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Abstract

The difficulties in understanding severely asymmetrical flows in wide-angled
diffusers are associated with a lack of sufficient experimental data and ac-
curate flow prediction methods. The results presented in this thesis address
this inadequacy. The first objective of this study was to provide a reliable
data bank contribution, whereby the complete velocity and static pressure
fields, and pressure recovery data for unvaned wide-angled diffusers in the
fullv stalled flow regime are experimentally measured. The measurements
were carried out at Reynolds numbers between 1.07 x 10° and 2.14 x 10°
based on inlet hvdraulic diameter and centreline velocity for diffusers whose
divergence angles were between 30° and 50°. Variation of Reynolds number
did not significantly affect the velocity profiles. By increasing the velocity
from 10 m/s to 20 m/s, the static pressure recovery increased by 8.31%. How-
ever, as the divergence angle was increased, a similar increase in the Reynolds
number resulted in a higher percentage increase in pressure recovery.

Due to the adverse pressure gradient along the diffuser walls in wide-
angled diffusers, the attached fow separates from one diverging wall and
remains attached permanently to the other wall. This process is called
‘stalling”. Tests performed to determine the wall to which the flow remained
attached led to the conclusion that the wall of preference in both the physical
and computational models was totally random. Experimental results showed

that regardless of the wall to which the flow was attached, both the velocity
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and pressure ficlds were replicated with discrepancies below 2% .

The second objective of the study was to introduce inlet vanes to the
diffuser and investigate the change in the pressure recovery data due to this
inclusion. There was a marked improvement in the pressure recovery while
operating in this high loss regime of the fully developed stall. with the pres-
sure recovery coefficients increasing by more than 75% in all cases.

The third objective of the study was to numerically model all the physical
flows with and without the vanes. Other diffuser geometries whose pressure
recovery data are available in the literature were included for comparison.
In total, ten diffuser geometries were modeled. Four eddy viscosity models
that are known to give reasonable predictions for flows in adverse pressure
gradients were used, namely; the standard k — e. realizable & — ¢, Wilcox
k — w and Menter shear stress transport (SST) & — w models.

In all the four models, computations were performed using the finite
volume commercial code. FLUENT. Solution of the modeled equations was
carried out using the segregated numerical scheme approach with the gov-
erning equations being implicitly linearized. Discretization of the transport
equations was done by use of the QUICK discretization scheme. Grid conver-
gence was achieved when the number of cells in the computational domain
were 229.440.

All four models showed comparable performance in the prediction of the
velocity profiles. The & — € models however consistently over-predicted wall
static pressures by more than 200% and failed to predict the separation bub-
ble that was experimentally observed on the unstalled wall near the diffuser
entry. The Wilcox & — w model under-predicted the wall static pressure by
14.66%. The SST k—. model emerged as the best overall model in predicting

these very strong adverse pressure gradient flows.
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The maximum error in predicting the static pressure recovery data and
velocity fields with the SST k — w model was 4%. The lateral velocity and
static pressure profiles were predicted within 1% and 0.15% error, respec-
tively. For constant inlet aspect and diffuser length to width ratios, the
maximum pressure recovery in unvaned diffuser was predicted to occur when
the divergence angle was 11°. The error in predicting the improvement of
pressure recovery with the vanes installed was 3.56% when compared with
the experimental results.

Finally, a simple correlation for determining the effective flow areas for
fully stalled diffusers has been proposed and was found to predict the geome-

tries of those areas to within 6% of those measured experimentally.
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Notation

This section includes the most commonly used notation in this thesis. In or-

der to avoid departing too much from conventions normally used in literature

on turbulence modeling and general fluid mechanics. a few symbols denote

more than one quantity.

English symbols

A
AR
AS

Local cross-sectional area, m?

Area Ratio Ay/A; = Wy /W)

Aspect ratio b/1V;

Distance hetween parallel walls of the diffuser, m
Total blockage factor, the ratio 26*/1V;

Skin-friction coefficient hased on freestream velocity
Coefficient of static pressure recovery at any wall location
Overall coefficient of static pressure recoverv
Maximum coefficient of static pressure recovery

for N/W; = constant

Transport of turbulent properties by diffusion
Hydraulic diameter, m

CTA linearizer output, volts

Vortex stretching function

XIX
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“U’U'Zfi’rhm

Patm
Pp
F
P,
Py

2

Cross diffusion function

Yaw meter calibration parameter
Turbulence model blending functions
Acceleration due to gravity, m/s?

Length of diffuser side plates, m

Turbulent kinetic energy, m?/s?
Dimensionless roughness constant

Diffuser total axial length, m
Instantaneous pressure, N/ m*

Mean static pressure, N/ m?

Production of turbulent properties,

Wetted perimeter, m

Atmospheric pressure, N/m?

Dynamic pressure, N/m”

Static pressure rise in diffuser, N/m?

Total pressure, N/m”

Static pressure at any location, N/ m?

Flow velocity in an arbitrary direction. m/s
Volumetric flow-rate, m3/s

Yaw meter dynamic pressure calibration parameter
Reynolds number

Turbulence Reynolds number

Near-Wall turbulence Reynolds number
Modulus of the mean rate-of-strain

Mean strain rate tensor

Yaw meter total pressure calibration parameter

Time, s
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w, v, w Velocities in x,y, 2z directions, m/s

u’ Root mean square fluctuating velocity in x direction, m/s

uw* Shear stress velocity, m/s

ut Dimensionless near wall velocity

i Instantaneous velocity in r; direction, m/s

U, Mean velocity in x; direction, m/s

Uses Mean velocity at diffuser reference location in r direction, m/s
1% Volume of a cell, m?

Via Transducer voltage output, volts

£ Axial distance of measurement locations from the diffuser inlet, m
XY,z Rectangular cartesian coordinates

Yy Normal distance from diffuser wall. 1

yt Dimensionless distance fromn the wall

W Width of the diffuser, m

Greek symbols

o, Closure coeflicients

Vs Intermittency of stalling between diffuser diverging walls, %
) Boundary layer thickness, m

o* Boundary layer displacement thickness. m

djj Kronecker delta

€ Turbulent kinetic energy dissipation rate, m?/s*

€ijk Alternating tensor

£ Non-dimensional coordinate normal to the axial (x) direction
6 Half angle of the diffuser between diverging walls, °

Boundary layer momentum thickness, m
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L The coordinate of distance measured along diffuser walls
K Von Karman universal constant

A Measure of inlet How non-uniformity

T Molecular viscosity, kg /s

I Turbulent eddy viscosity, kg/ms

11 Transport of turbulent properties by pressure-strain relationship
P Mass density of the fluid, kg/m3

ay Turbulent Prandt]l numbers for &

O Turbulent Prandt]l numbers for w

T Turbulent Prandtl numbers for €

Tij Reynolds shear stress tensor

v Kinematic molecular viscosity, m?/s

Uy Kinematic turbulent eddy viscosity, m?/s

) Dissipation of turbulent properties

Arbitrary transport property

\k Dimensionless cross diffusion parameter
Xw Dimensionless vortex stretching parameter
v Velocity vector angle, °

w Specific dissipation rate, s~ 1

wh Normalized specific dissipation rate

€y Mean rate-of-rotation tensor, s~
Abbreviations

AFOSR Air Force Office of Scientific Research
AMNG Algebraic multigrid method

APG Adverse pressure gradient

CAD Computer aided design
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CFD
CTA
DAQ
DNS
ERCOFTAC

HTTA
LES
PCI
QUICK

RANS
RSM
SIMPLEC

SST
UIM

Others

Computational fluid dynamics

Constant temperature anemometer

Data acquisition

Direct numerical simulations

European rescarch community on flow, turbulence
and combustion

Heat Transfer and Turbulence Mechanics

Large eddy simulations

Peripheral component interconnect

Quadratic upstream interpolation for convective
kinetics

Reynolds averaged Navier-Stokes equations
Reynolds stress model

Semi-implicit method for pressure linked
equations-consistent

Shear stress transport model

Unified integral method

J Partial derivative

D/Dt Total derivative

{ Length scale of turbulence
\Y Gradient
I Diffusion coeflicient
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Subscripts/superscripts

€ Equivalent

f Face of a cell

I3 Transport terms of turbulent kinetic energy

lr.c Left, right, center

m Mean, average

n Normal, perpendicular

nb Neighboring cells

t Total

w Conditions at the wall

€ Transport terms of turbulent kinetic energy dissipation rate
Tij Transport terms of Reynolds stresses

w Transport terms of turbulent kinetic energy specific dissipation rate
1 Diffuser entrance

2 Diffuser exit
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Convention and frame of reference

The notation and the frame of reference for the two-dimensional diffusers in

this research are based on the figure below.

Flow direction
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Chapter 1

Introduction

1.1 Overview

Diffusers are found in many fluid-flow systems, such as turbo machines, flow
meters, noise suppressors, air-conditioning ducting, wind tunnels, ctc. While
the improvement of pressure recovery in a diffuser without regard to dimen-
sional limitations is obviously desirable, the most welcome improvement from
a designer’s viewpoint would be the reduction of a diffuser’s length without
sacrificing its performance. In order to meet some design constraints such
as the overall size of a fluid-flow system, wide-angled diffusers with severe
flow separation and poor efficiency, are often tolerated. The flow separation
is caused mainly by the adverse pressure gradient along the walls of the dif-
fuser, causing a back-flow, in a process known as “stalling’. The back-flow
behavior of stalled diffusers is uniquely related to the diffuser geometry as
described in the flow regime chart of Fox and Kline [1], shown in figure 1.1.

Whenever stalling in a diffuser flow occurs, regions of the stalled flow
block the normal flow causing poor pressure recovery and severe asviunetry
of the flow. Even though the diffuser performance, as characterized by the
pressure recovery, is dependent on more parameters than just the geometry,

figure 1.2 represents the general relationship between the flow regimes and
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Figure 1.1: Flow regimes in two-dimensional diffusers

the geometry. Ashjaee and Johnston [2], among others, have indeed shown

that the maximum pressure recovery, (' . in a diffuser is attained when there
bl

i
is an appreciable stall in the diffuser, (see figure 1.2), and occurs when the
total divergence angle is between 7° — 10°.

As will be illustrated in the literature survey in this chapter, the difficul-
ties in understanding the physics of the flow in severely asymmetrical flows
in wide-angled diffuser are associated with a lack of adequate experimental

data and accurate flow prediction methods. The studies carried out in this

research address this inadequacy. The first objective of this research was to



1.1. OVERVIEW

a b o
N Large Two-
o transitory di sional | Jet flow
appreciable tall mensiona
stall sta stall
d
6
i
b .
N/W 1=Constant d ¢ Jet flow

AR or divergence angle 2 0
Figure 1.2: Relationship between flow regimes and pressure recovery

provide a reliable data bank contribution, whereby the complete How-field
data for unvaned wide-angled diffusers in the fully stalled flow regime were
experimentally measured. The flow-field data included the axial and lateral
velocity profiles, static pressure profiles, and pressure recovery coefficients,
measured i diffusers whose total divergence angles were 30°, 40° and 50°.
The measurements were carried out at Reynolds numbers between 1.07 x 10°
and 2.14 x 10° based on the inlet hydraulic diameter and centreline velocity.

To minimize the influence of diffuser geometry at the inlet and achieve
a fully developed inlet flow, the aspect ratio at the inlet and the normal-
ized inlet duct length were chosen to be 4, and N/W7, = 10, respectively.
The resulting inlet blockage factor B, obtained from preliminary tests was
approximately 0.015. The measured recovery and mapping data was then
compared with the data of Reneau et al. [3] for B = 0.015. For each dif-
fuser, the influence of Reynolds number on the flow-field, the influence of
change of the wall to which the flow becomes attached after stalling, and the

two-dimensionality of the flow were investigated.
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The second objective was to investigate the change in the pressure recov-
ery due to the placement of inlet vanes in the three diffusers as suggested by
Cochiran and Kline [4], Moore and Kline [5], and Feil [6]. Cochran and Kline
have shown that the vanes’ geometries play an important role in enhancing
the pressure recovery. The design criteria of the vanes was based on their
results.

The third objective was to numerically solve for the flows in the three
wide-angled diffusers when they are both unvaned and vaned. To give a
complete picture of all the flow regimes, diffusers that are in the unstalled,
large-transitory and fully developed two-dimensional stall regimes, were in-
cluded in order to compare the pressure recovery mapping data with that
of Reneau et al. [3]. In this respect, 10 diffusers of total divergence angles,
4°, 72, 10°, 15°, 20°, 28°, 30°, 40°, 42°, and 50° were modeled. Four eddy
viscosity models that are known to give reasonable prediction for flows in
adverse pressure gradients were used, namely; the standard A — e, realizable
k — e, Wilcox k — w and Menter SST &k — w models. Model comparison was
performed by simulating flows in the 50° diffuser because it provided the
most stringent flow conditions. The best overall model was then extended
to predict flows in all the other diffusers. The predicted results were then
compared with the experimental results obtained from this research and also
those from published literature.

Previous experimental and numerical work relating to separated flows in
diffusers is reviewed in this chapter. While reviewing the numerical work,
performance of the common turbulence models in separated and adverse
pressure gradient flows are discussed. The objectives of this research are
summarized at the end of the chapter.

Chapter 2 gives a ‘thumbnail’ sketch of the Reynolds-averaged Navier-
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Stokes (RANS) equations that are used to develop the turbulence models
used in this research and are summarized towards the end of that chapter.
No attempt is made to discuss the physics behind their derivations, but the
physical interpretation of each termn that arises from the Reynolds averaging
of the Navier-Stokes equations is discussed.

The experimental apparatus and instrumentation for the data acquisition
are discussed in chapter 3. Since the calibration of the instruments was done
following the standard procedures, the calibration data has been omitted
from this chapter. The calibration procedures, curves and charts are instead
given in appendix B.

In chapter 4, the numerical treatment of the diffuser flows is outlined
by a discussion of the solution and the meshing techniques used. A brief
introduction to the finite volume solution technique is also given.

The primary purpose of a diffuser is to obtain pressure recovery. When
diffusers with different geometries are to be compared. non-dimensional pres-
sure recovery coefficients are used. Due to the differences in the literature in
defining the reference pressure against which pressure recovery is measured,
it was found necessary to define the pressure coefficients as they are used in
this rescarch. These coeflicients, together with a short mention of the errvor
analysis techniques adopted in this research are presented in chapter 5.

Both the experimental and numerical results are presented, discussed and
compared in chapter 6. In order to avoid repetition of graphical results that
give similar trends here, the overall observations are summarized in the form
of tables when discussing the results. The remaining graphs are then given
as a data bank contribution in appendix A. The important conclusions that

can be drawn from this study are presented in chapter 7.
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1.2 Review of experimental work

The carly rescarch on diffusers, as reported by Reid [7], 1s associated with the
water table diffuser experiments of Professor A. H. Gibson in 1913. Despite
some shortcomings of his techniques as scen from the modern view point,
his results indicated that diffuser flows were characterized by sharply defined
minimum pressure losses which occurred at divergence angles of between 5.5°
and 11°. He demonstrated that for divergence angles beyond this range, flow
separated from diffuser walls, leading to poor pressure recovery. While Gib-
son’s work suggested that diffuser performance was affected by the geometry
of the diffusing passage, there seemed to be no svstematic research on these
types of flows because of a lack of suitable measuring techniques for recir-
culating flows. A review of the status of early research on diffusers is well
covered by Reid [7].

Through flow visualization experiments, most researchers had observed
that the flow patterns in diffusers depended heavily on the diffuser geometry,
distinguished by the unique flow behavior of the four regimes shown in figure
1.1 and briefly described below. Detailed descriptions of these flow regimes

are given by Fox and Kline [1,8].

(i) Appreciable stall regimes are where distinguishable regions of back flow
separation bubble formation of the order of magunitude of the boundary
layer thickness are observed, but are washed downstream by the main

v 9 v

flow before forming again.

(ii) Large transitory stall regimes are where the entire flow region is charac-
terized by large, low frequency stalls that are formed and washed away
in a transitory pattern that persists indefinitely. The flow is thus very

unsteady and experimental mecasurements in this region are somewhat
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difficult. The time scale of transitory stall behavior appears to be a

strong function of throat Reynolds number [9,10].

(iii) Fully developed two-dimensional stall regimes are where the flow is
asyminetric, fully developed and steady, and attaches itself to one wall.
The wall onto which the stall attaches itself is arbitrary and is suspected

to be caused by small flow instabilities upstreamn of the diffuser.

(iv) Jet flow is a relatively steady flow, with the flow symmetrically sepa-

rating from both walls.

The demarcation of these flow regimes is very weakly dependent on Reynolds
number over the range from 6 x 10% to 3 x 10°. However, the performance of a
diffuser. measured in terms of static pressure recovery, and the flow field are
affected by many parameters. Primary among them are; the Reynolds nun-
ber, the inlet boundary-layer conditions, the level of turbulence at the inlet,
and the diffuser geometry. Indeed, there is a strong relationship between in-
let boundary layer conditions (characterized by inlet free-stream turbulence
and boundary layer thickness) and the diffuser performance, as Waitman
et al. [11] showed.

