indicator of fan efficiency under crossflow conditions; it is
nevertheless interesting to note that the predicted value of efficiency is only
17. lower than the experimental value for the axisymmetric inflow case, and
exactly the same as the experimental value for the crossflow case.

- - - 00000- --
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Table 7.1 Summary of input and comparative data for numerical predictions

Case 00 10

P (kg/m3) 1.172 1.176
5 1.896 1.892JL (kg.m/sx10 )

Vcr (m/s) 0.00 9.99
q (m3/s) 2.627 2.590

2 79.0 101. 6Aps! (N/m )
N (rpm) 1409 1369
P (V) 981.9 1164.9
Tis! (7.) 21.1 22.6
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Figure 7.1 Computational domain
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Figure 7.2 Computational grid
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Figure 7.7 Streamlines - case 00

Figure 7.8 Contours of static pressure (N/m2) - case 00
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Figure 7.9 Contours of angular velocity (m/s) - case 00

Figure 7.10 Contours of effective viscosity (non-dimensionalised with respect
to laminar viscosity) - case 00
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Figure 7.18 Azimuthally averaged streamlines - case 10



7-23

Figure 7.19 Relative flow angles (degrees) onto fan blades - case 10

Figure 7.20 Non-dimensional thrust distribution - case 10
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Figure 7.21 Non-dimensional torque distribution - case 10

Figure 7.22 u/ l/- contours - case 10
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Chapter 8

CONCLUSIONS AND RECOIlEND!TIONS

8.1 Conclusions

All the objectives stated in the first chapter have been reached. The
calculation procedure that has been formulated for the flow simulation has been
shown to yield good results for a number of flow situations: not only for the
flow through axial flow fans, but also for related flow situations. The
numerical predictions of distorted inflow effects on the performance of axial
flow fans are good, considering the complexity of the problem. The experimental
work that has been carried out provided sufficient data for verification of the
numerical predictions.

8.2 Recommendations for Future York

Although all objectives have been reached, there are still a number of areas
where improvements can be made. The most important of these are the following:

(a) Numerical model. The numerical model should be generalized to a general
curvilinear coordinate system, so that more practical flow situations can
be analysed. An important example in this respect is that of a fan with a
bellmouth-type inlet. The problem that was encountered with simulating the
flow across the cylindrical polar coordinate system should also be
investigated.

(b) Turbulence model. Consideration should be given to the implementation of a
turbulence model that performs better for swirling flows than the k-E model
used here. Obvious candidates are the Reynolds stress models that take
into account the anisotropy of the apparent viscosity.

(c) Computer Code. The FLOVAX-code has one major deficiency: that of excessive
CPU time requirements for the more complex problems. Possibilities for
improvements in this respect are the following: the implementation of more
efficient matrix solvers, the implementation of a multigrid scheme to speed
up convergence, and the parallellization of the code. Processing time can
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be reduced significantly, for example, by setting up and solving the three
momentum equations simultaneously on three different processors, followed
by simultaneous solution of the pressure correction and k and f equations.

(d) Experimental data. The need for more, better and more complete
experimental data is obvious. Detailed distributions of velocity, pressure
and turbulence intensity, both upstream and downstream of fans in practical
flow situations are required, especially for the purpose of selecting the
best turbulence model for the calculation of such flows.

(e) Blade element model. The blade element model can be refined in many ways,
for example the use of more sophisticated correlations for lift and drag
coefficients, inclusion of tip clearance effects and inclusion of effects
due to radial flow on the fan blades.

- - - 00000- --
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Appendix A

SPECIAL FUNCTIONS

Five Peclet number dependent functions appear in the differencing scheme used
with the SIMPLEN algorithm of Thiart (1990a,1990b). Application of the scheme
in a cylindrical polar coordinate introduces a sixth function. In this
Appendix, some important properties of the six functions are highlighted.

A.l The Function J(P)

All the special functions used in the numerical procedure are related to the
function

P
A(P) =--

eP - 1
(A.l)

which appears in the coefficients of the discretization equations for the
dependent variables. This function has been discussed in detail by Patankar
(1980), its main features being as follows:

A ( - P) = A (P) + P

A(P) ~ 0

A(P) ~ -P

for P > 10

for P < -10

(A.2)

(A.3)

(A.4)

Patankar has also shown that A(P) can be calculated with sufficient accuracy for
practical purposes by the computationally efficient approximation

A*(P) = MAX{O, (1 - 0.1IPI)5} + MAX(O, -P) (A.5)

where MAX represents the FORTRAN function AMAX1(X,Y), which returns the maximum
value of its arguments X and Y.