An understanding of the relationships between these parameters and
their effects on the diffuser performance leads to a rational basis for diffluser
design and the use of experimental data to develop and validate numerical
codes. In trying to experimentally relate each of these parameters to diffuser
performance, a fertile ground for most researchers was formed. This review
does not in any way attempt to cover all the contributions made in trying to
achieve such objectives, but instead highlights some of the major conclusions
that can be drawn from previous research.

The relationship between diffuser geometry and performance is mainly
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covered by Reneau et al. (3], Kline et al. [12], and Sagi and Johnston [13],
among others. Firstly, they paid attention to the variations that gave the

®
pro

best diffusing angle corresponding to the maximum effectiveness, for a
given length to width ratio, N/1V;. Secondly, they determined the best ratio
N/Wj for a given area ratio between inlet and outlet Ay/A4;, that gave the
maximum effectiveness. They concluded that the optimum effectiveness is
achieved when the total divergence angle of the diffuser is approximately 7°
and the ratio N/117 not exceeding 25. They further reported that at high
divergence angles. the area ratio became less significant as a variable for
determining pressure recovery. At such angles, the important parameters are
the ratio N/1V, the inlet conditions, and the geometry of any downstream
tailpipe. Even though their work did not address the How-structure within
the diffusers, and instead covered only the pressure recovery between the
inlet and the outlet of the diffusers, the work of Reneau et al. [3] is widely
used in the design and mapping of two-dimensional diffusers.

Experimentally, the boundary layer thickness can be adjusted so that
the relationship between diffuser performance and the boundary layer char-
acteristics can be understood. One technique for instance, that was used by
Norbury [14], and Johnston and Powars [15] to vary the inlet blockage factor
was the artificial placement of thin rods on the walls upstream of the diffuser
inlet. The important conclusion that was drawn from their research was
that for a fixed geometry and Reynolds number, pressure recovery usually
decreases as the inlet blockage increases. Their research further showed that
for aspect ratios b/W, > 4, the influence of the aspect ratio on performance
is negligible for a uniform diffuser inlet flow.

However, uniform flow at the inlet of the diffuser is not always achieved

in practice, since various upstream flow conditions like obstructions due to
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blades, struts, etc. may shed wakes. In any case, it is known that the
introduction of the wide-angled diffuser causes severe non-uniformity in the
upstream inlet channel. McMillan and Johnston [16] have argued that a
uniform velocity profile carries the minimum momentum flux possible at a
given flow rate. so transformation of a distorted profile to a more uniforn
one, even in a constant area duct, can result in an increase in static pressure
(a process that occurs in diffuser tail pipes). Based on this understanding
therefore, the inlet core-flow velocity profile distortions can cause a significant
change in the pressure-recovery performance and, bv implication, the flow
regimes.

Indeed, Wolf and Johnston [17], and Kaiser and McDonald [18] intro-
duced a non-uniformity to the boundary layer at the inlet and found that
the onset of stall occurred at a lower value of area ratio for fixed length to
width ratio for wake type inlet profiles than diffusers with irrotational inlet
core velocity profiles. Thus line ¢ — a and b — b of figure 1.1 are apprecia-
bly shifted downwards. Even though they did not obtain pressure recovery
data, their results suggested that a slightly distorted wake type inlet velocity
profile may be beneficial to performance. But the creation of a wake as a
remedy to poor performance is unfavorable, due to other losses associated
with this.

Many researchers, among them, Reneau et al. [3], and Sagi and Johnston
[13] have shown that at low Mach numbers, performance is quite insensitive
to Reynolds number. Recently, Kibicho et al. [19], and Kibicho and Sayers
[20] in fact confirmed this insensitivity and demonstrated that the velocity
field within the wide-angled diffuser, is little influenced by Reynolds number.
Most of this experimental work was carried out at inlet Mach nmumbers below

0.2. Runstadler and Dean [21] have investigated the effect of varving the

9
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diffuser inlet Mach number on both the flow regimes and the performance.
Variation of Mach number at low flow Mach numbers marginally influenced
the performance, while in supersonic flow regimes, there was little gain in
performance as the Mach number was raised.

If the basic mechanisins that control diffuser performance can be under-
stood, then, this will lead to the design of systems which employ techniques
that utilize these mechanisms in improving the efficiency of fluid machines.
Once the separation of the flow from the walls in adverse pressure gradients
is prevented by any method, then, that method can be applied to design an
efficient diffuser with a large divergence angle and a shorter length. Hoff-
man [22] has argued that if such a method can enhance the transfer of free
streain turbulent energy to the diffuser walls, then this transfer of ecnergy will
decrease the distortion of the velocity profiles within the diffuser and delay
the onset of separation. As one means of facilitating this energy transfer, Fu-
ruya et al. [23,24] applied boundary layer suction to the low momentum fluid
at the diffuser walls, and succeeded in improving the performance in both
conical and two dimensional diffusers of high divergence angles. Energization
of the boundary layer fluid by the use of vortex generator as another method
of improving cfficiency has successfully been tried by Senoo and Nishi [25].

Other tried techniques for reducing the velocity profile distortion are, the
inclusion of entry guide vanes [4,6], and change of local pressure gradients by
change of wall shape [26]. Recently, Raghunathan and Cooper [27] have tried
to improve the diffuser performance by controlling the boundary laver growth
by use of wall slots on the diverging walls of two-dimensional diffusers. The
slots produced a modest improvement in pressure recovery but considerably
raised the angle at which stall in two dimensional diffusers began.,

Clearly, a guideline on the design of diffusers using any of these perfor-

10
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mance improvement techniques is obviously desirable. This is so because,
even though these auxiliary devices may eliminate stall, they are themselves
sources of loss of performance since they introduce obstruction to the flow

passages.

1.3 Review of numerical work
1.3.1 Theoretical modeling of diffuser flows

The role played by the inlet boundary layer in the structure of diffuser flows,
as has been demonstrated in the foregoing review, suggests the use of bound-
ary layer theory in performance analysis. However, observation of the actual
flow patterns and the local pressure distributions in the stalled diffusers pre-
cludes the use of the established boundary layer techniques in all but the
most extra ordinary unstalled simple situations. In the fully-developed, two-
dimensional stall regime, which is the study case of this research, the flow
becomes asymmetric because it is deflected over to one diverging wall by
the stall whose size and shape cannot be predicted in advance. This stall
causes unpredictable and different pressure distributions to be imposed on
the different diffuser walls. Without a method for predicting the wall pres-
sure distributions, no boundary layer growth and stall predictions can be
made by the use of boundary layer techniques alone.

Once a diffuser flow is stalled therefore, most theoretical work relies on
correlations of actual experimental data and on the semi-empirical perfor-
mance prediction methods derived from these data. A combination of bound-
ary layer theory and such correlations have been used with some success by
Reneau et al. [28] and Mcmillan and Johnston [29] to map and predict the
performance of narrow angle diffusers in the transitory stall regime.

In an attempt to provide an understanding, and a computational pro-

11
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cedure of engineering utility for wide angle diffuser flows, containing large
regions of separation, Wooley and Kline [30] developed what they called a
zonal model. They divided the How field into four zones for the sake of

modeling, namely;

(i) attached boundary layer (on the unstalled side),
(ii) effective low channel (effective area of flow),
(iii) free shear layer, and
(iv) the stall zone.

They used the experimental data of Chui and Kline [31] to determine these
regions. Their diffuser had a sharp corner so that the location of the de-
tachment, known beforehand, occurred at the corner. A similar zonal model
approach for steady flows, where the pressure gradient and conditions for
detachment are predefined, has been used to predict optimum pressure re-
covery by Ghose and Kline [32], Wysocki and Kazimierski [33], and Vuyjilic
and Crnojevic in [34, 35].

The work by Wooley and Kline [30] was successful in modeling dif-
fusers operating in the two-dimensional, fully stalled regime, while Ghose
and Kline [32] succeeded in developing a numerical scheme that predicted
diffuser performance in the unstalled and the incipient (appreciable) stall
regime. Bardina et al. [36] combined these two schemes to produce a pre-
diction method that covered the first three regimes in the chart of Fox and
Kline (see figure 1.1), i.e., unstalled flow, transitory stall, and fully stalled
flow. The success of this approach known as the ‘unified integral method’,
(UIM) are well documented in a review carried out by Johnston [37].

In a typical diffuser design problem, the prescribed pressure distribution

data necessary for this solution technique, is usually not available, since the
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pressure distribution must form part of the solution. Thus. even though all
these authors report success in their methods, the application of their models
is limited to their study cases only, and are not suitable for general use.

Separated flows in wide-angled diffusers of practical engineering use are
inherently turbulent. Due to the absence of reliable turbulence data for wide-
angled diffusers, the prediction methods available in the literature for such
flows are mainly based on the one-dimensional zonal models. Some attemnpts
made by Pope [38] to compute stalled diffuser flows using the time-averaged
Navier-Stokes equations and the two-equation & — e turbulence model were
not particularly encouraging. Pope considered a diffuser connected smoothly
to a long parallel inlet and outlet channel for which symmetric boundary con-
ditions at both inlet and outlet were applied. The solution had a symmetrical
stall pattern along the diverging walls contrary to the well observed asym-
metrical stall patterns found in practice. Further numerical trials of the & —e
model in wide-angled diffusers have been tried by Habih and Whitelaw [39]
who have transformed the transport equation for & — ¢ model from their
usual cartesian to the curvilinear coordinates in order to solve for conical dif-
fuser flows in the fully stalled regime. Even though there cannot be a direct
incorporation of their technique into the current study case, they reported
success in the prediction of the general features of the flow field in diffusers
and provided a promising future for the modeling of flows in severe adverse
pressure gradients.

The reason why there is scarce numerical work on wide-angled diffusers
is because reliable experimental data and especially data that covers the
velocity flow-field is lacking. Of the available data in literature, only the
pressure recovery and difluser mapping information is given. Contrary to

this, flows in narrow plane asymmetric diffusers have been extensively stud-
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ied experimentally by many researchers, among them, Obi et al. [40], Buice
and Eaton [41], and Gullman et al. [42]. These flow cases are considered suit-
able for the fundamental studies of separation because they counsist of fully
developed upstream channel flows, separation bubbles due to adverse pres-
sure gradient (APG) and downstream-reattached flows. These experimental
data have been used in validating nuinerical schemes by numerous authors,

some of whom are listed in table 1.1. However, none of the models tested are

Table 1.1: Numerical work on asymmetric diffusers

Researcher(s)/Reference Model(s) Year
Gullman [43] Modified k& — w 2004
Lim and Choi [44] LES, bk —e—0? = f 2004
Kibicho and Sayers [45] Wilcox k — w 2004
Ohta et al. [40] DNS 2003
Jungsoo [47] LES 2002
Skote and Henningson [48] DNS 2002
Apsley and Leschziner [49] Wilcox b — w,k — ¢, | 2000

SST b —w
Kaltenbach et al. [50] LES 1999
Kaltenbach [51] LES 1998
Fatica et al. [52] LES 1997
Fatica and Mittal [53] LES 1996

capable of resolving all the flow features in the asymmetric diffusers. Indeed,
in an ERCOFTAC workshop [54], different mumerical approaches with vary-
ing turbulence models were tested and compared to the Buice and Eaton [41]
data-set. In this workshop, the performances of the & — ¢, the k — w, the
SST and the Reynolds stress models, and the large eddy simulations in APG

flows were tested. In order to strike a balance between the complexities of
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the numerical codes and the computational costs, it was observed that the
two-equation models gave results that were comparable to the more complex
Reynolds stress and LES models of these types of Hows.

Overall, the SST model gives a good prediction of the separation point
compared to all the other models, even though it predicts a flow recovery
(reattachment) length that is larger than observed in the experiments [55].

The plane asymmetric diffuser of Buice and Eaton [41] has also been used
as a test case for comnercial codes. The investigation performed by Iaccarino
[56] and aimed at finding the versatility of some commercial codes in this
complex flow, overwhelmingly concluded that regardless of the commercial
code used, the & — ¢ model is unable to capture the recirculation zone and
performns poorly in APG flows.

On the understanding that the main features of flows in the narrow asym-
metric diffusers are mainly caused by the adverse pressure gradients, then any
good numerical modeling scheme of such flows will provide a good guideline

when considering flows in severe adverse pressure gradients.

1.3.2 Turbulence models in APG and separated flows

Adverse pressure gradient shear layers are of great practical interest, as they
occur in aerofoil flows, turbo-machinery blading, in diffusers, etc, and some-
times involve flow separation. Turbulence models have been used over the
past several decades to predict these types of flows. The bk — ¢ model has
emerged as the most popular two-equation turbulence model, mainly because,
€, the rate of dissipation of the turbulent kinetic energy, appears naturally in
the k-equation and can be derived from the averaged Navier-Stokes equations
without introducing additional variables. The dissipation rate, €, thus be-

comes the obvious choice for the second turbulent quantity in the formulation
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for turbulent isotropic eddy viscosity, v, required when the eddy viscosity
models are to be used [57].

Another well known two-equation turbulence model is the Wilcox A — w
model [58]. It has the advantage that it does not require damping functions
in the viscous sub-layer since it solves the exact equations for A and w in
the near wall region making the equations in this region less stiff. Several
comparisons of performance of the popular turbulence models in equilibrium
APG boundary layer and separated flows have shown that the Wilcox & —w
model gives better prediction in the logarithmic region [59-62]. However,
when applied to the free shear layers, it is found that results from the k — w
model have a strong dependency on the free-stream value of w [63,64]. To
circumvent the freestream dependency of the Wilcox A — w model, Menter
created a new model called the shear stress transport, (SST) k—w model [65],
that blends the & — ¢ and the k —w models. It utilizes the & —w model in the
wall region, where the exact transport equations are solved, and gradually
switches to the k —e model away from the wall, to benefit from the freestream
dissipation rate dependency of the k — € model.

The wisdom of the widespread use of the & — € model was raised first by
Chambers and Wilcox [66] as carly as 1977, by demonstrating two serious
flaws in its application to wall-bounded flows. Firstly, they showed that
its equations can be integrated through the viscous sub-layer only with the
aid of viscous damping functions and this makes the equations very stiff.
Besides, the lack of universality of the wall functions has been frequently
criticized, with Lai and So [67] clearly demonstrating the inadequacy of the
wall functions approximations and the need to correct for pressure gradient
cffects when such functions are used. Secondly, they demonstrated that it is

very inaccurate for APG flows.
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Analysis based on direct numerical simulation (DNS) data have shown
that at the walls, € is non-zero, finite, and not known in advance. Numeri-
cally, this is an awkward situation since a boundary condition for € is required
at the walls. A remedy to this problem has been to solve for the reduced
dissipation rate, ¢, and include an additional term in the A-equation (see e.g.
Launder and Sharma [68]). Another possible solution to this deficiency is to
solve for an alternative quantity to ¢. An example of such a quantity rele-
vant to this study is w, whose well-posed wall boundary condition, w,, ~ y=2,
has been shown to have a numerically stabilizing effect. In fact, a study on
the performance of eddy viscosity models by Huang and Bradshaw [60], con-
cluded that the optimuin choice for the length scale determining equation for
APG flows, is the specilic dissipation rate, w = ¢/k.

The main effect of interchanging ¢ with w in the & — ¢ model, is the
introduction of a turbulent cross diffusion term in the w-equation [69 71].
The role played by this term depends on the sign of the gradients for both
k and w, and is usually limited to the region close to the wall. In general,
this term reduces w and enhances k near the wall, since the gradients are
usually of opposite signs. The addition of this term helps to improve the
k — w model performance in the separated recirculating region and in APG
flows, where turbulent kinetic energy is usually under-predicted by the k — ¢
model. It is disturbing to see the now widely used k — € turbulence model
being seriously in error for relatively simple APG equilibrium boundary lay-
ers. As was observed in the 1980-81 AFOSR-HTTM-Stanford Conference on
Complex Turbulent Flows [72,73], the differences between this model and the
existing data manifest themseclves mainly in the consistently over-predicted
skin friction values and the tendency of the calculated flow to remain attached

where experiments indicate separation.
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Numerous researchers have tested most of the popular turbulence models
in APG boundary layer flows and compared the results with reliable exper-
imental data available in the literature such as the data from Samuel and
Jourbert [74]. Table 1.2 gives a summary of some of the recent numerical

work in such flows.