The functions A(P) and A*(P) are shown graphically in figure A.l, from which it
is clear that A*(P) is indeed a good approximation to A(P).
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A.2 The Function 8(P)

Conventional source terms in the discretization equations are weighted by the
function

B(P)
1

= - -
P

1

P 1e -
(A.6)

which is related to A(P) as follows:

_ 1 { P } _ 1 - A(P)B(P) - - 1 - P - ---
P e - 1 P

The function B(P) can be approximated with sufficient accuracy by

(A.7)

1 - A*(P)
for IPI > 0.001

B*(P) P (A.8)=
1 1 for IPI ~ 0.0012(1 - 5P)

Equation (A.8) can also be written as a single line FORTRAN-type expression:

1 1B*(P) = 2(1 - 5P) - MAX[O, SIGN{l, (IPI - 0.001)}]

[
1 1 1 - A* (P) ]

x -(1 - -P) - -------
2 5 SIGN{MAX(O.OOl, IPI), P}

(A.9)

Here SIGN represents the FORTRAN function SIGN(X,Y), which returns the absolute
value of X multiplied by the sign of Y.

The functions B(P) and B*(P) are shown in figure A.2, to illustrate the validity
of the approximation. It is also clear from the figure that

B(-P) = 1 - B(P) (A.l0)
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A.3 The Function C(P)

The coefficients in the discretization equations for interpolation of variables
onto control volume interfaces are written in terms of the function

C(P)
1

=---
eP + 1

(A.ll)

From equation (A.l) we have

P P
e =1+--

.4(P)

so that equation (A.ll) can be written as

.4(P)
C(P) =

2.4(P) + P

This function can be approximated accurately by

.4* (P)
C*(P) =

2.4*(P) + P

(A.12)

(A.13)

as illustrated in figure A.3. Other properties of C(P) that are apparent from
figure A.3, are the following:

C( - P) = 1 - C( P)

C(P) ~ 0

C(P) ~ 1

for P > 10

for P < -10

(A.14)

(A.15)

(A.16)

The following Gombinations of .4(P) and C(P), and of B(P) and C(P) are also used
in the numerical procedure:

111.4(2P)C(2P) = 2.4(P)

1 1 1 1.4 (2P) C(- ¥) = .4(2P) - 2.4(P)

1 1 1 1.4 ( - 2P) C(¥) = .4 (- 2P) - 2.4 (- P)

B(~P) + C(~P)= 2B(P)

(A.17)

(A.18)

(A.19)

(A.20)
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!.4 The Function D(P)

The source terms in the discretization equations for interpolation of variables
onto control volume interfaces (also the coefficient~ of the discretization
equation for pressure correction) contains the function

1 eP - 1
O(P) = - , (!.21)

P e + 1

as a multiplicative factor. The relationship between O(P) and A(P) is as
follows:

O(P)
C(P) 1

= -- = ----
A (P) 2A (P) + P

(!.22)

which can be approximated by

O*(P) =
1

2A*(P) + P
(!.23)

Figure !.4 illustrates the validity of this approximation, and also that O(P) is
a symmetric function, i.e. that

O( - P) = O(P)

!.5 The Function R(P)

!combination of the functions B(P) and O(P) that appears frequently, is

(!.24)

i.e.

E(P)
Pe - 1 - P

=
p2( e'+ 1)

1[ P ] e
P
- 1

= P 1 - e' 1 P(e' + 1)

(!.25)

E(P) = B(P)O(P) (!.26)
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This function and its approximation

E*(P) = B*(P)D*(P)

are shown in figure A.5, once again illustrating the validity of the
approximation. From equations (A.10) and (A.24) it also follows that

E(-P) = {1 - B(P)}D(P) = D(P) - E(P)

Useful combinations of E(P) and A(P) are the following:

!.6 The Function F(P,m,k,a)

(A.27)

(A.28)

(A.29)

(A.30)

The last special function is the counterpart of B(P) in a cylindrical polar
coordinate system:

. _ 1[ k A{(~P+m)lna} 1]F(P,m,k,a) - - a 1 -
k A{(:2P+m-k)lna}

Note that

(A.31)

F(P,m,k,a)

1 { aP/2+m _ ak
= ----- (~P+m)lna ----
k(~P+m-k)lna aP/2+m - 1

1
- , 1 [A{-(~P+m)lna} - iA{(~P+m)lna} - (~P+m-k)lna]
k( :2P+m-k) Ina
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F(P,m,k,a)

Also,

= i [Ina _ i ~1 A{(¥+m)lna}]
(~P+m- k) Ina

(A.32)

F(-P,-m,-k,a) =
i [-k A{-(~P+m)lna} ]
- a - i
k A{- (~P+m- k) Ina}

Le.

a-k (~P+m)lna a-(P/2+m-k) -Ii}

(~P+m- k)lna a- (P/2+m) -

(~P+m) Ina aP/ 2+m- k -Ii}

(~P+m- k)lna aP/2+m_

F(-P,-m,-k,a) = ~k [1 _ . A{(~P+m)Ina} ]
A{(~P+m- k)lna}

From equation (A.31) we have

-k A{(~P+m)lna}
{kF(P,m,k,a) + i}a = ---~i----------

A{(]l+m- k)lna}

Thus, equation (A.33) can be written as

i [ -k]F(-P,-m,-k,a) = k i - {kF(P,m,k,a) + i}a

Le.