Table 1.2: Numerical work in APG and separated boundary layer flows

Researcher(s)/Reference Model(s) Year

Yorke & Coleman [62] BL, SA, k —¢, SST 2004

Tong et al. [75] k—w, SST 2003

Bredberg et al. [69] Modified kA — w, k — e — 0v* — f. | 2002
Wilcox & —w

Mohammad & Hukam [76] k—e kh—w, SST 1999

Rao & Hassan [77] Modified k —w, Wilcox h — w 1998

Peng et al. [7§] Modified A —w, k — ¢ 1997

Wilcox [79] Variants of Wilcox A—w and stan- | 1993
dard & — ¢

Menter [59] BL, JK, BB, Wilcox F —w 1992

KEY

BL  Baldin-Lomax Zero-equation model [80]

JK Johnson-King Half-equation model [81]

BB Baldwin-Barth One-equation model [82]

SA  Spalart-Allamaras One-equation model [83]

On reviewing the results from these researchers, the general view taken
by the current author, is that the Menter SST &k — w model performs well
at locating the separation point for APG, and that it gives the best overall
agreement with DNS and experimental data in predicting the mean flow
properties in APG and recirculating flows. In the current research, only the

Wilcox k —w, the k— € and its variants, and the SST will be considered, since
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much lower computational effort is required to achieve results comparable to

those of the DNS, the RSM, and the LES models in APG flows.

1.4 Summary of the review

From the foregoing review, three salient observations can be made. Firstly,
little reliable experimental data for wide-angled diffuser flows is available,
while of the available literature, only static pressure recovery data. and flow
regime mapping data is provided. Morecover, even though the literature shows
that there are several techniques for eliminating stall and improving diffuser
efficiency, such as entry vanes, very little systematic research has been car-
ried out. Consequently, careful and systematic data for flows in wide-angled
diffusers are required to solve this long standing, but still important diffuser
flow problem.

Secondly, there are no successful a-priori theoretical or numerical meth-
ods. short of CFD simulations that exist for diffuser flows which are stalled.
All the tried theoretical models are based on one dimensional zonal models
and rely heavily on semi-empirical relations derived from experimental data.
Thirdly, compared to the most popular eddy viscosity turbulence models,
that have been shown to perform dismally in APG flows, the Menter SST
hk — w model has emerged as the best model in predicting the APG and
recirculating flows.

It is against this background that the experimental and numerical mnea-
surements in unvaned and vaned wide-angled diffusers in this research were

obtained.
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1.5 Strategy and summary of the objectives

This rescarch was carried out in three phases. The first phase involved the
design. and manufacture of both unvaned and vaned diffusers of such geome-
tries that comparisons of measured pressure recovery results and diffuser
mapping data with those data that exist in the literature were made possi-
ble. In this phase, design and fabrication of the experimental ducting and the
yaw meter for velocity measurement was also performed. Finally in this first
phase, the data acquisition system and the computer data acquisition soft-
ware were developed. In the second phase, the equipment used in this study
was calibrated and the experimental data collected. Numerical modeling of
flows in wide-angled diffusers was carried out in the third phase.

The objectives of this research were formulated so that they could ad-
dress the shortcomings of the issues raised in section 1.4 in three main ways.
Firstly, the complete velocity-field, static pressure, and pressure recovery
fields in diffusers of total divergence angles of 30°, 40°, and 50° were experi-
mentally measured. All the diffusers were of aspect ratio AS = 4, length to
width ratio N/Wj; = 10, and an inlet blockage factor B =~ 0.015. Secondly,
inlet vanes in the three diffusers were introduced, and the resulting changes
in the pressure recovery data due to this inclusion were investigated, and
compared with the experimental data of Cochran and Kline [4]. Thirdly,
the flows in the three wide-angled diffusers when they are both unvaned and
vaned were numerically determined. In order to compare numerical results
with the experimental data of Reneau et al. [3], and to cover at least the
first three flow regimes in figure 1.1, seven extra diffusers of total divergence

angles, 4°, 7°, 10°, 15°, 20°, 28°, and 42° were also modeled.
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Chapter 2

Theoretical Treatment

2.1 Governing equations

Most fluid flows, which are encountered in engineering applications, are tur-
bulent. Even though there is no precise definition of what a turbulent flow
is, it has a number of characteristic features such as; irregularity, diffusivity,
large Reynolds number, three-dimensionality, dissipation, and consists of a
large spectrum of turbulent eddies with different length scales (see Hinze [84],
Tennekes and Lumley [85], and Schlichting [86]). Every turbulent flow pat-
tern has its own unique characteristics that are associated with its initial and
boundary conditions. Since turbulent flows can only be adeqguately described
by the Navier-Stokes equations, a complete solution for such flows would
then require that the Navier-Stokes equations be solved for all the length
scales present, while imposing the unique initial and boundary conditions.
Due to the large number of turbulent eddies present. and the uniqueness
of each turbulent flow, no general solutions are therefore feasible in these
tvpes of flows. Furthermore, analytical solutions of the highly non-linear
Navier-Stokes equations can ouly be possible after imposing a number of
simplifying assumptions even for the simplest turbulent flows cases. This

situation is made worse by the inherent strong pressure-velocity coupling
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present in the Navier-Stokes equations. Thus, the only feasible approach
to overcome this inadequacy of the analytical techniques, is the numerical
approach. The treatment of the Navier-Stokes equations to facilitate the
nunerical solutions of the turbulent flows that are of practical engineering

interest is briefly outlined in this section.

2.1.1 Navier-Stokes equations

In the absence of gravitational and other body forces. the Navier-Stokes
moulentum transport and continuity equations of an incompressible flow are

given in Eqs.2.1 and 2.2 respectively.

0'1~li - 0'121‘ 1 ({)ﬁ 02’&1‘

ot * “"jrrj T o * /“(‘).l‘j(').l‘]'

(2.1)

% =0 (2.2)
()J'l'

The instantaneous pressure, p, and the three instantaneous velocity compo-
nents, u;, must be evaluated if a complete description of the fluid motion is
to be given. Numerically, this requires that one solves the coupled differen-
tial Navier-Stokes equations with a very fine grid to resolve all the scales for
the large number of eddies present. This demands availability of immense
resources in terms of computational effort and ability. Fortunately, engineers
are usually not concerned with all the details of the turbulent motion, but
rather with its effects on the gross properties of the flow. Consequently, there
is no need to solve for the instantancous variables if averaged variables are
all that is required. There are several techniques that are used to obtain
this averaged information such as; the ensemble averaging, density-weighted

averaging, Reynolds averaging, ete. (see Chen and Jaw [57}). The most com-

3]
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monly used approach to approximate the mean behavior of the flow is the

Reynolds averaging technique,

2.1.2 Reynolds averaged equations

By splitting the instantancous velocities and pressure into mean and fluctu-
ating parts, respectively (Eq.2.3),
l~l,' = (]i + U
(2.3)
p=P+p
and then applying the Reynolds averaging technique, the Reynolds Navier-
Stokes equations (RANS) and continuity equations for the mean fow are

obtained (Eq.2.4 and 2.5).

oU; oU, 1 0P O*U;

Tox, = por, T Var,or; T 2.4
ot +U; dx; pox; + U(‘)IJ_(')IJ, Pt (2.4)
7 (2.5)
()‘I‘L'

The decomposition of the flow into a mean and a turbulent fluctuating fow
has isolated the effects of fluctuation on the mean flow but has introduced
a new term, —pw;1;;, into the Navier-Stokes equations (cf. Eqgs.2.1 and 2.4).
The term —pu;u; is known as the Reynolds stress and represents the mean
transport of fluctuating momentum by turbulent velocity fluctuations. Its
existence requires that u; and u; be correlated. The resulting tensor from
the Reynolds stresses is called the Reynolds stress tensor, 7;;. with nine com-
ponents, only six of which are unknown due to the symmetry of the tensor.
It is now required that solution for the six Reynolds stresses, pressure and
the three velocity components (a total of ten variables) from the available

four equations (Eqs.2.4 and 2.5) of motion be obtained if we are to fully
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describe the fluid motion. The number of unknown variables arve more than
the number of available equations! And this, is the closure problem of tur-
bulence. Attempts to obtain additional equations for the Reynolds stresses
generate even more unknown correlation terms like, —puwi; gy, from the non-
lincar inertia terms, as will be seen in section 2.1.3. This is a fairly desperate
situation to be in.

The way forward then, is to try and guess a relationship between the
Reynolds stress tensor, and the mean strain rate, since the function of the
Reynolds stresses seem to be similar to that of the viscous stresses. The most
commonly used approximation is the Boussinesq approximation, (Eq.2.6),
that tends to make the turbulent Reynolds stresses imitate the behavior of

laminar viscous stresses.

ou, , o,
01’]‘ (91’2‘

—Ugll; = Uy

2

Thus a coefficient of viscosity for turbulent flows, called the turbulent eddy
viscosity, v, and that plays a similar role to the molecular viscosity is in-
troduced. A good guess of such relationships will ensure that the diffusion
of the turbulent transport properties by turbulence will be proportional to
the spatial gradients of the quantity they are meant to transport. Finally, to
describe the turbulent flow behavior uniquely, it is then in order to charac-
terize turbulent phenomenon by one turbulent scale on the basis of turbulent

kinetic energy and its rate of dissipation.

2.1.3 Closure of the RANS equations

Reynolds stresses play a very dominant role in the theory of the mean mo-
mentum transfer by turbulent motion. Numerically, implementing the six

additional transport equations required to close the RANS equations for the
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large number of scales present in a turbulent flow will require a large ad-
ditional computational effort. The use of the simple eddy-viscosity model
will instead require only two transport equations, one each to determine
the velocity-scale and, the length-scales of the modeled turbulence motion.
The velocity-scale is commmonly taken as, vk. The choice of an auxiliary
length-scale-determining parameter is connected to the dissipation term in
the h-equation. The most widely used is the dissipation rate, e, but also
the inverse of the turbulence time scale, w, has proven appropriate. Thus,
to be in a position to develop a model that describes turbulent motion and
to understand the process of maintenance of a turbulent flow, it is instruc-
tive that the underlying physics governing the transport of momentum by
the Reynolds stresses, the physics that govern the transfer of the turbulent
kinetic energy and the physics of dissipation of the turbulent kinetic en-
ergy be understood. Details of the manipulation of the RANS equations to
obtain the exact equations for —u;uy, k, €, and w are well documented in

references [57,86,87).
Reynolds stresses

By manipulating the exact momentum equations and applying some algebra,

the exact Reynolds stress transport equations are obtained as;

D J R ) J Jdu
— = — | —wuu; — = (00 + 055u4) | + - v——2
Dt dry i /)( e i) dry ory
1;; D‘{U
. A — : : (2.7)

ou; + al; 5 Ou; O N p [ Ou; N Ju;

— | — +uuy— | —20——=+ = —

i oy J 10.[[ duy dup - p \ Doy duy
Ple (f)rl] Hru

Inspection of Eq.2.7 reveals that the molecular diffusion of the momentum,

Diu, and the the production of Reynolds stresses, P, , require no modeling
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as they do not involve triple correlations of luctuating quantities. However,
the turbulent diffusion of the momentum, D'TU, the viscous dissipation of the
Reynolds stresses, @, and the pressure-strain, Il terms are to be modeled

and are presented in Eq.2.8 to 2.11.

J kg \ Juu;
Dt - Sy ——Li 2¢8
n=C or (( € ) ory, > (28)

Modeling the turbulent dissipation of momentum according to Eq.2.8 can

sometimes introduce numerical instabilities [88]. It is usually simpler to
use a scalar eddy diffusivity so that the turbulent dissipation of momentun

becomes:

J (v dwa;
Dt - it Bniat e} 2.
< T”)m Jry ((Tk (‘).T,k ) ( 9)

2.
(0r,),, = 30u¢ (2.10)

The pressure strain term is given in Eq.2.11 as suggested by Launder and

others in [89-92].
2 U U
(Hij),n = — CI% ('lli’lbj - 5(5”1\> — C2 (“‘ <Ul‘ltj((‘)—l% -+ UL"UJ'Z)T—’>>

L;
(2. ou,
- (2 <—§(5” (_“i”]Trj))

The first part of the Eq.2.11 involves only the fluctuating velocities and is

(2.11)

known as slow distortion or slow return to isotropy. The second part involves
the mean velocity gradients and is kuown as rapid return to isotropy. Finally,

Eq.2.12 gives the modeled transport equation for wu;.

(D;?}) = (D) D%+ P (L), (00, (2.12)
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Turbulent kinetic energy

Turbulent kinetic energy is defined as k = 1. Following this definition,
the turbulent kinetic energy equation can be obtained by setting the value,

i = j. in the wu; equations (Eq.2.7), to get Eq.2.13.

Dk 0 1 J Ok oU; i Du
= <——Tp— 'u,,-,ui’u,[,) ( —d—) — Wt — |()u Ju (2.13)

- =5 + 5 v — U3

Dt ()J‘[ P ()(I'l ()’IJ' ()J'[ ().I“[ ().1‘1
~ ~ ———
l)}( / );\" Py O

The diffusion of turbulent kinetic energy due to viscous action, D}, the pro-
duction of the turbulent kinetic energy, P, and the rate of dissipation of
the turbulent kinetic energy, ¢, (usually denoted as ¢), require no model-
ing. The pressure strain term in Eq.2.7 disappears because of the continuity
equation. The only term that requires modeling then, is the diffusion of
turbulent kinetic energy due to the turbulent fluctuations term, Dj. Fur-
thermore, once the w;1t; equations have been modeled, then we do not need
any further modeling for the & equation. The resulting modeled equation for
Dj. is;

(00),, = 5 (5 ) (2.14)

dr; \ oy dx;

The turbulent kinetic energy is therefore represented by Eq.2.15.

Dk

Kinetic energy dissipation rate

Before presenting the exact equation for the dissipation rate, it is important
to recognize that it is one of the most important parameters since it affects the
growth rate of k, and to also notice that it appears naturally in the equations

for k. By applying some algebra to the turbulent momentum equation, we
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can obtain the transport equation for e as given in Eq.2.16.

D0 (L JE 2 TR 0 (1)
Dt Oux ()1, Juay p Oxj o Ao\ day

D D

- Ju; O*U, _a ol <i“lg‘_’ N %%)

daydry  dagday ;

—2vu—

dx; Do U—'()T'j

-~
3
}t

ey A ()u,()u]+9 . Pu; \°
or; Oxy Oy Droy

N

(2.16)

—

¢(

where D! is the turbulent diffusion of turbulent kinetic energy dissipation
rate, D! is the diffusion of turbulent kinetic energy dissipation rate due to
viscous action, P. is the production of turbulent kinetic energy dissipation
rate, and ¢, is the destruction term of the turbulent kinetic energy dissipation
rate.

Now, all the terms on the right hand side of Eq.2.16 need to be modeled.
This introduces too much uncertainty in the modeled e equation, presenting
the first major weakness of turbulence modeling using this approach. The
modeled term by term equations for e according to Hanjalic and Launder [93)

are given in Eqs.2.17 to 2.19.

umm:¥1<ﬂﬁ;> (2.17)

daj \ o, 0x,

€ ()Ul
UUW:'QT“WEE (2.18)
2
(@) = Cer (2.19)
Equation 2.20 gives the modeled turbulent kinetic energy dissipation rate.
De
<—5?> - (Dé)m + D: + (P‘>m - (¢f)7n (2-2())
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Specific dissipation rate of kinetic energy

The specific rate of dissipation of kinetic energyv w, can be defined as the
rate at which turbulent kinetic energy is dissipated per unit of turbulent
kinetic energy, and w = ¢/k. By performing an € to w transformation on
the e equation, the exact equation for w can be obtained. Details of this
transformation can be found in [65,69]. However, Wilcox [58] modeled the
turbulence dissipation rate termn directly by using the w scale. It is known
that using w as the second scale in the two-equation models, makes the
solution of the w-equation sensitive to the free streamn value of w [64, 65].
This sensitivity has been blamed on the absence of the cross-diffusion term
that would arise in the case of a direct € to w transformation. The effect of
adding the cross diffusion into the turbulent diffusion terms of the w-equation
is to reduce the net production of turbulent kinetic energy. Wilcox [87]
reasoned that it is more direct to remove the cross diffusion from the w-
equation and add it directly to the k-equation. This makes solutions of the
resulting equations a lot easier as numerical solutions are far more difficult
with the cross diffusion added. Furthermore, the cross diffusion term appears
only because the transformation begins from the e-equation. To argue that
the cross diffusion is missing from the w-equation as some authors have done
[61,63,69,78] assumes that the modeled e-equation is more fundamental than
the modeled w-equation.

The turbulent diffusion, D, the production, P,, the destruction, ¢, and
the viscous diftusion, DY, of the turbulent kinetic energy specific dissipation
rate, as formulated by Wilcox [58], are given in Egs.2.21 to 2.2.1.

0 =9 (o 2
(1), = 5 (252 (2.21)

Ty (‘)./17]'
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1 ; ]
(1) = —omm S (222)
(¢.),, = Bw” (2.23)

08 = o (05 (221)

dr; \ Ox;
Finally, the modeled equation for the specific turbulent kinetic energy dissi-

pation rate is given by Eq.2.25.