(A.33)

-ki-a
F( - P,- m,- k, a) = -----

k
F(P,m,k,a)a-k (A.34)
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Two combinations of m and k appear in the numerical procedure, i.e. (m=O, k=l)
and (m=l, k=l). For these two combinations, the function F(P,m,k,a) can be
calculated with sufficient accuracy outside the interval IP+2~21<2, that
is, outside the interval I(P/2+~1)lnal<lna, by the approximation

F*(P,m,l,a) =
Ina - (a - l)A*{(~P+m)lna}

dp+~1)Ina (A.35)

Inside the interval I(P/2+~1)lnal<lna, a straight line fit between the.extremities of the interval, that is, between P=-2m and P=4~2m, also yields good
results, i.e.

F*(P,m,l,a)

where

1= OFFsET(m,l,a) + GRADIENT(m,1,a)x(2P+m)lna (A.36)

a - 1

and

OFFSET(m,l,a) = F*(-2m,m,1,a) =---1
Ina (A.37)

F*(4-2m,m,1,a) - F*(-2m,m,1,a)
GRADIENT(m,l,a) =

2lna

which reduces to, approximately,

1 [ a-1 ]GRADIENT(m,l,a) = --- 1 - ---- {1 + (1 - O.2Ina)5}
Ina 2lna

(A.38)

(A.39)

The single line FORTRAN-type expression for F*(P,m,l,a), similar to equation
(A.9) for B*(P), can be written as
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1 .
F*(P,m,l,a) = OFFSET(m,l,a) + GRADIENT(m,1,a)x(2P+m)lna

- MAX[O, SIGN{l, (I¥+m-11Ina - Ina)}]

X[OFFSET(m,l,a) + Ga'DIENT(m,l,a)x(i'+m)lna

Ina - (a - l)A*{(~P+m)lna} ]

- SIGN{MAx(lna, liP+m-lllna), (~P+m-l)lna}

The functions F(P,O,l,a) and F(P,l,l,a) are compared graphically
and A.7 with their respective approximations for three values of
is once again seen to be good.

(A.40)

in figures A.6
a. Agreement

A useful combination of the functions C(P) and F(P,m,l,a), is the following:

F(-P,O,-l,a)C(-¥lna) - F(p,O,l,a)C(¥lna)

a - 1
= ---

a
2a{l - F(-P,O,-l,a )}

- - - 00000- --

(A.41)
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Appendix B

DISCRETIZATION OF SOURCE TERIS

B.l Axial lomentum Equation

The definition for the axial momentum equation source term is given in equation
(2.7). The source term is considered to be constant between grid points in the
axial direction; gradients are evaluated assuming piecewise linear variations
between grid points. Between grid points P and T in figure 2.2, for example,
the result is as follows:

S~ = [a ~ _ Pt - PP + UT - up fl.T - fl.p

avJ t 8zt 8zt 8zt

+ vT - vp _1 {(fl.p + fl.T)f; + (fl.H + fl.TH)

8z t 2/1r Ja;; + 1

_ (fl.S + fl.TS) r-; + (fl.p + fl.T)}

~ + 1

WT - wp (fl.B + fl.TB) - (fl.TI + fl.TTI)
+ ---------- (B.l)

6zt 4AO

B.2 loment of lomentum Equation

The definition for the azimuthal momentum equation source term is given In
equation (2.9). The source term is considered to be constant between grid
points in the azimuthal direction; gradients are evaluated assuming piecewise
linear variations between grid points. Between grid points P and B in figure
2.2, for example, the result is as follows:
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PEVE - Ppvp
2----

rpSO e[
aaqv] PE - PP + 6JE - 6JP PE - PP +

e SOe SOe SOe

+ vE - vp _l_{(PP + PE)5 + (Pu + PUE)

SOe 2/lr ~ + 1

UE - up (PT + PTE) - CPO + POE)
+ --- ----------

SOe 4/lz
(B.2)

B.3 Radial lomentum Equation

The definition for the radial momentum equation source term is given in equation
(2.8). The source term is considered to be constant between grid points in the
radial direction; gradients are evaluated assuming piecewise linear variations
between grid points. Between grid points P and U in figure 2.2, for example,
the result is as follows:

i(r:: r~) {#P[:; + "E ~o"Y](rn -

Uu - up (PTU - POU)an + (PT - PO)
+ --- ----------

Srn 2/lz(an + 1)

Vu - vp Pu - Pp

Srn Srn

Pu - Pp
---+p

Srn
[:]

n

6JU - 6Jp (PUE - PU/I)an + (PE - P/I)
+ --- ----------

Srn 2/l0(an + 1)
(B.3)

B.4 k- f. lode 1 Equations

B.4.1 Production Term

The production term that appears in both the k- and f-equations, is defined in
equation (3.14). This source term is considered to be constant within all
control volumes; gradients are evaluated assuming piecewise linear variations
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between grid points. At grid point P in figure 2.2, for example, the result is
as follows:

J1. [2{[UT - UB]2 + J [~ + VJN
tP 2Az (Ar)2 ~ +

+ [WE - W 11 + vp] 2}
2AO rp

(B.4)

B.4.2 lodification to f-Equation

The modification to the f-equation for swirling flows is the last term on the
right hand side of equation (3.33). It is discretized under the same
assumptions as the production term:

(B.5)

- - - 00000- --



C-l

Appendix C

DISCRETIZATION OF CROSS-FLUXES

C.l Definitions

The derivation leading to the discretization equations starts with the
conservative form of the general transport equation, but ends with the
non-conservative form when the continuity equation times the grid point value of
the general variable ~ is subtracted from the left hand side of equation (2.45).
It would therefore be consistent to discretize the non-conservative form of the
cross-fluxes used in the numerical procedure.

The non-conservative form of the general transport equation is obtained by
\

expanding the convection terms on the left hand side of equation (2.5), and then
subtracting the continuity equation times r2m~ from the result:

{
fJ fJ fJ fJ m}p __ (r2m~) + v __ (r2m~) + w __ (r2m~) + u __ (r2 ~)
fJt fJr fJO fJz

(C.l)

The non-conservative forms of the cross-fluxes are therefore as follows:

Axial direction:

xz~ fJ 2m fJ [2m fJ~]u = -pu --(r ~) + -- r ~--
fJz fJz fJz

Azimuthal direction:

fJ + _1 __fJ [r2m ~_ fJ~]uxO~ = -pw __ (r2m~)
fJO r fJO r fJO

(C.2)

(C.3)



C- 2

Radial direction:

~ 8 2m + _1 _8[r2m+1/l 8~]ffxrf = -pv -(r ~) ~
8r r 8r 8r

(C.4)

The relationships between the ffX,S used here and the SX's used in the main text,
are as follows:

(C.S)

(C.6)

(C.7)

C.2 Discretization

The discretized versions of equations (C.2) through (C.4) are obtained under the
following assumptions:

(a) The value of the velocity component that appears in the convective part of
the cross-flux, is constant and equal to its value at the grid point where
the flux is being calculated.

(b) The general variable ~ varies linearly between grid points.

(c) Interface viscosities are qetermined by harmonic interpolations.

The discretized cross-fluxes are therefore as follows for the grid point P in
figure 2.1:

Axial direction:

ffXZ~ = r~m{[p, ~T - ~P _
Az t. OZt

(C.8)



Azimuthal direction:

Radial direction:

c- 3

(c.g)

- - - 00000- --

(C.l0)
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Appendix D

INPUT FILE FORllT

Input data values are expected by program FLOWAX in the following sequence
(program variables starting with the letters i,j,k,l,m and n are integers, while
all the others, with the exception of the title, are single precision real
numbers; the data can be provided in free-format form, however):

D.l Program Control Variables

lturb = indicator for laminar (0) or turbulent (1) flow
lsolv = indicator for point-Jacobi (0) or line-by-line (1) solution of

equations
laxis = indicator for individual (0) or global (1) treatment of control volumes

on the axis of the coordinate system
dtime = time step (At)
nstep = number of time steps
toler = convergence tolerance
relax = relaxation factor for pressure correction
niter = number of iterations per time step

D.2 Geometrical Specifications

nrad1 = number of layers In the radial direction, zone 1
nzet1 = number of layers in the axial direction, zone 1
radi1 = outer radius of zone 1
zeti1 = axial length of zone 1
nrad2 = number of layers in the radial direction, zone 2'
nzet2 = number of layers in the axial direction, zone 2
radi2 = outer radius of zone 2
zeti2 = axial length of zone 2
nrad3 = number of layers in the radial direction, zone 3
nzet3 = number of layers in the axial direction, zone 3
radi3 = outer radius of zone 3
zeti3 = axial length of zone 3
nrad4 = number of layers in the radial direction, zone 4
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nzet4 = number of layers in the axial direction, zone 4
radi4 = outer radius of zone 4
zeti4 = axial length of zone 4
nrad5 = number of layers in the radial direction, zone 5
nzet5 = number of layers in the axial direction, zone 5
radi5 = outer radius of zone 5
zeti5 = axial length of zone 5
ntsec = number of layers in the azimuthal direction

D.3 Fluid Properties

fdens = fluid density (p)
fvisc = fluid viscosity (~)