<%>m = (D), + (DY), + (P, — (0.). (

S
[N)
&8s
S’

2.2 Turbulence models

There are two approaches to the solution of the now closed transport equa-
tions. The first approach involves direct solution of the comprehensive, mod-
eled, second-order-averaged governing equations for ;. b, and €, commonly
referred to as the Reynolds-stress model (RSM) approach. However, to save
on the computational effort, several simplified versions of the RS\, that are
devised by guessing the relationship between the Reynolds shear stresses and
the strain rate, (for example, the Boussinesq eddy viscosity approximation,
Prandtl mixing length model, etc.), form the second solution approach.
A summary of the selected models relevant to this study and which utilize
both approaches is given in sections 2.2.1 to 2.2.5.

In addition to the continuity and the momentum transport equations
given in Eq.2.4 and 2.5 respectively, all the models solve the extra equations
that result from modeling of the various transport processes presented in

section 2.1.
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2.2.1 Reynolds stress model

The differential equations for wu; and e, as given in Eqs.2.12 and 2.20,

respectively, are solved together with the definition of £ given in Eq.2.26.

1
k= 511“11' (22())

Equation 2.27 gives the relationships for the turbulent eddy viscosity, and

the resulting model constants obtained using the procedures in [89,91,94].

kz
Ut = Cﬂ?
C, = 0.09,0, = 0.82,0, = 1.0,C,y = 1.44, (2.27)

Con=192,C, =18,C, =0.60
2.2.2 Standard ki — ¢ model

The standard k — ¢ model as proposed by Launder and Spalding [95] is
based on the solution of Eqs.2.15 and 2.20, for & and ¢, respectively. The
relationship between the Reynolds shear stresses and the velocity field is
given through the first order differential Boussinesq approximation (Eq.2.6),
that is much cheaper to handle in terms of computational cost. The resulting
model constants that are experimentally obtained [57.,95], and the definition
of eddy viscosity are given in Eq.2.28.
C,=0090,=100,0 =13,CH=144,C, =192

]1’2 (2.28)
Uy = C’“ —
€

2.2.3 Realizable k£ — ¢ model

The standard A — € model performs quite well for boundary layer flows but
not so for flows with a high mean shear rate or a massive separation, because

in these cases, the eddy viscosity is over-predicted by the standard eddy
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viscosity formulation. In addition, the standard k — € model dissipation rate
equation does not always give the appropriate length scale for turbulence. In
order to improve the ability of the & — e model to predict complex turbulent
flows, these deficiencies should be removed.

By combining the eddy viscosity model for Reynolds stresses as given in
the Boussinesq approximation (Eq.2.6), and the definition of eddy viscosity
as given by Eq.2.28, it is a straight forward matter to show that Eq.2.29
imposes a condition when the normal stresses 12 becomes negative.

kou 1

€ dr ~ 3¢,

~ 3.7 (2.29)

Thus, for large mean shear strain rate, U /dr, the eddy viscosity model be-
comes non-realizable since the normal stresses caunot have a negative value.
Furthermore, the existence of the Reynolds stresses, —pi;u;, require that the
turbulent fluctuating velocities, u; and w;, be correlated. This physical re-
quirement is expressed in the Schwarz inequality [96], which for shear stresses

is given in Eq.2.30.

23>0 (i =1,2.3)

u; 2 2.30
A (i=1,23 j=123) (2:30)
ufu]z-

Realizability of the conditions imposed by Eqs.2.29 and 2.30 can thus, only
be met by making the model constant, C),, a variable that is related to the
mean shear strain rate. Reynolds [97] and Shih et al. [98] have proposed a
modification of the model constant, C,, (Eq.2.31), and the dissipation rate
equations, €, (Eq.2.32), to ensure physically realistic flows at all times in their
realizable & — ¢ model. The & and v, equations are the same as those of the
standard & — ¢, given in Eqs.2.15 and 2.28, respectively.

1
C, =
M7 Ag + AUk e

(2.31)
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De J U e €
—_— = — —_— i —_— y — D — 2~‘ 2
Dt Jx; <<(r6 i l) 01']) TS k 4+ Jve (2:32)

The auxiliary relations and the model constants, that result from these ap-

proximations, are given in kEq.2.33.

U* = \/Si]SiJ + Q,']'Qij, As = \/6(?0545

- 1
Qij = $j — 2644wk, ¢ = 5 cos” (VGIT)
— SiiS i1Ski -
Qi}' == Q,‘}‘ — €W, W = -‘Jj# (253)
. . - S(;
Y U v Y § ,] ‘A)
S = /55 ¢’} = max [().43. 0¥ 5} .= b;

Cy=19,0,.=100,0,=12,Cq =144 Cy =1.92. 45 =10

The mean strain rate S;;, and the mean rate of rotation tensor are given in

ij
Eq.2.34.
1 /70U, 0U 1 /oU; U,
g == (L O === - = 2.34
J 2 (()Il + ()J]> ! 2 <0.”I'J' ()ll> ( )

2.2.4 Standard k£ — w model

The standard & — w model, also known as the Wilcox & — & model, was
developed by Wilcox [58,87,99] basically to resolve the shortcomings of the
k — ¢ model in predicting APG and separated flows, as discussed in section
1.3.2. He has recentlv modified the equations for w (Eq.2.25) and & (Eq.2.30),
to include the damping of the standard turbulent viscosity (Eq.2.35), for low
Revnolds number flows in the viscous sub-laver through the closure coefficient
o and 7%, respectively, as given in Eq.2.37.

k

vy =% — (2.35)
w

Dk J U, ok ou;,

-— = — —+v ] — | —wu,— — FTwk 2.36

Dt o <<(TA. T L) (’)ij> titly du o ( )
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x

P <(1(*) +Ret/Rk>

*\ 1+ Rer/R, (2.37)

d* = d:f,i*
Where Re, = pk/uw, is the turbulent Reynolds number. The resulting extra

relations are given in Eq.2.38

o L, Ww <0
o 3 I = 1+680%7
Trioon: Xk >0 (2.38)
3 =g (4/15 + (Rer/qu) L L Ok 0w
T L+ (Re/Ry)t ) YT W o o,

In the w-equation (see Eq.2.25), the low-Reynolds number correction in
the production term is done through modification of the parameter «, while
the vorticity in the destruction term is introduced through modification of

parameter /3, respectively, as given in Eq.2.39.

@ (:yo*o <%}§it/—/}?}?> B=0fs (2.39)
Equation 2.40 gives the model constants and the supplementary relations.
g L0 = | S
1+ 80y v (d;w>3
W =1R. =614 =0072,cp = %,% —052.0, =20, =2 (2.40)

(aee=1 at high Re), R, = 2.95, R3 = 8, 35, = 0.09,
The three cocfficients, Rg, Ry, and R,, control the rate at which the closure
coefficients approach their fully turbulent values and are usually adjusted.
One of the major advantages of the Wilcox & — w model is its ability to
compute the & and w transport equations in the near wall region without
the use of any damping functions. The exact solution of w in the viscous
sub-layer is

Gv
w = —l) for yt <25 (2.41)
By°

34



2.2. TURBULENCE MODELS

So at the wall when y = 0, then w, goes to infinity. This is an awkward
situation from a numerical view point! To by-pass this singularity problem,
Wilcox [58] modified the near wall modeling of w, (Eq.2.42). to match the
asymptotic behavior of the lamminar sub-layer (up to y* =~ 30), and of the
logarithmic region (y* > 60), as given in Eqs.2.43 and 2.44, respectively.

4 %\2
o= W (2.42)
lY

6 kY

wh =min { w!, ——— wh =

S (2.43)

okt X .
A;: = max (1.0, Pt ) ks is the roughness height
7
1 duf

w+ — utmb (244)

VI dyt
leading to the value of w in the wall cell being modeled as;

u*

W= ——= (2.45)

* g,

VI35 ky
The wall boundary conditions for the A-equation are treated in the same way
as the A-equation in k — e models using a two-layer model approach discussed

in section 2.2.6.

2.2.5 SST k — w model

=

The philosophy behind the SST & — w model, developed by Menter [65], is
that it blends the strengths of the k—e¢ and the A —w models. In the near wall
region, the & — w model is used since it does not require any wall damping

functions nor the computation of wall distances, and the equations are less
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stiff. However, in the outer layer, the & — w model has to be abandoned due
to its sensitivity to the free-stream values of w in favor of the & — ¢ model.
Johnson and King [81], and Driver [100] have shown that in APG flows,
the important effects of the transport of the principal stresses, that are not
usually considered by both the & — e and the A —w models, can effectively be
accounted for by modifying the definition of turbulent eddy viscosity through
a blending function Fy (Eq.2.47). The main effect of switching from & —w to
k — e, is the inclusion of the cross-diffusion term in the w equation (Eq.2.46),
which it has been argued, enhances production of turbulent kinetic energy.
The cross diffusion added in the w-equation is a direct consequence of € to w
transformation. This switching is facilitated by modification of the Prandtl

numbers oy and o, through the blending function F} as in Eq.2.48.

Dw 0 v Jw " oU; Hu?
- = — + U T T WU — Dw
Dt Oz, Ou dr; v o

10k0_w

+2(1 = F)og g ——-
( 1)0 ’QW ().Tj dZT?j

k 1 ‘ k 5004
w=— . Fy=tanh (¢3), ¢y = max |2——— ——| (247
v == L OR] 2 1111(02) ?2 1111\{ 00907 py-’w} (2.47)
max | —, ——
o aqw

The invariant measure of strain rate is Q = /2Q;,Q);; and y is the distance
to the nearest wall. The blending function, F5, is 1 for boundary layer Hows,
including adverse pressure gradient boundary layers, where the production
of turbulent kinetic energy is much larger than its destruction, and is 0 for

free shear flows.

1 1
oL = , g, =
) F1/0k1+(1—F1)/Uk2 Fl/awl+(1_Fl>/Uw2 ( )
2.48
k500 4pk
¢7 == min | max vk 5 ! P F)} = tanh ((T)ll)

0.09wy’ py?w | o,2DEy? |’
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In the sub-layer where & —w is accurate, the blending function Fi, is designed
to be 1. while in the wake region (y™ > 70), where k — € is accurate, it takes
a value of 0. The cross diffusion into both & and w equations of the A — w
model is introduced through the parameter D} (Eq.2.49).

1 1 0k Ow .
—— 1% 2.49
OyowOr;dr;’ (249)

Dt = max |2

The production of kinetic energy, and, the production and dissipation of
the specific dissipation rate, are modeled exactly the same way as in the
b — w model with the coefficients of the damping functions slightly modified

according to the auxiliary relations given in Eq.2.50.

31’" 2
Ja =1, (o = Flovge) + (1 - Fl)(Yooz-, Nogy = 1—“ S
d;c 0.2 *j;c
9 (2.5())
- v K . (
f3=1 g = ——F Gi=Fda+ (1 - F)do

d;o T \//—}—io— 7

Equation 2.51 gives the closure coefficients for the Nenter SST Ak — w model.

1
Q% = LI = 6.4, = 0.072,00 = 5. o = 0.52, 12, = 2.95
Ry =83 =0.09, 051 = 1.176, 0, = 2.0, 032 = 1.0 (2.51)

a2 = 1168 ay = 031 ﬂil = 0075, ,L))L-z = 0.0828
2.2.6 Near wall modeling

For flows with severe pressure gradients leading to boundary layer separa-
tions, the wall functions approach to modeling near wall turbulence is known
to perform poorly [59,72,79]. In such cases the traditional two-layer zonal
model approach is adopted. The near-wall mesh must be fine enough to
be able to resolve the laminar sub-layer (typically y* ~ 1). The viscosity-
affected near-wall region is completely resolved all the way to the viscous

sub-layer and the transport equations integrated such that Nikuradse’s near

37



2.2. TURBULENCE MODELS

wall velocity distribution is reproduced [57,87]. In this approach both the
turbulent kinetic energy dissipation rate, €, and the turbulent viscosity, v;, in
the near-wall cells are specified according to the suggestions given by Wolf-
stein [101], and Chen and Patel [102] (see Eq.2.53). The demarcation of the
viscosity-affected region and the fully-turbulent region is determined by a
wall-distance-based, turbulent Reynolds number, Re,, defined as;

pyvk

H

Re, =

where y is the normal distance from the wall at the cell centers.

In the fully turbulent region (Re, > Re; Ret, = 200), the & — ¢ models
or the RSM (described in sections 2.2.1 and 2.2.2) are employed. Near the
wall, in the viscosity-affected region, (Re, < R(’Z), the momentum and the &
equations as described in sections 2.2.1 and 2.2.2 are retained but are solved
alongside the new definition of ¢ and v,. This approach is applied to the

solution of the momentum, and the &k equations for the & — w model in the

viscous sub-layer.

vy = C/L(“\/Z, ["“ = Yy (1 _ 6~Rey/A“)

B l\,3/2 ) gy _ —Rey /A, 253
€= (. = ycy (1 e ) (2.53)
Cp = rs‘,(f,’;:}/‘i_, A, =70, A =2
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Chapter 3

Apparatus and Instrumentation

3.1 Fan test facility

Stationary air was drawn from the atinosphere by an inlet radial flow fan. It
was passed through a 1.9 m long, rectangular-circular transition duct, which
was connected, to a 600 mm inner diameter, 3.7 m long circular duct. A 1 m
long circular to rectangular transition duct transferred the air to a 400 m x
100 mm x 1 m long straight inlet duct before its entry into the diffuser proper.
This inlet duct geometry was maintained constant for all the diffusers tested
in this study. The transition and circular ducts were manufactured from 1.2
mm thick mild steel plates. After flowing through the diffuser, the air was
discharged back into the atimosphere. The fan was powered through a 5.5kW
variable speed de motor. Figure 3.1 shows the line diagram layout of the flow
facility while figure 3.2 shows a pictorial view of the facility.

The diffuser was of plane wall, two-dimensional geometry with the roof
and floor walls being parallel to each other. The two sidewalls were divergent.
To ensure two-dimensionality of the flow, the distance between the roof and
the floor at the inlet and exit was maintained constant at 400 mm. By
measuring the distance between the roof and the floor of the diffuser at

several locations, the overall error in parallelism was 40.25 mmn.
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Figure 3.2: Pictorial view of the experimmental appatatis
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3.1. FAN TEST FACILITY

Further. the distances between the left and right walls at both entry and exit
of the diffusers were measured. This was done at the roof, the center plane
and the floor. The half divergence angles ¢. based on these measurements
were 24.88°. 20.3°, 14.5°. All the plates for the straight inlet duct and diffuser
were machined from 10 mm thick transparent thermoplastic resin (Perspex).

At the diffuser entry, the edges of the entrv duct side plate and diffuser
entry side plate were machined at appropriate angles to form the required
divergence angles on assembly. These side plates were joined by use of chloro-
form. and the sharp edges at the entry corners were smoothened very carefully
using a fine file and sand paper to form the diffuser corner assembly whose

details are shown in figure 3.3.

Fluid Flow on Joint by
this side chloroform
)

Entry Duct Side :

Plate /
Diffuser Entry
Side Plate

Diffuser Side
Plate

Figure 3.3: Entry corner assembly details

The edges were machined using a milling machine to an accuracy of +0.25°.

Linear accuracy for all the lengths was £0.01 mm.
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3.1. FAN TEST FACILITY

One of the main objectives of this study was to check the effect of various
flow parameters due to a change in the divergence angle. In this regard, three
pairs of diffuser entry side plate were machined to correspond to the various
half divergence angles 6, i.e. 15°, 20° and 25°. These were then fitted in turn
to the facility.

It was desired to carry out the experiments at a constant axial length
of 1000 mm from the diffuser geometric entrv. The lengths of the corner
plates were therefore varied to maintain a constant axial length to width
ratio N/1; of 10 for the three diffusers tested in this study. The diffuser
side plate was 903 mm long. Consequently, only the length marked ‘0’ in
figure 3.3 needed to be varied. A summary of the geometry of the diffuser is

given in table 3.1.

Table 3.1: Dimensions for corner assembly side plates

Odesign(®) | L(mm) | N(mm) | Oactnar(°) | @rrror(®) | NError (mm)
15 181 999.7 14.5 -0.5 -0.3
20 210 999.8 20.3 +0.3 -0.2
25 249 1000.3 24.88 -0.12 +0.3

The roof and floor plates were attached to the side plates by cap screws.
Grease was applied to the edges of the side plates to ensure that no leakage
took place through the interfaces after assembly. To stabilize the flow, wire
mesh screens of 0.9 mm wire thickness, 3.3 mm square eve and 6 holes per
square centimeter were installed at the rectangular-circular transition duct
exit. circular duct-transition duct interface. and transition piece-entry duct
interface. Vibration effects were isolated from the duct facility by using 12
mm foam gaskets installed between the flanges at all interfaces. Further. both

the circular and transition ducts were anchored to the floor. This ensured
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3.1. FAN TEST FACILITY

that, no significant vibrations from the fan were transmitted to the diffuser.