D.4 Boundary Value Indicators for Open Boundaries

Ibvzi(1) = axial velocity (u) on Zi-plane subject to Dirichlet (1) or zero
gradient (0) boundary condition

Ibvzo(l) = axial velocity (u) on Zo-plane subject to Dirichlet (1) or zero
gradient (0) boundary condition

Ibvri(l) = axial velocity (u) on Bi-plane subject to Dirichlet (1) or zero
gradient (0) boundary condition

Ibvro(l) = axial velocity (u) on Bo-plane subject to Dirichlet (1) or zero
gradient (0) boundary condition

Ibvzi(2) = radial velocity (v) on Zi-plane subject to Dirichlet (1) or zero
gradient (0) boundary condition

Ibvzo(2) = radial velocity (v) on Zo-plane subject to Dirichlet (1) or zero
gradient (0) boundary condition

Ibvri(2) = radial velocity (v) on Bi-plane subject to Dirichlet (1) or zero
gradient (0) boundary condition

Ibvro(2) = radial velocity (v) on Bo-plane subject to Dirichlet (1) or zero
gradient (0) boundary condition

Ibvzi(3) = angular velocity (w) on Zi-plane subject to Dirichlet (1) or zero
gradient (0) boundary condition

Ibvzo(3) = angular velocity (w) on Zo-plane subject to Dirichlet (1) or zero
gradient (0) boundary condition

Ibvri(3) = angular velocity (w) on Bi-plane subject to Dirichlet (1) or zero
gradient (0) boundary condition



Ibvro(3) = angular velocity (w) on Do-plane subject to Dirichlet (1) or zero
gradient (0) boundary condition

Ibvzi(4) = pressure (p) on Zi-plane subject to Dirichlet (1) or zero gradient
(0) boundary condition

Ibvzo(4) = pressure (p) on Zo-plane subject to Dirichlet (1) or zero gradient
(0) boundary condition

Ibvri(4) = pressure (p) on Di-plane subject to Dirichlet (1) or zero gradient
(0) boundary condition

Ibvro(4) = pressure (p) on Do-plane subject to Dirichlet (1) or zero gradient
(0) boundary condition

Ibvzi(5) = turbulence kinetic energy (k) on Zi-plane subject to Dirichlet (1) or
zero gradient (0) boundary condition

Ibvzo(5) = turbulence kinetic energy (k) on Zo-plane subject to wall function
(2), Dirichlet (1) or zero gradient (0) boundary condition

Ibvri(5) = turbulence kinetic energy (k) on Di-plane subject to wall function
(2), Dirichlet (1) or zero gradient (0) boundary condition

Ibvro(5) = turbulence kinetic energy (k) on Do-plane subject to wall function
(2), Dirichlet (1) or zero gradient (0) boundary condition

Ibvzi(6) = turbulence kinetic energy decay rate (E) on Zi-plane subject to
wall function (2), Dirichlet (1) or zero gradient (0) boundary
condition

Ibvzo(6) = turbulence kinetic energy decay rate (E) on Zo-plane subject to
wall function (2), Dirichlet (1) or zero gradient (0) boundary
condition

Ibvri(6) = turbulence kinetic energy decay rate (f) on Di-plane subject to
wall function (2), Dirichlet (1) or zero gradient (0) boundary
condition

Ibvro(6) = turbulence kinetic energy decay rate (f) on Do-plane subject to
wall function (2), Dirichlet (1) or zero gradient (0) boundary
condition

---00000---
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Appendix E

CALIBRATION OF ELECTRIC 10TOR

E.l General

The purpose of the motor calibration is to determine the efficiency of the
motor, that is, the relationship between the electrical input power p. absorbedzn
by the motor and the mechanical output power Pout delivered at the motor shaft.

The motor is a conventional three-phase squirrel cage induction motor with a
synchronous speed of 1500 r.p.m. and rated at 1.9 kV. The calibration was done
according to IEEE Standard 112-1984 for the testing of polyphase induction
motors and generators. The segregated-loss method, where the output power is
determined by subtracting losses from the input power, was used. There are
three types of losses:

(a) Constant losses. These consist of mechanical losses due to bearing
friction and windage, and core losses, which are the losses in active iron
at no load.

(b) Load losses. These are ]2B losses due to the electrical resistance of the
rotor and stator windings.

(c) Stray losses. These are all the losses that are not accounted for by the
constant and load losses, and consists of stray losses in the iron core and
eddy-current losses in conductors.

E.2 Determination of Losses

E.2.l Constant Losses

The constant loss, Pconst' is determined by running the motor at rated voltage
and frequency with no load connected to the shaft. The input power is measured,
and from this is subtracted the stator ]2B loss (the rotor ]2B loss is
negligible when operating at no load) to yield P t. The friction and windagecons
loss, Pj is separated from the core loss, P , by plotting P. t againstw core cons
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the input voltage (Yin) squared and extrapolating the curve to zero voltage: the
intercept with zero voltage is the friction and windage loss and the remainder
the core loss as function of input voltage.

E.2.2 Load Losses

The stator loss Pstat is given by

(E .1)

where Istat is the measured line current (average of the three line currents),
and Bstat is the (average) direct-current resistance between any two line
terminals at the temperature of the stator windings for which the line current
measurements are taken. The relationship between Bstat and the "cold"
resistance Bstat,O is given by

tstat + 234.5
= Bstat,O -------

tstat,O + 234.5
(E.2)

where tstat and tstat,O are, respectively, the temperatures (in degrees Celsius)
for the operating condition and for the measurement of Bstat,O. Note that the
constant of 234.5 that appears in equation (E.2) is valid only for copper
windings.

The rotor loss Prot is given by

where s is the motor slip, defined as

H - Hss=---

with Hs the synchronous speed of the motor and H the actual speed.

E.2.3 Stray Losses

(E.3)

(E.4)

The stray loss Pstray is determined by carrying out a load test. A dynamometer
is mounted on the motor shaft, and the output torque qout is measured for at



least six load conditions between 257. and 1507. of rated power. The output power
is obtained from equation (E.5):

2~H
P - --- q (E.5)out - 60 out

The procedure for calculating the stray load is as follows:
\

(a) Measure the input and output power for each load point, and calculate the
apparent total loss by subtracting the measured output from the measured
input.

(b) Calculate the apparent stray load loss for each load point by subtracting
from the apparent total loss the appropriate values of P t' P t t and

cons s a
Prot.

(c) Smooth the apparent stray load loss data by using a linear regression
analysis of the form

P t (apparent) = Aq2 t + Bs ray ou (E.6)

If the slope A is negative, or if the correlation factor is less than 0.9,
delete the worst point and recalculate A and B. If this increases the
correlation factor to 0.9 or larger, use the second calculation; if not,
the test is unsatisfactory and must be repeated. The smoothed value of
stray load loss is

Pstray = Aq2out

E.3 Instrumentation

(E.7)

The no-load and load tests were performed at the Department of Electrical
Engineering of the University of Stellenbosch. The motor was mounted on a test
bench, and connected to a 50 Hz three-phase power supply through a variable
voltage regulator.

The cold resistance of the stator windings was measured with a Wheatstone bridge
type galvanometer. The temperature of the stator windings was measured by means
of three copper-constantan thermocouples placed between the stator windings (i.e
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at three different locations) and a multi-input process monitor ("Digi-Link").

Line currents were measured with three digital multimeters, and line voltages
with a fourth digital multimeter. Input power was measured with two
conventional movable coil type wattmeters (see for example Yard, 1952, for a
description of the two-wattmeter method of measuring electrical power in a
three-phase circuit).

The shaft speed of the motor was measured with a digital tachometer of the
photo-electric type. The dynamometer used for the load test consists of a
direct current generator connected to a variable load cell, which in turn
consists of a number of electric heaters. The load on the generator (and hence
on the motor) is varied by switching individual heater elements on or off. The
generator is suspended on its bearings, and prevented from rotation by a lever
arm of 500 romconnected (at right angles) to the test bench through a calibrated
spring balance; the force indicated on the spring balance multiplied by the
lever arm length is equal to the torque exerted by the motor on the generator
shaft. The accuracy of the spring balance was checked by removing it from the
test bench, and calibrating it against a set of standard weights. Near perfect
correlation was obtained, as shown in figure E.1.

EA Results

E.4.1 Constant Losses

The results of the no-load test are summarized in table E.1. A linear
regression of Pconst versus V~n (correlation factor of 0.998; see also figure
E.2 for a graphical representation), yielded the following expressions for the
friction and windage and core losses respectively:

- 6 2Pcore = 388.5x10 Yin Yatt (with V. in Volt)l.n

(E.8)

(E.g)

E.4.2 Load Losses (Stator Resistance)

The values of the stator winding resistances, measured at tstat 0=27.0 °C, were,
equal to 11.92, 11.95 and 11.92 respectively, giving an average value of
Bstat,0=11.93 ohm. Substitution of these values into equation (E.2) yields the
following relationship between stator temperature and stator resistance:
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Bstat = 0.04562(tstat + 294.5) ohm

E.4.3 Additional Losses

(with tstat in DC) (E.l0)

The results of the load test are summarized in table E.2. The linear regression
analysis yielded values of A=0.809 and B=22.88, with a correlation factor of
0.512. The worst point, that is, the second last one in table E.3, was deleted,
and the regression analysis repeated. The correlation factor improved to 0.977,
with A=1.190 and B=17.96 (see figure E.3 for a graphical representation). The
smoothed value of stray load losses as function of output torque is therefore