Before the diffuser was bolted to the straight inlet duct. velocity profile
measurements showed that the flow at the exit of this duct was svmmetrical
about the r axis in both the y and z directions. However, it is known that
once the diffuser is conmected to the straight duct, the presence of a stall in the
diffuser distorts the velocity profile at the exit of the straight duct (see figure
6.1). This distortion is dependent on the Reynolds number and the diffuser
divergence angle [11,17,18,26]. It was desired to measure the reference flow
parameters at a location where this distortion was absent. and hence an
arbitrary upstream location in the straight duct. +/W7 = —2.35, where these
flow conditions were met, was chosen as a suitable flow reference location.
After installation of cach diffuser, the velocity profiles were measured again
at the reference location by use of hot-wire anemometry and were found to be
uniform with an average boundary layer thickness. 4. of 5 mm corresponding
to an inlet blockage factor, B ~ 0.015. This point is henceforth considered as
the diffuser reference point upon which the reference inlet centerline velocity
Urey = Uy was measured.

At the reference point, eight static pressure holes of 1.8 mm diameter,
were drilled. two on each side of the duct. Due to the manufacturing dif-
ficulties of drilling the 1.8 mm holes at the exact diffuser entry. a similar
set of eight holes were drilled at a location 2 mm upstream of the diffuser
entry. This is the point at which the entry static pressure. P;. was measured.
The static pressure P; was used as the reference inlet pressure against which
pressure recovery values at points along the sidewall. P, — P;. were evalu-
ated. Small brass tubes, 20 mm long, and of 1.8 mm and 1 mm outer and
inner diameters respectively, were inserted into the static pressure holes. The

tubes were completely flush with the inner surface of the side plates. This
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8.1. FAN TEST FACILITY

was achieved by ensuring that they pressed against a polished flat mild steel
bar held against the side plates from inside the duct. A fast setting adhesive
(super glue) was used to secure the tubes in position. Air was then blown
through the tubes to ensure that no blockage had taken place. The same
treatment was given to all the other static pressure tubes inserted into the
test section.

The static pressures at the reference location and at the diffuser entry
were averaged by connecting the eight tubes. to a common ring tube through
1.5 mm flexible vinvl tubing, at each of the two locations. The output of the
common ring tube at the reference point was used as the reference pressure,
Py, in all the experiments while the output of the ring tube at the diffuser
entry was the inlet static pressure, 7. A port for the insertion of an L-shaped
Pitot tube and the hot-wire anemometer from the sidewall was provided
at the reference point for measurement of the centerline reference dynamic
pressure. Pp;. hence Uy, and the velocity profiles. A traverse mechanism with
a lead screw thread attached to the diffuser stand frame was used to move the
L-shaped hot-wire anemometer probe in the lateral direction. (along y-axis).

On each side plate of the inlet duct-diffuser assembly, 60 static pressure
holes. and hence a total of 120 pressure holes for both sides. were drilled. The
locations of the tapings were as indicated in table 3.2. Attention was paid to
the locations near the entry of the diffuser where very high pressure gradients
due to separation and sudden changes of flow directions were expected. In
this region. the pressure holes were spaced at 5 mm intervals. This spacing
increased progressively to 10, 20 and 50 mm in the downstream direction.

A Scanivalve pressure scanner with 48 pressure ports was used to scan
the static pressures on the diffuser side walls, and the total pressure at the

reference point. The static pressure tubes and the output of the common ring
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3.1. FAN TEST FACILITY

Table 3.2: Location of static pressure holes

Zone Intervals (mm) | No. of holes
-3 <r/W; <-05 50 6
-0.5 < z/W; <05 5 19
0.5 <x/W; <1 10 5
1<r/Wy <5b 20 20
5 < x/Wp <10 50 10

tube at the diffuser entry, P, were connected to ports 1-47 of the scanner.
This meant that three runs were required, in order to take measurements of
all the 120 static pressure ports on the diffuser sidewalls for any given inlet
flow Revnolds number. The total pressure Pitot tube was connected to port
48 of the scanner, and hence the dynamic pressure. I’p;. for any run could
be established. The dynamic pressure determined from the total and static
pressures measured at the flow reference point for each run was then used
to normalize all the static pressures measured for that run. Therefore, any
errors in the coeflicient of pressure recovery that could result from changes
in flow and atmospheric conditions were minimized.

The roof of the diffuser was constructed from six. 150 mm wide strips
and two strips of widths 15 mm and 85 min installed as first and last strip
at the entry and exit of the diffuser respectively. Thus, the total axial length
of the diffuser remained constant at lm for all the tests carried out. The
dimensions of each strip were based on its position along the diffuser axial
length as shown in figure 3.4. The origin of the cartesian coordinate svstem
used in this research was at the center of the diffuser entry plane. All the
strips were made from 10 mm Perspex and were reinforced with 25 mm

aluminium square tubes. A 150 mm wide Perspex probing strip was used to
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Figure 3.4: Geometry of the diffuser roof and convention for the diffuser

move a 3-tube yaw meter in the y direction for measuring the velocity profiles
in the diffuser test section. This strip was 2 m long and 10 mm thick, and
was also reinforced with a 25 mm aluminium square tube. The probing strip
was long enough to ensure that the roof remained covered at all times, at any
section. during the probing between the left and the right sidewalls. All the
150 mm roof strips were removed in turn and replaced with the probing strip.
Velocity profiles were then measured at 150 mm intervals in the x direction.

A very robust mechanism was required to move the probing strip in the
lateral direction. Since small spatial variations in the lateral direction, were
not desired. movement of the probing strip was done manually. The yaw
meter location was established by using a scale attached to the neighboring

strips. All locations were measured either positive or negative relative to the
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3.2. THE CLUSTER OF INLET VANES

centreline when probing was to the right or left respectively. This convention
was based on an observer viewing the diffuser from the entry plane along the
flow as shown in figure 3.4. A lead screw on the yaw meter mechanism was

used to vertically traverse the probe between the roof and floor.

3.2 The cluster of inlet vanes

The vanes were designed according to the design criteria of Cochran and
Kline [4]. They were manufactured from 0.5 mm thick stainless steel plates.
Each plate was of length 250 mm and width 400 mm. The passages were
formed by spacing the plates at both ends along four 5 mm threaded lead
screws. two on each end, such that the opening angles a. of the resulting
passages were between 7.5° — 10°. The plates were locked in position on
the lead screws by use of thin lock washers from both sides of the plates.
The angles of the passages and the number of vanes could thus be freely
varied. The cluster of vanes was then positioned at the diffuser inlet. A
tight fit between this cluster and roof/floor ensured that the vanes remained
in position during experiments. Table 3.3 is a summary of the dimensions
of the vanes for the different diffuser angles based on the notation given in

figure 3.5.

Table 3.3: Dimensions for the vane clusters

6(°) | No. of vanes, n | Length, ¢ (mm) | Spacing. a (mm) | a/b | «(°)

15 3 250 25 1 7.9
20 4 250 20 1 8
25 4 250 20 1 10

Figure 3.6 shows the cluster of vanes installed at the diffuser entry.
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Figure 3.5: Notation for the vane design

3.3 Instrumentation

3.3.1 Pressure measurements

Pressure scanner

A 48-port Scanivalve pressure-sampling scanner was used for measuring mul-
tiple pressures in conjunction with a reluctance pressure transducer. The
rotor of the Scanivalve, through which stepping of the measurement ports
was achieved. was driven by a solenoid. The rotational speed of the rotor was
varied through a solenoid controller. The position of the rotor was tracked
using an optical emitter transmitting to an odd/even decoder whose binary
digital number was displayed on a screen and also read through a computer.
The maximum sampling rate for the scanner was 200 readings per second,
even though data was sampled at a frequency of 0.1 Hz to allow enough
settling time for the air in the thin, long vinyl pressure transmission tubes.

A portable precision pneumatic calibrator was used to check for external
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leakages. Vinyl tubes were connected to the pneumnatic connector of the
Seanivalve and through the cahbrator a pressure of 0.5 bar was applicd for 10
minntes to each port, The maximwn pressure drop corresponded to an 11.4%
drop in pressure per hour, This was within the acceptable ranec stated by the
wanufacturer of 20.8% dvop in pressure per honr. Leakages at the vinyl tube
connections, were further checked by using a syringe to inject soapy water
intor the tubes and observing the formation of any bubbles. No lenkages were
observed and in any case, the actial experiments were conducted at pressures

well helow 0.1 har.
Pressure transdnecer

All the pressures were measured by use of a (L1625 Pa full range reluctance
pressure transducer described m appoendix B, Sclf-contained electronies pro-
vided a conditionad huearized -5 Vde output, V... The accuracy of the

transducer was specified by the manafacturer as 1.5% full scale {(best ht
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3.3. INSTRUMENTATION

straight line), which included non-linearity, hysteresis and non-repeatability.
The low-pressure port of the transducer was connected to the output of the
common ring tube at the diffuser reference location, Py, while the high-
pressure port was connected to the output of the Scanivalve pressure scan-
ner. Calibration of the transducer, (see appendix B), was carried out in
a low-turbulence intensity (0.4%) wind tunnel against an inclined alcohol
manometer. The linearity of the manometer calibration was found to be
within 1.1% of the manufacturer’s specification. Accordingly. the calibration
equation, (Eq.3.1), was used to compute all the differential pressures mea-
sured by the transducer. Data was sampled at a frequency of 100 Hz and
hence 1000 readings were averaged at one pressure port before the scanner

stepped to another port.
P, — Py =124.6V,, (3.1)
Three-tube yaw meter

A yaw meter (also known as a ‘cobra probe’) combines the means for simul-
taneous measurement of total pressure, dynamic pressure, and flow direction
by one instrument. It can be made of multiple tubes ranging between 3 and
7. The most common though are either a 3-tube yaw meter. for two di-
niensional flow measurements, or a 5-tube yaw meter, for three-dimensional
measurements. For this two-dimensional flow study, a 3-tube yaw meter was
used.

The method by which a yaw meter is rotated locally to determine the
flow direction sensed when the off-center pressures, P, and P, (figure 3.7 (a))
balance out, is known as the null-reading method. At this position of pres-
sure balance, the central total head tube, ., then measures the local total

pressure. Achieving this null-position for the low pressure regime of this
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research was extremely cumbersome. However, this experimental difficulty

Brass casing
4.8
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245

R4.5 bend

Figure 3.7: The 3-tube yaw meter

was overcome by a probe calibration method based on the determination

of probe rotational sensitivity in terms of non-dimensional calibration pa-

rameters which make the calculation of local velocity components possible,

therefore climinating the need to rotate the probe at the measurement site.

Furthermore, inaccuracies in probe construction, which produce errors with

the null-reading technique, are accounted for by calibration. The calibration

parameters could then be read off pre-mapped calibration charts given in

appendix B. Considering the enormous amount of data that is required to

capture the complete velocity and static pressure fields in this study, this

process was made simpler by the use of calibration equations as will be dis-

cussed shortly.

The bent shape of the probe was constructed by soldering together 3
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3.3. INSTRUMENTATION

brass tubes of 0.7 mm and 1.6 mm inner and outer diameters, respectively.
Bending of the tubes was done in such a manner that the tube openings
were on the same plane as the vertical axis of their orientation. This design
allowed up to 360° rotation of the yaw meter about the yaw axis without
altering the measurement location, a design feature of particular use in this
study. The probe consisted of a forward facing Pitot-tube at the center and
two chamfered side tubes at a chamfer angle of 45° in the horizontal plane as
shown in figure 3.7. The tubes were contained in a 4.8 mm internal diameter

brass casing that was 245 mm long.
Orientation mechanism

Figure 3.8 shows the orientation mechanism used for measuring the velocity
profiles. It was composed of a lead screw 335 mm long and 1.75 mm pitch.
The lead screw had a central through hole along its axis to accommodate the
probes in their casing. A vertical adjustiment wheel with a threaded through
hole was attached to the support bracket by a collar bolted to the top of the
support bracket. The lead screw was held rigidly in the guide block by grub
screws on one end, and to the protractor on the other end. The guide block
was sandwiched between the legs of the support bracket and was able to slide
along the legs. The vertical movement of the probe casing, together with the
probes, was guided by three bushes. The first bush was fitted at the bottom
of the lead screw, the second one in a cylindrical guide on the base plate,
and the third one at the protractor pointer arm. The edge of the protractor,
against which a rubber bush pressed, was straight knurled. The rubber bush
pressed against the protractor through a knob held at the protractor arm.
By turning this knob, the arm could be rotated around the protractor. Since

the only place the probe casing was rigidly held was at the protractor arm,
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Figure 3.8' Yaw meter orientation mechanism

rodating the arm resulted in rotation of the prohe.

The vaw angle given to the probe was read at the calibrated protractor.
The protractor had a resolution of 1%, The vaw angle was thus read to an
angular aceuracy of £0.5°, The lead screw, the guide block, the probe. the
protractor and the protractor poanter arm could all be moved up or down
when the vertieal adjustinent whecl was turped. The ventical position was
deterimined by reading off the scale atiached to the support bracket to an ac-
curacy of £0.% mm. The whole asseml:ly was attached to a hase plate. which

was in turn belted 1o the aluminimm reinforeement on the protang sirip.
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hence placing the orientation mechanism out of the flow field and therefore
introducing no blockage effecis or disturbance to the How. Two yaw meters
were maninfactured to measure the How-feld, one at the diffiser reference

location, and the other at the test section. Figure 3.4 shows a pictorial view

of the How facility with the the two vaw meters o place.

Figure 3.9: Flow facility with vaw meters

3.3.2 Inlet velocity measurements

Inlet velocity profiles and turbulence intensities were measured by use of a
TSI comstant. temperatire linearized anemometer (CTA). The sensor was a
fine wire made of B-micron platinvum coated tungsten welded to L-shaped
gold plated stainless steel needles that were mounted on a probe support.
With this arrangement, the sensor was upstream of the probe to minimize

upstream flow disturbance caused by the probe support. The probes were
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3.4. PROBE STEADY STATE CALIBRATION

built with a plug-type connector to fit to a probe support, thus providing
an electrical connection to the anemometer electronics. The probe support
was connected to the anemometer through a 1.9 m long tri-axial cable. The
sensor was set to operate on a 5:1 bridge ratio with a control resistance of
64€2. The probe support was 0.5 m long. The lincarizer voltage output was
accurate to within £0.5%.

The anemometer was calibrated in a 0.4% turbulence intensity wind tun-
nel flow field against a Pitot-static tube connected to the reluctance pressure
transducer. Equation 3.2 shows the linearized equation used for velocity
measurements. Based on this equation. the calibration data was linear to

within +0.6%.
u= 3.2E1in (3.2)

where @ and E);, were the air instantaneous velocity and CTA linearizer out-
puts, respectivelv. The rms fluctuating velocity, u’ was calculated according

to Eq.3.3. Hence, the turbulence intensity could be established.

1 & &Y

i=1 Tog=1

where NV was the number of readings sampled at a frequency of 10 KHz for 3
seconds. Three sets of readings were taken in time steps of 10 seconds. The
mean and the rms fluctuating velocities. and the turbulence intensitics were
then calculated from the resulting arrays before discarding the arrayvs ready

for the next position.

3.4 Probe steady state calibration

The probe was calibrated against a hot-wire anemometer in a low-turbulence

intensity (0.4% turbulence intensity) wind tunnel flow field. The reference
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probe null-direction was selected as the direction of the centreline of the probe
tip in line with the main flow direction when the pressures recorded from the
off-center tubes were equal to each other. At this reference direction, ¢ = 0°.
The pressure measured at the central tube of the probe at this position was
the total (stagnation) pressure of the flow, P, discussed earlier.

Non-dimensional calibration parameters were calculated in terms of pres-
sures and resultant flow velocity, ¢, similar to those specified by Yajnik and
Gupta [103], Bryer and Pankhurst [104] and Rhagava et al. [105] and given
in Egs.3.4 to 3.6.

-Pl_Pr
= LT 4
fw) PP, (3.4)
P.—P
Q ¢ m 3.5
P pg?)2 (3.5)
])tipc
Kb o o 20

where P, and P, are the pressures sensed by the off-center tubes, P, =
(P+P,)/2. is the mean pressure for the off-center pressures. P, is the pressure
measured by the central tube, and F; is the local total pressure that would
be measured by the probe if it were at the null-position. These functions
can be established directly and are known to be independent of Reynolds
number [106-108]. Thus, once established at one Reynolds number. they can
be applied to a range of Reynolds numbers. In this research. calibration of the
probe was done at 15 m/s. The resulting charts are presented in appendix
B. The pressures from these tubes were recorded by use of the Scanivalve
scanner in conjunction with the pressure transducers in the same manner as

the wall static pressures were recorded.
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3.4. PROBE STEADY STATE CALIBRATION

For the large number of measurement points. reading the calibration
parameters from the charts proved to be tedious. Consequently, the linear
portions of the calibration charts were established. and polynomial descrip-
tions of these portions developed so that analysis could be simplified by
processing the parameters using a personal computer. The linear portion of
the f(v) versus ¢ chart was found to be between —1.4 < f(v) < 1.26 which

corresponded to —16° < ¢ < 14° and was described by Eq.3.7.
f(v) =0.0295 + 0.0896v (3.7)

Within this region, the dynamic pressure, ()p. and total pressure, Sp cali-
bration parameters both produced a one on one relationship with v and were
curve fitted using sixth order polynomials given in Eq.3.8.
Qp =0.6544 + (260 — ¥?)x10™* — (3v° — v1)x107"
— (Tv® + 3¢%)x1077
(3.8)
Sp =0.0079 — (5¢ — 3y?)x107* — (¢ + 5u1)x107°
+ (200" + 49%)x107°
To avoid a singularity in Eqgs.3.4 and 3.6, when P. — P, becomes zero, it
was ensured that P. — P, remained positive. This condition was monitored
through the data acquisition software. Negative values of P. — F,,, and
hence (),,. would describe complex imaginary values of the velocity based on
Eq.3.5. Values of f(v’) were also monitored real time so that whenever they
were out of range, they would be adjusted accordingly by rotating the probe
in the appropriate direction. Thereafter, the flow direction and velocity were
established relative to the adjusted probe direction. Finally. the calculated
flow direction was transformed so that it was referenced to the geometric
null-probe direction.
At a given location, Eqs.3.4 and 3.7 were used to evaluate the yaw cal-

ibration parameter, f(v’), and the yaw angle, ¢ respectively. The dynamic
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pressure calibration parameter, (Qp, and the local dynamic pressure were
calculated from Eqs.3.5 and 3.8. Finally, the total pressure calibration pa-
rameter, Sp, and total pressure, and, hence static pressure were established
from Egs.3.6 and 3.8.

The velocity components u and v with respect to the r and y directions

of the pressure probe, respectively, were calculated according to Eq.3.9.

U = qCcosy
(3.9)

v =gsiny
Results obtained by use of these polynomials were tested at several locations
within the diffuser test section against the null-reading technique. The av-
crage error in measuring the flow angle was 0.81°. The rms error in velocity

measurement was 1.37%.

3.5 Data acquisition
3.5.1 Analogue to digital conversion

In this study, the outputs of both the pressure transducer and the constant
temperature anemometer were conditioned. linearized. analogue voltage sig-
nals. The signals were digitized through a plug-in 32 bit PCI data acquisition
board (DAQ). The analogue input range was set at £5 V. The board had
an internal IDC40 connector for digital I/O, through which, the Scanivalve

controller and odd-even decoder were interfaced with the computer.

3.5.2 Data acquisition software

Data acquisition software was developed in the National Instruments’ Lab-
VIEW Version 7.0. All the physical instruments were accessed from the

LabVIEW platform according to the data flow logic shown in figure 3.10.
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3.5. DATA ACQUISITION

For these experiments, it was established that the repeatability of the
data was affected by the speed of scanning. Enough settling time had to
be allowed before commencing sampling after stepping every port of the
Scanivalve. This was because the response time of the static pressure in the
thin vinyl tubes was fairly long. Consequently, after stepping cach port, 10
seconds were allowed to pass before sampling began. Sampling was then
done for 10 seconds at a frequency of 100 Hz. For each flow condition, the
scanning was repeated three times. The data was processed by the LabVIEW
software. before being saved in a Microsoft Excel data format to a file, ready
for plotting of the curves after the experiments. A modified form of the
software was used during the velocity probing experiments. Apart from the
number of ports scanned, the only other slight difference was that longer
integration times were used, 30 seconds for each output of the yaw meter
tubes. This, and considering that very many repeatability tests were carried

out, justified the main assumption of a steadv flow in this research.
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Chapter 4

Numerical Solutions

4.1 Finite volume approach

In chapter 2, it was shown that the transient transport by convection for
any property ¢, (for example, U;, k, €, w, and the Reynolds stresses, —pwa;),
is made up of five processes. The first two processes involve transport of

this property by both turbulent and viscous diffusion, D!

» and Dg, respec-

tively. The third and fourth processes take into account the production
due to turbulence, P,, and destruction (or dissipation), ¢4, of property ¢.
The last process is the transport of property ¢ due to the pressure-strain
relationship. 1l,. The transient Reynolds averaged transport Navier-Stokes
equations for property ¢ can be written in their conservative form as given
in Eq.4.1 (see [109,110]).

Aped)
ot

+div(po ) = div(Tsgrade) + S, (4.1)

The first term on the right hand side of the Eq.1.1 involves both the viscous
diffusion, Dj. and the turbulent diffusion, D). with I', being the diffusion
coefficient. The production term, P,, the destruction term, ¢,, and the

transport by pressure term, Il,, are included in the source term. S, of Eq.4.1.
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4.1. FINITE VOLUME APPROACH

Equation 4.1 can be integrated over a control volume to get;

) pa
/ ((5;7) dV + / div(p @ )dV = / div( F¢g1(1(lo)(lv+/ SedV

/ div(I', Vo)dv / SedV

For a steady flow, and by applying Gauss’ divergence theorem to the volume

(4.2)

integral of Eq.4.2 one gets;

/ n.(poW)dA = / n.(TyVo)dA + / SedV (1.3)
4 A 4
Finite volume integration of Eq.4.3 over the control volume yields;
Ntaces Neaces
N oo A=Y T(Ve) As + sV (4.4)
f f
where;

Nyaces = number of faces enclosing a cell,
¢ = value of ¢ convected through face f,
— .
pyu . Ay = mass flux through the face,
— ~ A~
A = area of face f, |A| (= A,i + A,y in 2D geometries),
(Vé), = magnitude of V¢ normal to face f,

V' = cell volume.

The discretized values of the scalar ¢ are stored at the cell centers of each
control volume of a structured non-orthogonal grid. Since the ¢, values are
required for the convection terms in Eq.4.4, they are interpolated from the cell
center values using the various differencing schemes available in the literature
such as the central differencing scheme, the first order upwind scheme, the
second order upwind scheme, the power law scheme, the QUICK scheme,
etc. [109].

For each cell, the discretized scalar transport equation (Eq.4.4) contains

the unknown scalar variable, ¢, as well as the unknown values of this variable
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4.1. FINITE VOLUME APPROACH

in the neighboring cells, ¢,,. This equation will, in general. be non-linear
with respect to these variables. A linearized form of Eq.4.4 can be written

as [109,111};

apg = E WOty + b (—15)
nb

where the subseript nb refers to neighboring cells. The coefficients ap and
a,p are the linearized coefficients for ¢ and ¢, respectively. The number
of neighbors for each cell depends on the grid topology, but will typically
be equal to the number of faces enclosing the cell (boundary cells being the
exception). Similar equations can be written for each cell in the grid. This
results in a set of algebraic equations with a sparse coefficient matrix. For
scalar equations, this lincar system is solved using a point implicit (Gauss-
Seidel) linear equation solver in conjunction with an algebraic multi-grid
(AMG) method that is in-built in the Fluent CFD solver and is described
in [111].

The derivative V¢ of the variable ¢ is used to discretize the convection
and diffusion terms of the equations of motion. Using the Green-Gauss the-

orem, the gradient is computed as;
1 - —
V)= — A 4.6
(Voo = - E; 5,4 (4.6)

where ¢ is the value of ¢ at the cell face centroid, v is the cell volume, and
the summation is over all the faces enclosing the cell. The face value, ¢ fo
in Eq.4.6 is taken from the arithmetic average of the values at the centers of

the neighboring cells 0 and 1 that share a common interface f, i.e.,

- ¢('0 + d)cl

by = = (4.7)
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4.2 Numerical treatment

Computations were performed using a finite voluine code, FLUENT Release
6.2.16, on a steady two-dimensional space. Solution of the modeled equations
was carried out using the segregated numerical scheme approach with the
non-linear governing equations being implicitly linearized. There were no
user defined source terms that were specified. The pressure-velocity coupling
was achieved by use of the SIMPLEC algorithm. Discretization of the k&,
w. and momentum equations was done by use of the QUICK discretization
schenie.

Due to non-linearity of the RANS equations, the scalar quantities are
susceptible to numerical divergence during the iteration process [109]. Some
under-relaxation of the new terms was therefore required. For this reason and
based on operating experience, the pressure was under-relaxed by a factor
of 0.5 while the approximations for the momentum transport equations were
under-relaxed by a factor of 0.7. Both the &k and the w terms were each
under-relaxed by a factor of 0.8.

Convergence of the solutions was monitored by means of scaled residuals.
The residual levels were set at 1 x 107° for the continuity equation and the
specific dissipation rate. For the turbulent kinetic energy, u and v velocities,
the residual levels were specified as 1 x 1075, These residual level settings led
to net mass outflow rates given in table 1.1 for each diffuser. The upstream
inlet ducts for the 28° and 42° diffusers were developed to match the diffuser
geometries of Cochran and Kline [4]. Thus, the mass inflow rate for the
28° and 42° diffusers was 1.48 kg/s while for all the other diffusers, the flow
rates were 0.735 kg/s. The maximum error in mass outflow was 0.16% and
hence the errors were considered small enough to be neglected. Within these

settings, the solution convergence was acceptable.



4.3. COMPUTATIONAL DOMAIN

Table 1.1: Exit Hydraulic diameters and mass flow rates

26(°) | Dy, (Exit) | Net outflow | Error in flow rate
(mm) 1075 (kg/s) (70)
4 229.75 0.0084 1.1de-5
7 370.27 0.034 1.6e-5
10 423.51 0.14 2e-4
15 488.29 0.14 2e-1
20 534.5 0.033 4.55e-5
28 777.62 56 0.04
30 596.41 91.7 0.12
40 636.39 120 0.16
42 884.6 140 0.09
50 664.7 50 0.07

4.3 Computational domain

Figure 4.1 shows the general configuration against which the meshing was op-
timized. The meshes were generated using a CAD software, Gambit Version
2.04. This CAD software was flexible enough to allow the developed meshes
to be integrated directly into the Fluent solver with the boundary conditions
already specified. The versatility of Gambit allowed changes of such bound-
ary conditions, or even modification of the mesh in Fluent without having to
regenerate the mesh. Since the diffuser geometries were symmetrical about
the r-axis, then for each diffuser, only half of the geometry was meshed, and
then reflected about the r-axis to produce the full geometry. This was ex-
ported to the solver. The inlet duct was 10117 long to ensure fully developed
channel flow at the inlet of the diffuser. The diffusing section had a length

of 10117. The flow exhausted into a plenum chamber which was of another
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L "

/

P

—TTY 3 v

Figure 1.1: "'he basic mesh configuration

length 100 with a spanwise dimension of W This was eonsidered to Le
lonyg enough to make the diffuser exit nuinfuenced by she inherent back-llow
pressure caused by the pressuce outlet houndary eondition. The meshing of
zone A, the bhoundary laver thickness and grading. and lengths gy, v and o
i Hgnre 4.1, were varied to give different mesh conhigurations. Afler many
trials of meshing, it was comeluded that the structured non-orthogonal meshes
summarized in table 4.2 and whose notations are based on figure 1.2 gave
the optimal performance against which conditions for grid independence amld

thiscretization schem: illl‘lﬂptmdl‘nm: were testod.

< X% X X Xa X; X -Xr 1& N>

Figure 4.2: The optimized mesh conliguration

The grading used while meshing edges Y5 to Y was based ou the sue-
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Table 4.2: Specification for the meshes

Mesh tyvpe X X 1 X5 Xy X5 ) X | X2 ] Xs | Xy Yio

L | 250 | 250 | 90 | 150 | 150 | 150 | 150 | 150 | 160 | Eq.4.9

COARSE | [; | 735 2 2 12081313 |4171536)1625|727] 0.125

n| 34 | 116 70 | 72 48 36 28 24 22 120

L} 250 {250 | 90 | 150 | 150 | 150 | 150 | 150 | 160 | Eq.4.9

FINE [ ]1368] 1 1 [1.04]156|208|268]|3.13]|3.64] 0.0625
n| 68 (332140 | 144 | 96 72 56 48 44 240

L 250 [ 250 | 90 | 150 | 150 | 150 | 150 | 150 | 160 | Eq.4.9

FINER |/ 189105105 1052107811.04}1.34|1.56]|1.82]0.03125
n| 132 | 664|280 | 288 | 192 | 144 | 112 | 96 88 480

cessive ratio approach whereby the cell lengths gradually increased as the

distance from the wall was increased, generated according to the number

of nodes. n, the distance of the first node, [;, from the wall. and the total

length of the edge, L. The successive ratio, r. and hence the distances be-

tween neighboring nodes were based on Eq.4.8 [112]. These edges were linked

for meshing. and hence only the geometric properties for the edge Yo were

required. In the streamwise direction, apart from edge X, and Xj3. whose

gradings were done according to Eq.4.8, all the other edges were graded with

a successive ratio of 1.

n

1=1

}fl‘+1 - 50+ <

Z pi=l = %

Y x

=3

)tan@ (1=3.4,....9)

1
= constant

It is known that for APG flows, the wall functions that facilitate the in-

tegration of the transport equations across the viscous sub-layer, and hence
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removing the need for a very fine mesh at the wall, do not give good re-
sults 54,72, 79 . In such fows, the opliiuim mesh is the one whose yt = 1,
ensuring that integration of the transport equations is performed all the
way to the wall without any oeed for the near wall modifications of these
equations. Even though the 41 = 1 values check was perforiwed for all the
diflasers, the 507 diffuser hoas been chosen for the srid, model. and diseretiza-
tion schenie tests’ presentation in seetion 6.3, because it provides the most
severe APG How

C'ochran and Kline [4 have shown that the introduction of short vanes at
the inlet of wide augled ditfusers led to an increase in pressure recovery, This
aspect was investigated in this research both experimentally and numnerically,
The short inlet vanes of length 230 1mm and thickness 0.5 mn, whose design
15 discussed in chapter 3, were Introduced in the mesh wype FINE for {he
28%.30°, 42° and 50° diffusers, A tymeal cxample of such a vaued diffuser is

given in figure 4.5

Figure 4.3; The mesh for the vaned diffuser

For all the diffuser geometrics, the Revnolds numbers based on the np-
strearn channel hyvdraulic dianieter and the centerline velocities in the x di-
rection were, LOR = 10%, 163 = 10° 217 » 10° and 65 = 1%, The air

was of constant density of 1.223 kg/m”® and constant absolute viscosity of
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1.7894 x 107° kg/ms.
All other geometric considerations in the computational domain were devel-

oped to duplicate the experimental data set discussed in chapter 3.

4.4 Boundary conditions

The boundary condition at the inlet was specified as a constant velocity inlet
with a turbulence intensity of 2% in all cases. The hydraulic diameter for
28° and 42° diffusers was 135.46 mm, while that for all the other angles was
160 mm, based on Eq.4.10.

The outlet boundary conditions were specified as constant pressure outlets
with a turbulence intensity of 2% while the hydraulic diameters were as
summarized in table 4.1. The pressure at the outlet was set at the gauge
pressure of 0 Pa.

44
S

D (4.10)

Parameters A and P in Eq.4.10 denote the cross-sectional area and wetted
perimeter of the upstream channel, respectively.

All the walls were considered as stationary walls along which the no-
slip condition was applied. The wall roughness height. &, was specified
as 0.05pm, which is the average roughness of Perpex. This ensured that
the non-dimensional roughness constant, k&7 = phk*/jc < 2.25, provided
a hydrodynamically smooth wall. Within these specifications, Nikuradse’s
resistance data for smooth pipes could be reproduced when used with the
k —w and k — ¢ models [111] discussed in section 2.2.6. In any case, since
the wall roughness was much smaller than the finest first cell height of 62.5

pm, the laminar sub-layer was then well resolved at all times.
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Chapter 5

Pressure Coefficients and
Uncertainties

5.1 Pressure recovery

Physical interpretation of the pressure recovery data used in the presentation
of the experimental and numerical results in this research will be facilitated by
reference to figure 5.1. The variations of static, dynamic, and total pressures
in the two-dimensional diffuser section into which previously undisturbed air
is drawn by the radial flow fan are shown in this figure. The static pressure
recovered within the diffuser is P. = P — P.

In the case of a streamline such as A, the total pressure along it remains
unchanged throughout the length of the diffuser and does not diminish until
the streamline enters the external mixing zone at the exit of the diffuser. On
the other hand, a loss of total pressure within the diffuser characterizes all
streamlines such as B which traverse any part of the wall boundary layers.

The velocities along streamlines A and B for an ideal fluid are given in Eq.5.1.

2P, 2P,
= Uy; Usp <
r r

(5.1)

For the stalled asymmetric diffuser flows, the boundary layer displacement

thicknesses 03, and 93, are not equal.
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Figure 5.1: Idealized flow in diffusers

The volumetric flow rate per unit distance normal to the plane of flow is;
Q = w; (W — (03 + 03,.)) (5.2)

If one now imagines P, (and P, ) to remain unchanged while the viscosity
of the air and, therefore the boundary-layer thickness diminish indefinitely,
conservation of () necessitates a reduction of the exit width by the amount
of the reduction of total boundary-layer displacement thickness at the exit.