P = 1.190Q2out Wattstray

E.5 Summary

(with Qout in Newton-metres) (E.l1 )

The output power of the motor is given by

(E.12)

Substitution of equations (E.3), (E.5) and (E.7) into equation (E.12) yields

or, explicitly,

Pont - ~ [:~2[[1+ [:t+1 - s)(p in - Pcore Pstat) - Pf.}] 1/2 1]
(E.13)

- - - 00000- --
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Table E.1 No-load test data

y. Istat tstat Bstat Pstat p. P constzn zn
[VJ [AJ [OCJ [ohmJ [llJ [llJ [llJ
90.7 0.280 92.8 12.195 1.4 12.5 11.1118.9 0.950 92.8 12.195 2.2 15.5 19.3161.7 0.489 32.7 12.190 4.3 22.5 18.2

208.0 0.640 99.5 12.227 7.5 33.0 25.5
250.0 0.789 99.6 12.231 11.9 46.0 34.7279.7 0.900 94.4 12.268 14.9 54.0 39.1394.9 1.147 . 35.7 12.927 24.9 75.0 50.7379.7 1.399 98.7 12.464 96.9 100.0 63.7
420.9 1.750 40.3 12.537 57.6 135.0 77.4

Table E.2 Load test data

y. Istat tstat llstat N s Qoutzn
[VJ [AJ [OCJ [ohm J [rpm J [NmJ

982.9 1.523 48.7 12.920 1474 0.017 2.00
981.0 1.650 49.9 12.975 1463 0.025 3.00
380.0 1.899 50.8 19.016 1446 0.036 4.25978.7 2.173 59.3 13.130 1429 0.047 5.35
989.0 2.473 54.5 13.185 1412 0.059 6.50
980.0 2.907 57.4 13.917 1985 0.077 8.00981.7 9.619 62.6 19.554 1341 0.106 10.00979.7 4.950 68.7 19.832 1282 0.145 11.50

p. Pfw P P Prot Pout Pstrayzn core stat
[llJ [llJ [llJ [llJ [ll] [llJ [WJ

450.0 8.4 56.8 45.0 6.0 908.7 25.1
605.0 8.4 56.4 53.0 12.2 459.6 15.4
845.0 8.4 56.1 70.0 25.9 643.6 41.0

1065.0 8.4 55.7 93.0 43.4 800.6 63.9
1285.0 8.4 57.0 121. 0 64.9 961.1 72.6
1585.0 8.4 56.1 168.8 104.3 1160.3 87.1
1930.0 8.4 56.6 265.4 170.4 1404.3 24.9
2470.0 8.4 56.0 392.6 293.8 1549.9 175.3
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Appendix F

FAN BLADE GEOIETRY

F.1 General

The geometrical parameters required by the blade element model described in
Chapter 7 are the blade angle (1), chord (C), maximum camber (c) and maximum
thickness (t). A set of coordinates on the surface of one of the fan blades was
obtained with a numerical drilling machine: the fan rotor was clamped onto the
turning table of the drilling machine and a sharp steel spike was used in the
drillhead to determine coordinates on the blade relative to a fixed point on the
hub of the rotor. Measurements were taken at twelve radial sections (20 mm
intervals) between the root and the tip of the blade; the results are depicted
in figure F.1.

F.2 Blade Angle and Chord

The radial variation of blade angle and chord, calculated from the measured
data, are shown in figures F.2 and F.3 respectively. Also shown in these
figures are the following curve fits:

1 = 192.926 - 1.80485r + 15. 6549x10-9r2 - 71.9291x10-6r9

+ 166.709x10-9r4 - 154.895x10-12r5 degrees (with r in mm) (F.l)

C = -269.491 + 9.10529r - 86.4997x10-9r2 + 999.699x10-6r9

- 878.461x10-9r4 + 779.060x10-12r5 mm (with r in mm) (F.2)

These expressions represent the measured data fairly well, and are used in the
blade element model to determine the blade angle and chord, respectively.

F.3 Blade Camber and Thickness

The radial variation of maximum blade camber and thickness, as percentage of the
local chord length, are shown in figures F.4 and F.5 respectively. The results
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were obtained in the following manner: sixth degree polynomials were fitted
through the coordinates for both the "lower" and "upper" surfaces of each blade
sectionj expressions for the mean camber lines and the thickness distributions
were derived from the curve fitsj the maximum camber and thickness were then
obtained by determining the maxima of these expressions.