Thus, as the viscosity approaches zero.the exit width would approach the
limiting value 1, — (95, 4+ 63.). Furthermore, reduction of the diffuser width
throughout its length by amounts equal to the local displacement thicknesses
would leave both the axial distribution of static pressure and the volumetric
flow rate unchanged by the elimination of viscosity. Thus the volumetric

flow rate and axial distribution of static pressure in a real diffuser are those

72



5.1. PRESSURE RECOVERY

which would characterize frictionless low through a diffuser whose transverse
dimensions were smaller than those of the real one by the local thickness of
the wall boundary layers. Conservation of () in this idealized How must then
be followed by a reduction of static pressures at all points upstream of the
diffuser exit.

However, in a real diffuser, the manner in which this reduction to the
initial pressure P, occurs can only be experimentally determined. Besides
that, the absolute values of the P, and P, will vary for different diffusers
depending upon their geometries and inlet velocities U}, If the trends were
to be generally described then these concepts suggest expression of the ex-
perimentally determined static-pressure rise within a diffuser in the form of
a non-dimmensional cocfficient.  The most commonly used non-dimensional
coefficient is known as the pressure-recovery coeflicient and is defined as;

P -h

%/)Uf

Cor (5.3)

Further. to represent the static pressure distribution in the diffuser flow-field
and more specifically at the walls, a static pressure coefficient is defined for
any location downstream of the diffuser entry as;

Pw_Pl

C, =11
b Ut

(5.4)

where P, is the pressure measured at any location either at the wall or in
the flow-field. With these two coefficients, it is now possible to compare the
pressure rise and static pressure profiles for different diffusers regardless of

their geometry.
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5.2. STATEMENT OF UNCERTAINTIES

5.2 Statement of uncertainties

Due to the large number of data points in this research, the statement of
uncertainties is based on the overall mean of standard deviations of repeated
measurements at selected data points. To avoid going into the details of error
analysis and yet retain the clarity in the statement of these discrepancies,
only a brief presentation of the equations, as they are used in this research,

is given.
5.2.1 Instrumentation random errors

These are the errors that resulted from the use of the pressure transducer
in measuring both the pressure coefficients, (,, and normalized velocity pro-
files. «/U;. The pressure coeflicients and normalized velocity profiles were

measured according to Eq.5.5.

v Pr - Pl
=
: (5.5)
11 .
U,

where the numerators and denominators of terms in Eq.5.5 are differential
pressures measured by the transducer, denoted as Pr and Pj), respectively.
The uncertainty of the transducer was stated as 1% including non-linearity
errors. Based on the error analysis given in {113-115], and if C, and «/U,

are denoted by ¢, then the resulting error, =4, becomes;

96 \* /oo N\
NESNTY

where ; = £ 1s the uncertainty of the transducer differential pressure mea-

(5.6)

surements, Pgr and Pp. The uncertainties for C, and u/U; are respectively;

< Cp

C,

p

and W,y = UE/U’; }1 (5.7)

U =
u(’.n
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5.2. STATEMENT OF UNCERTAINTIES

where ¢., and £, are the errors in measuring C, and u/U,; respectively. 1t

is then a straightforward matter to show that

u [wh + w)] 12 (5.8)

[ =

> ) 1/2
— [U'k + ’u’n] and  wyp =

Y.
Cp

Thus, the uncertainties due to the instrumentation in measuring all the pres-

sure coefficients, and all the velocity profiles are 1.4% and 0.35% respectively.

5.2.2 Experimental random errors

The experimental random errors at each point, and the overall experimental
uncertainties, w, were determined using Eq.5.9. Discrepancies in the numer-
ical results was based on the comparison of these results with experimental
data either from this research or in some cases, those from published litera-

ture in a manner proposed in [116] and also calculated according to Eq.5.9.

S (- a) L
w()} _ n Jlag( J .7) XlOOOO and Wy = ﬁ Z We, (59)
J i=1

where ¢; and n are the mean values of ¢ and the number of repeated readings
measured at each data point respectively, and N is the total number of data

points for a particular series of measurements.



Chapter 6

Results and Discussion

6.1 Tunnel qualification

6.1.1 Inlet channel flow

While reviewing the influence of inlet flow conditions on the diffuser per-
formance in chapter 1, it was stated that the boundary layer thickness and
uniformity as characterized by the blockage factor was important. In this
respect, the inlet axial velocity profiles were measured, first without the dif-
fuser and then repeated with the diffuser connected to the inlet duct. As
can be seen from figure 6.1, the introduction of the diffuser introduced se-
rious asymmetry of the inlet flow. The non-uniformity of the flow, A, was
evaluated as the overall discrepancy of axial velocities u;, measured at corre-
sponding points to the right and left of the z-axis. The overall discrepancy
for any parameter was established by using Eq.5.9. A summary of the non-
uniformities for all the diffusers with flow at different Reynolds numbers is
given in table 6.1. The non-uniformity of the How caused the corresponding
static pressures on the opposite side walls at the inlet to be different. This
situation presented a problem in the interpretation of reference inlet condi-
tions both for the velocity and static pressure data, since each flow condition

sroduced different profiles. Consequently, it was found necessary to refer-
| ) A
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Figure 6.1: Inlet axial velocity profiles in the 50° diffuser

Table 6.1: Non-uniformity, A (%), of inlet flow with diffuser

20 | Re=1.08 x 10° | Re=1.63 x 10° | Re=2.18 x 10°

30° 4.17 4.41 4.92
40° 4.21 4.42 4.77
o0° 4.23 4.55 5.03

ence the inlet flow conditions to a location where the flow was reasonably
uniform. Such a point was found to be at an arbitrarily chosen upstream
location of + /W7 = —2.35. At this inlet reference location, the axial velocity
profiles were again measured, with and without the diffuser. Table 6.2 gives
the non-uniformity of the axial velocity profiles measured in both the y and
z directions at the reference diffuser location. All the measurements in the
inlet duct were carried out using a single hot-wire anemometer.

From the velocity profiles at the reference location, boundary layer block-
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Table 6.2: Non-uniformity, A (%), of flow at /W] = —2.35

Without diffuser With diffuser
Rex 107 Rex10°
Direction | 26 | 1.08 | 1.63 | 2.18 | 1.08 | 1.63 | 2.18
30° 10121012 0.13(0.19 | 0.20 | 0.20
y 40°10.1310.13]0.13 | 0.20| 0.22 |0.23
50°10.15 1 0.1510.14 | 0.25 | 0.25 | 0.27
30°10.1210.1210.120.18 | 0.18 | 0.18
40° 1 0.12 {0131 0.12 1 0.20 { 0.0.22 1 0.23
50°10.14 | 0.14 ] 0.14 | 0.22 | 0.23 | 0.23

I

age factors B, were evaluated according to Eq.6.1.

207 2 [?

U .

U

The blockage factors were approximately 0.014 and hence the pressure recov-
ery data can be compared with the data of Rencau et al. [3], which is available
for B = 0.015. Table 6.3 sununarizes both the blockage factors and the corre-
sponding centerline turbulence intensities obtained for the three diffusers at
the three different Reynolds numbers. A typical turbulence intensity profile,
evaluated according to Eq.3.3, and measured alongside the velocity profiles is
shown in figure 6.2. Of interest to this study, and for characterization of the
inlet flow during the computational modeling, was the turbulence intensity
at the centerline of the inlet duct.

It still remains unclear why stalling in the two-dimensional fully stalled
regime in diffusers occur on a particular wall. As was described in chapter 3,
great care was taken to manufacture highly symmetrical diffusers. Tests to
rule out the possibility of a bias towards the flow attaching to a particular

wall whenever the fan was switched on were carried out. In this regard, for

78



6.1.

TUNNEL QUALIFICATION

Table 6.3: Diffuser inlet blockage factors and turbulence intensities

Blockage factors Turbulence intensities (%)
Re/26 | 1.08x10° | 1.63 x 10° | 2.18 x 10° | 1.08 x 10° | 1.63 x 10° | 2.18 x 10°
30° 0.0141 0.0142 0.0140 2.33 241 2.36
40° 0.0141 0.0141 0.0141 2.22 2.20 2.31
50° 0.0140 0.0139 0.139 241 2.32 2.27

all diffusers and before any measurements were taken, a start-stop check was
done whereby the fan was started, the wall to which the flow was attached
noted, the fan switched off and started again and the process repeated. These
tests were done at an inlet duct velocity of 15 m/s. An intermittency parame-
ter ~v,, was then defined as a ratio of the number of times the flow remained
attached to a given wall to the total number of start-stop cycles. Figure 6.3
shows the variation of 7, after 50 cycles of the start-stop experiments.

The same behavior was portrayed in thie computational models whereby,
computations were performed until solution convergence was achieved and
the stall wall noted. Without altering anything in the CFD code, the flow
was initialized and computations repeated. This procedure was repeated 10
times. Figure 6.4 shows typical contour plots of the streamlines for a 50°
diffuser with the flow attached to the right and left walls, respectively in two
such cycles. Even though the intermittency of stall between the two walls
showed greater discrepancy (see figure 6.3) in the computational models than
in the physical models, the fact that the flow was not biased to one wall ruled
out the possibility of symmetrical imperfections as the reason for which the
diffuser stalled on a particular wall. Furthermore, while it might be difficult
to manufacture a perfectly syminetrical diffuser, the geometries produced in

the CAD software that generated the meshes produced perfectly symmetrical
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Figure 6.2: Turbulence intensity at x/W; = —2.35 for the 30° diffuser

diffusers. This reality implies that there is more to the stall bias than just
the small manufacturing imperfections that might be present in the physical
model.

In the physical models, it was possible to force the flow to attach to
the other wall by partially blocking the flow at the inlet with a piece of
Perspex, and directing it to the desired wall. Once "switched’ to the other
side. the flow remained attached to that wall. However, in the computational
model, this was not possible and computations were performed to solution
convergence and ‘switched’ to the desired wall during post processing of the
results. Thus, in instances when the stall wall in the computational model
was different from that of the physical model, the results were reflected about

the r-axis to allow comparisomn.
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Figure 6.3 Iotermittency of stalling between ditfuser diverging walls

Figure 6.4: Streamline conlours for the 507 difhaser

6.1.2 Reproducibility and replication

Flows in wide angled diffusers are mherently unsteady. In order to reduce

the effect of the unsteadiness in the experimental results, the pressure trans-
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ducer differential voltages, were averaged over long durations. The optimal
averaging duration was achieved by setting it at a given value and then
measuring the velocities and static pressures at a few selected data points
while holding the inlet velocity constant. The averaging period was then
varied and the measurements at the same data points repeated. Thus, the
optimal averaging duration corresponded to the period beyond which the
velocity and static pressure readings ceased changing with change in aver-
aging period. This optimal averaging time was kept constant for the rest of
the measurements and it was only then that the repeatability tests to de-
termine the overall experimental uncertainties were performed. Due to the
large number of data points obtained especially when measuring the velocity
profiles. it was found adequate to take readings at each point three times
and then average their discrepancies for all the data points in accordance
with the techniques discussed earlier. In any case, the statement of overall
uncertainties is all that is required. Figures 6.5 and 6.6 show typical repro-
ducibility results obtained for the wall static pressure recovery and velocity
field. respectively for a 30° diffuser. The reproducibility tests were however
performed for all the angles and the results of the tests are summarized in
table 6.4. Even though the reproducibility seems to worsen as both Reynolds
number and divergence angles increased, the maximum discrepancy at 1.88%
indicate fairlv reproducible experiments of these physicallv complex flows.
As was shown in the previous section, the wall to which the flow attached
was quite random. However, since the data acquisition system was placed
on the left side of the diffuser, the flow was always manually ‘switched’ to
the left wall in instances when it attached to the right wall. With this in
mind, it was important to confirm that both the pressure and velocity fields

were independent of the wall to which flow was attached. To verify this
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Figure 6.6 Reproducibility of velocity profiles for the 30" diffuser

requirement., the flow field was measured with the flow firstly attached to
the left wall and secondly with the How artached to the right wall, as can be
seen from figure 6.7. For case of comparison, results of figure 6.7, when the

flow was attached to the nght wall, were reflected about the w-axis shown in
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figure .8, leading 10 the choier of the term ‘mirror replication’ to describe

the tests.
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Figure 6.7: Replicatiom of velocity profiles for the 30¢ diffuser
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Figure 6.8: Mirvor replication of velocity profiles for the 30° diffuser

Lastly, static pressures were measiured on the wall to which the How was

attached {unstalled wall). Pressure rocovery data for corresponding static

pressure holes on the two walls s shown in figure 6.9, These replication tests
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Figure 6.9 Replication of € for the 307 diffuser

were performed for sll the angles at the different Heynolds muanbers and a

surimary of these results are also welieded in table 6.4

Table 6.4: Reproducibility and replication of dithuser fows

H[:|Jll'(}{111r:‘.ihi|it}" Heplication
diserepancy, discrepancy,
Flow Rex 107 Rex |1}
fold. | 26 [1.08 163|218 108 | 162 | 218
Pressurve | 307 | 142 157 [ 163 L77 [ 1L.&5 | 19T
recovery | 40° | 1.3 181 | L5001 191 | 197 | 201
o7 | LBt | 1.2 [ R8s  1LB3 | 103 215
Velocity | 307 | 0.32 | 0,36 | 0.37 § 0.52 | (153 | (KaT
profiles | 407 | .34 | (033 | 0.39 | 053 | 056 | 0.38
H0° | (L30 | (h37 | 0.34 | 056 | 058 | 1,39

The static pressure field showed more sensitivity to replication than the

velocity profiles. The rephieation discrepancies for the static pressure Geld
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worsened as the flow velocity and divergence angle were increased. However,
since the replication discrepancies are of the same order of magnitude as the
reproducibility. they can be viewed to be a result of the flow unsteadiness and
the small imperfections in the diffuser symmetry. The replication discrepancy

of the velocity profiles was below 0.6% in all cases.

6.1.3 Reynolds number dependence

Although it is reported in the literature that variation of Reynolds num-
ber does not influence the pressure recovery data, the indications obtained
while performing the reproducibility and replication tests. was that Reynolds
number indeed has a significant influence on the flow field. It was therefore
decided to perform tests to evaluate the influence of Reynolds number on
both the static pressure and velocity fields. The inlet velocity was set at
10 m/s. 15 m/s and 20 m/s corresponding to Reynolds numbers 1.08 x 10°,
1.63 x 10°. 2.18 x 10, respectively. Preliminary tests showed that higher
velocities produced undesirable vibration of the diffusers. Figures 6.10 and
6.11 show the influence of the Reynolds number on the wall static pressure
recovery and velocity profiles respectively.

It can be observed from figure 6.10, that near the diffuser inlet the in-
fluence of Reynolds number on static pressure recovery is significant. This
observation is roughly represented in a plot of the standard deviation of C,
values about the mean along the walls. As expected. the largest deviation
occurs near the inlet as can be seen in figure 6.12.

This sensitivity of (, values to Reynolds number changes can be at-
tributed to the three dimensionality nature of the flow expected in this re-
gion and to the fact that it is in this region that the highest adverse pressure

gradients are experienced. rendering the flow here very unstable. Attempts
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Figure 6.10: [nfluenee of Be on C for the 30° diffuser

to use the vaw meter to measure the velocity profiles i this region resulted
in data whose reproducibility was ahove 15%.  However, veloaity proliles
measured at the first strip (located 90 nun downstream of the difuser in-
let), indicated very little influence {of the order of 19%] on the profiles due to
Heyvnolds numbers, as can be seen from figure 611

To zet an indicatron of the idluence of Revnolds number and yvet include
results from this very unstable region, some out-of-range discrepancy results
were statistically rejected using Chauvenet's data rejection criteria 115,
With this treatment of data, the results show that by changing the veloc-
ity from 10 /s to 20 m/s the static pressure recovery increased by 8.31%,
11 15%, and 9.35% for 307, 407 and 50° ditfusers, respectively. A similar data
treatment approach adopted for the velocity praliles shewed that the increase
of the normalized velocities, for a similar merease in Reynolds mumber, was
1.37%. 1L57%, and L60% for 307, 40 and 50° diffusers, respoectively. Evi-
dently, the static pressure was infuenced by the Reynolds number at values

that are outside the overall experimental uncertaintios of about 2% i this

BY



G.1. TUNNEL QUALIFICATION

lis ' -
s Re~ 163

212 *Re-2 18 107
106 ¥ He I[Ihlﬂ’

% 10°

R

-1.06
212 -

318 —
A0 A%

241 <05 1o 2.5 40 335 1.0 85 100

X i

W

Figure 6.11: Influence of Re on velocity profiles for the 307 diffuser

[=]
2

=

=

"
i

Standard deviation of CI,

06005 -

1.5 0.0k I 50 300 4.50 6.00 750

Figure 6.12: Standard deviation of ' data due 1o change in Re

el




6.1. TUNNEL QUALIFICATION

research.