There is considerable scatter in the data, therefore it was decided to use
straight line fits for calculation purposes. These lines are also shown in
figures F.4 and F.5j the algebraic expressions are as follows:

c
= 6.341 - O.003544r 7-

C

t
= 8.325 - O.006863r 7-

C

(with r in mm)

(with r in mm)
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N.1 Symbols

a -
A -
B -
c -
C -

C1,C2,Cp, -

Cd -
Co -
Cf -
CL -
Cp
Cq -
CT -
( -

o -
E -

f -
F -
o -

Ok -
H -
z -
I -

J -
k -
kw
L -
m -
n -
N -

Ns
p,Ap -

N-l

NOIENCL!TURE

radius ratio, Hiemenz flow constant
interpolation function, area, constant
interpolation function, constant
maximum camber of fan blade
interpolation function, fan blade chord
constants in the k-f turbulence model
discharge coefficient
sectional fan blade drag coefficient
friction factor for a rotating cylinder and for a flat plate
sectional fan blade lift coefficient
pressure coefficient
sectional fan blade torque coefficient
sectional fan blade thrust coefficient
convergence criterion
interpolation function, diameter, drag force
interpolation function, constant in near-wall description of
universal velocity profile
friction factor for pipe flow
interpolation function, rotating disk flow function
rotating disk flow function
turbulence kinetic energy production term
rotating disk flow function, distance between parallel surfaces
index
electrical current
convective plus diffusive flux
turbulence kinetic energy, exponent, pressure loss factor
turbulence kinetic energy at near-wall grid point
length, lift force
exponent
exponent
number of time steps, rotational speed, number of blades
synchronous speed
static pressure, static pressure difference



p -

q -
q -m
q -
r -

8r,Ar
fl -

flo
fle -

flij'flig -
IR -
s -
s -
t -

At -
tm
T -

lJ lJ -x' Y
v -

II -

Y'Yw -
z -

8z,Az -
Z -

a -

ao -
a1,a2,a9 -

f3 -

1 -
8 -
A -

N- 2

Peclet number, rotating disk flow function, power
volume flow rate
maximum value of swirl force per unit volume
torque
radius, radial direction
radial distance between grid points, control volume faces
radial coordinate, electrical resistance, universal gas constant
outer radius
Reynolds number

Jflux and gradient Richardson numbers
radial force
distance in general direction, slip
source term
time, temperature, maximum thickness of fan blade
time increment
maximum value of thrust force per unit volume
thrust
axial velocity component
component of a velocity vector parallel to a solid wall
friction velocity
mean axial velocity in a pipe or annulus, free stream velocity for
propeller flow
x- and y-direction components of a velocity vector
radial velocity component
volume, voltage
absolute velocity, relative velocity
azimuthal velocity component
circumferential velocity at surface of rotating body
distance, distance from wall in direction normal to the wall
axial direction
axial distance between grid points, control volume faces
axial coordinate
discretization equation coefficient, five-hole probe yaw angle,
angle of attack
zero-lift angle of attack
specific angles of atack on fan blade lift and drag curves
discretization equation source term, relative velocity angle
fan blade angle
boundary layer thickness
actuator disk thickness, fan rotor thickness



(-

1/ -

o -
80,AO -

o

p -
(J -

(Jk,(J€

'T,'T W -

~ -
1fJ, -D -

~ -

fJJ -

n

N-3

turbulence kinetic energy decay rate
turbulence kinetic energy decay rate at near-wall grid point
error
independent variable for Hiemenz and rotating disk flow
efficiency
azimuthal direction
angle between grid points, control volume faces
azimuthal coordinate
Von Karman's constant
pitch angle
dynamic viscosity, turbulent dynamic viscosity
kinematic viscosity
density
normal stress, cross flux, solidity of fan rotor
Schmidt numbers in turbulence model equations
shear stress, shear stress at a wall
general dependent variable
Hiemenz flow functions
general dependent variable, stream function
angular velocity of fluid particles
angular velocity of rotating body

N.2 Superscripts

k -
o

p -
r -
s -
x -
u -
v -
z -
€

o -
~ -

fJJ -

+

* *,

turbulence kinetic energy .
previous time step
pressure
radial direction
source term
cross flux
axial velocity component
radial velocity component
axial direction
turbulence kinetic energy decay rate
azimuthal direction
general dependent variable
angular velocity
dimensionless
non-dimensionalized by means of v and u'T
approximate



N-4

correction, fluctuation, ordinary derivative
pseudo
average

N.3 Subscripts

an -
atm -
b,B -

const
core -
cr -

duct
e,E -
fw -
h -

hub
i

in -
min,max -

n,N -
nb -

num -
o -

out -
pit

pr -
p -

rms -
rot
s, S -
sf -

stat
stray -

sys
t, T -

vent

w,'" -
o
'T -

analytical
atmospheric
bottom interface, grid point
constant
core
crossflow
duct
eastern interface, grid point
friction and windage
hydraulic
rotor hub
inlet
input
minimum, maximum
northern interface, grid point
neighbouring
numerical
outlet
output
pitot-static tube
five-hole probe
central grid point
root mean square
rotor
southern interface, grid point
fan static
stator
stray
system
top interface, grid point
venturi
western interface, grid point
reference value
time
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