It might be of interest in future to carry out a study that can relate,
Reynolds number to diffuser geometry. Results from the limited number of
flow cases in this study can not be considered adequate to provide a reason-
able correlation. Bearing this in mind and in order to focus on the primary
objectives of this research, it was decided that from this point onwards, the
Reynolds number be held constant at 1.63 x 10° corresponding to an inlet

duct velocity of 15 m/s.

6.1.4 Two-dimensionality

The primaryv assumption made in this studyv is that the flow is two dimen-
sional. In fact. it is only due to this assumption that the three-tube yaw
meter was used to measure the velocity vectors. All diffusers studied in this
research had the roof and the floor walls running parallel to each other. It was
rational to assume that the boundary layver growth rates from the floor and
roof walls were the same and merged at the mid-plane. Therefore. measuring
the flow in the mid-plane was adequately representative of a two-dimensional
flow.

Traditionally, proof of two-dimensionality of a flow is carried out by mea-
suring axial velocity profiles at two different planes, one below the mid-plane,
and another above the mid-plane. Thus, for a given location within the dif-
fuser. axial velocity profiles were measured in three planes. namely: upper.
mid and lower planes. The upper and lower planes were both at a 100 mm
distance from the roof and floor of the diffuser respectively. For all diffusers
in this study. the two-dimensionality of the flow was verified using this proce-
dure, with the velocity profiles being measured at three locations downstream

of the diffuser inlet located at r/11; = 0.9. 3.9 and 8.4. The tests were car-
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riced out an 15 mds Typical resulis of such measurements are shown in igure

6.1.3.
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Fizure {.13: Two-dimensionality test for a 30° diffuser

The velocity profiles in the upper and lower planes, for symumetrical
boundary layer growth rates between roofl and floor walls. must be the sanwe,
With the mid-plane beld as the datum, the overall deviations from tlos plane
for the lower and the upper planes are shown in figure 6,14, The larvest dif-
ference in these deviatwons between the nppoer and lower planes in fAgues 6.14
was (.37 moeaning that the two-dimensionality was well within the uncer-
tainties of the experimental data i this stndy, However, the lower plane
consistently gave higher diserepancies, i line with what Kline 8] observed
about the stall starting at a localized position on the lower corners of the
diffuser before spreading to the rest of the diffuser,

Flow visnalization using woolen gufts was performed in order to observe
the steadiness and (wo-dimensioushiy of 1he How The woolen tufts were
altached to the side walls of the diffuser at several locations. Apari from

the tfts that were next to the roof and foor. aod which displayed shghe
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Figzure 6 14; Discrepancies in the velocity profiles between planes

Nuctuations of movement, all the other tufts faced the downstream direction

steadily and ran almost parallel to each other as can be seen from fpure 6.15.

Further Aow visualization was carried out usine thin tailor's thread. Long
peces of the thread were passed through corresponding static pressure holes
across the width of the diffuser at several locations in the How-field, On
each of these threads, short pieces of thread about 20 min long were tied at
several points, Lastly, pleces of the tailor’s thread were passed through each
wall static pressure hole. Following, ihis treatment, the How visualization
results shown in fisure 636, and to be discussed later, were obtained. On
the upstalled wall near the diffuser inlet of the 5% diffuser, n separation

hubhble consistent with the notation of fzure 6.36 was observed. This bubble

was hot present i the flow visualizaiion results of the 307 and 407 diffusers,




6.2 DATA DANK CONTRIBUTION

Figure 6.15: Tuft How visualization on the side walls

6.2 Data bank contribution

In the interest of clarity while discussing the experimental resuits, only repre-
sentative cases of extongive experimental data have been presenued, However,
the same rigorous checks and experiimental procedures, as discussed in see-
tion 6.1, woere performed for all How cases. These results are presented in
appnndix A as g data bank coutribution. The EX‘[}(:‘!I’ilIlE'r]t.H.l and nerical
results from identical How cases are presented on the same graphs for case of
comparison, The results presented in the cdata bank include, the axial veloc-
ity profiles. w /0, lateral velocity profiles, o /U, and the wall stalic pressare
recovery and static pressure fields, O,

It is known from previous research [4 6] that the introduction of inlet
vanes to n diffuser greatly improve diffuser pressure recovery, This aspect of
diffuser Hows was also investigaied i this research. However, introduaction

of the vanes led to unsteadiness of the How as was observed throngl tow
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visualization studies. The flow switched randomly from one wall to the other
even though no external disturbance had been applied. For this reason,
no measurement of the velocity field was attempted. The overall pressure
rise P, — P;. and hence C,., was measured by averaging the differential
pressure between the inlet and outlet of the diffuser over a long period of
time. typically 90 seconds. These results are presented together with the

simulated results in section 6.6.

6.3 Computational models: Convergence

For a turbulence model to give results that can be verified by physical testing,
the model must satisfy certain solution convergence criteria. Such criteria
include. grid and discretization scheme convergence. Two-equation eddy vis-
cosity models were chosen in this research because they are known to give
reasonable solutions in APG flows. Preliminary computations with the more
“aceurate” RSN and LES models failed to predict stalling of the flow while
using the same grid as that of the eddy viscosity models. This was a clear in-
dication that a finer grid was required with the possibility of performing the
computations in an unsteady three dimensional space, if RSA and LES mod-
els were to provide reasonable predictions. Considering that the optimal grid
used (fine mesh) had 229,440 cells in a two-dimensional space, performing
the computations in the three dimensional space required the introduction
of more planes over the 0.4 m depth of the diffusers. In terms of computing
resources and the convergence periods, this was prohibitively expensive.
The Menter SST k — w model was used in the convergence tests. In
all cases. the pressure-velocity coupling was performed using the SINMPLEC
scheme due to its increased pressure-correction under-relaxation which greatly

improves convergence in APG flows [111].
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6.3.1 Grid convergence test

A large munber of grid types were tested as discussed in section 1.3, The
momentum, & and w equations were diseretized using the QUICK scheme.
The grid was refined several tunes by reducing the mesh sizes to the optimal
size until the flow properties stopped varving with further grid refinement.
The comvergenee tests wore perfonned on only the 307 diffuser since it was
thought to present the most stringent flow conditions in tering of the prossire
gradients and severity of the vilocity proflle distortions. Onee grid conver-
gence was achieved, the same grid propoerties were used lor all the narrower
dillusers. 'Three mesh types namely; ‘coarse mesh’, ‘fine mesh’ and “finer
mesh’, snd whose properties are given in table 1.2, were used to test for the
grid independence of the mumericsl solutions. The overall discrepancies in
the velocity profiles of the ‘coarse’ and ‘finer’ meshes from the ‘fine swesh
were 0,465 and 0.63%. respectively, for the veloeity profiles that are shown

in figure .16, Corresponding diserepancies for the static pressures, in lgure

Slb q i . " i i . ¥ + i i L L i 1 i i
I i :
344 - Fine Mesh '
—— Coarse Mesh
[ Finer Mush ¢
e ——— T N 7
-1.72 iy ;
344 -
516 4 . : . e - - , . e
-5.0 -35 20 -0.5 I.G 25 4.0 5.5 7.0 B& 1010
X M
Wy

Fignre 6.16: Grid convergence test on velocity profiles

617, were 186% and 1.02%. respectively. These discrepancies are within
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Figure 6.17: Grid convergence test on O,

the nucertaintivs of the experinnent and hence the grad refinement was con-
sidered to have converged. The ‘coarse’ mesh however produced 3 values
mich higher than 1 as can be seen i figure 6,18 indicating that solution in
the viscons sub-layver mayv not be well resolved for this mesh. Therefore the
“ine” mesh, whose total number of cells were half those of the *iner’ mesh

and y* = 1, was used in all subsequent computations,

6.3.2 Discretization scheme

A pood numerical selution shonld not depend on the scheme nsed to dis-
cretize the transport eqguations, especially when the schemes are of the same
order of accuracy, Figures 6,19 and 6.20 show the diseretization convergence
tests for the axial velocity profiles, and O, respectively. Even. though
prediction given by first order acourate schemes, Lo the first order upwand
and power lawn schemes differ fram thiose of the hisher order schemes, the

predictions by these first order accurate schemoes are almost indistinguish-

able from cach other. The same can be said about the mgher order schetues
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Figure 6,19 Discretization scheme convetrpence for velocity profiles

both for the velooty profiles and the statie pressure recovery, However. since
more cotnputational effort was required for the third order scheme, it was
abandoned in Faovor of the second order acourate schemes., Lastly, because
the second order upwind scheme 1s & hybrid between the first order central

differencing and second order upwind schemes {111]. and since the switching
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Figure 6.20: Discretization scheme convergence for O,

hetween the two scheines 18 dependent on the value of the Peclet number, it
was thonghi prudent to use the QUICK scheme as it ensured secomd order

accurale solubions at all imes.

6.3.3 DModels’ comparison

The choice of the two-equation eddy viseosity moedels that give reasonable
predictions in APG Bows is well supported in the literature as was demon-
strated in section 1.3.2. As a result, in this strong APG Hows dominated
stuidy, fonr eddy viscosity mnodels were selected, 1.e. the Menter 55T £ — w.
the Wilcox & — w, the standard & — £, and the realizable & — ¢ models. Fig-
ures 621 and £.22 show the porformance of these models in comparison with
experimmental results for the O and velocity profiles. respectively, The dis-
erepancies belween Lese numerieal predictions and the experimental results
are given in table 6.5,

Even though the prediction ervors for the & — ¢ models are of the same

order of magnitwde as those by the & —w models for the velocity profiles, the
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k—e models over-predicted the €, values by over 2000, This was however not
surprising since this over-prediction was a major concert Taised in the 1RO-51
AFOSR-HTTM-Stanford Conference on Complex Turbulent Flows 72, 73],
The nse of wall tunctions i the k — ¢ models 18 Chought to be respousible for
this over-prodiction since the wall [nctions used do not apply any correction
for pressure gradient effects. But. the pressure gradicus effects are the man
How teature i this study. Besides the over-prediction of O, the £ — ¢ models
fail to capture the separatiom bubhble observed i fignre 6.36. Consequent ly,
il was concluded that the £ — € models were not appropriate in modeling,

these Hows and wore thorefore noi eonsidered further

te
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Figure 6.21; Perfinmance of eddy viscosity models in predicting O
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Table 6.5: Performance of turbulence models

Flow Location | SST k —w | Wilcox k — w | Std k — ¢ | Realizable
field k—e
Wall pressure
recovery data - 4.05 14.66 233.4 219.7
Yeerror
Entry 3.63 3.65 3.65 3.65
Strip 1 7.87 6.82 5.30 5.38
Velocity Strip 2 0.94 2.89 2.01 4.79
profiles Strip 3 0.37 0.32 0.30 0.38
% error Strip 4 5.48 5.46 3.38 5.48
Strip 5 2.64 2.64 2.64 2.64
Strip 6 3.85 3.86 3.86 3.86
Overall 3.54 3.66 3.02 3.74

Compared to the experimental results, the Wilcox & — w and SST k — w
models over-predicted the velocity profiles by 3.66% and 3.54%, respectively.
However. the Wilcox & — w model under-predicted the C, value by 14.66%.
This behavior is due the absence of the cross-diffusion that is introduced into
the SST & —w model through the € to w transformation. The performance of
the SST k —w model was enhanced further by reducing the production of the
turbulent kinetic energy through a reduction of the model coefficient R; from
8 to 5.5, The effect of adding the cross diffusion into the turbulent diffusion
terms of the w-equation is to reduce the net production of turbulent kinetic
cnergy. Since the production of this turbulent kinetic energy is responsible
for the difference in performance between the two models, it was then easier

to reduce it directly by modifying the production term of the k-equation.
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6.3.4 Reynolds number independence

As in the phvsical models, 1l was necessary to check the influence of the
Revnolds number on the prediction of these Hows., Simulations were per-
formed at Reynolds nwmbers identical to those of the experiments. In the
experiments, the increase of Heynolds number was limited by some physical
constraints like the fan speed and the undesirable vibration eflects as men-
tioned earlier. However, such limitations are absent in computational models
and therefore the Reynolds number imdependence tests were performed to in-
clude Re = 6.53 » 10°, carresponding to an inlet velocity of 60 m/s. As can
b seen from figures 6.23 and 6.24, the predictions are almost indistinguish-
able for both the velocity profiles and €. This led to the conclusion thatl the
solution of these diffuser flows were independent of Heynolds number. Hence-
farth. all the compitations, just like in the phivsical models, were performed

at 15 m/s corresponding to & Revuolds number of 2,18 x 107,

506 PR R " . : —il L
. — Re—l182x 10|
343 — Re= 1R x 108 |
— Re=218x10° | !
1724 — Re=6.53xm-‘|
- & 000 — e ' —_——
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A 16 S, (S :
S50 35 20 0% 10 25 40 55 70 85 100D
I u
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Figure .23 Revnolds nuwber dependence test for the velocity profiles
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Figure 6.24. Reynolds number dependence test for €
6.4 Summary: Experiments vs CFD results

Other available experitnental data for verifving the predicted Dow data in-
clude the v/, and €, profiles. Figures 6.25 to 6.28 give a complete sample

ol the data set for the 507 dithser,
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Figure 6.25: Axial velocity profiles for the S0 diffuser
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Figure 6.27. Lataral veloaty profiles for the 50° diffuser

Similur results are available for the other diffusers as given in appendix A.
Table 6.6 summarizes the overall errors arising from the numerical prediction

of these parametors for all the diffusers.
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Tahle 6.6: Prediction of % errors in diflusers
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6.5 Prediction of €, in unvaned diffusers

Data is available in the literature, (e [1.3,7.12]), for the overall pressure
recevery O in anvaned diffusers. To verify the prediction of the overall
pressure recovery, further computations were perforried for 4°, 7, 10°%, 15°,
200, 287 and 127 diffusers. The grid properties and solution techiigues were
kept the same as those of the previous computations, The seometries, and
flow conditions for the 2587 and 427 diffusers were however different from
those studied expenmentally in this research. Accordingly, the N/W ratio,

the inler hydraulic diameter. and the inlet How velocity for these two diffusers

14
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woere sel as 8.35, 0014 m, and 26 m/s, respectively, so ag to correspond to the
geometric and fow conditions of the data of Cocliran and Kline [4]. The O,
results for these diffusers were then compared with the experimental data of

Rencan et al. [3] and are shown in tigure 6.29.

GR
+ Reneau et al
0.7 1 = This research {experimental )
06 &« This research {(simulations)
s | Cochran and Kline
:_J'f- 0.4
03 -
02
ol
oA = [ £ ]
0] 10 20 3G 40 S0

Divergence angle 26

Figure 6.29: Coethicient of pressure recovery data

The maximum Cp, was achieved when 26 — 11° and is in agreement with
the resulls of Hencan et al. for diffusers with similar inlet blockags factors.
For ditfusers within 30° < 26 < 42° the Oy, values are little affected by
changes in # as the C5 — 20 curve levels off. However, heyond tlos range,
there is a sudden drop in €. 16 is expected trom this discontinuity that the
wall ', profiles must then show a diflerent trend as can he ohbserved from
the experimental results of Lhe wall ), plol in figure 6.30.

This sudden change in pressure recaovery data is due to the presence of

the inlet separation bubble, obscrved in the 51 diffuser (sec lgore 6.33) but
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Figure 6.30; Experimental wall (%, for all angles

absent in the 30° and 407 diffusers as can be seen in figure 6,31,

Figure 6.31: Velocity vectors for the 3 and 40° diffusers

The separation hubble, thought of as a limiting case between the recir-

culating region of the backward facing step (sudden expansion) and attached
How, certainly chanpes the How field behavior even heyond its reattachment

point,
The experimental aud computatioua] results fron the cuerent research
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are in agreement with the Repean et al data to within 4.74% and 3.71%

respectively.

6.6 Prediction of (', in vaned diffusers

Computations with the inlet vanes wers performed on 287, 507, 407, 12°, and
A0° diffusers. This is becanse they are the only ones whose experimentat data
for verification of the numerical soluiions iy avaitable (from [} and the current
research). WNear the vanes' surfaces, the grid properties were matched to
those of the diffuser walls (o ensure that the ¢t values in the entire Dow-held
reruained close to 1. Figure 6.32 shows the improvement in pressure recovery
achieved due to the use of inlet vanes. Based on the unvaned diffuser results
of Renean et al [3], all ihe diffusers increased their €, values by over 73%.

Cochran and Kline [4] bave shown that the improvement in pressure recovery
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Figure 6.32; Coefficient of pressure recovery data for vaned diffusers
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in diffusers depends on the ratio of the diffuser length to the vane length. For
this reason, no direct comparison of experimental results for vaned diffusers
can be made due to the difference in geometries of the two sets of experiments.
However, the computed data for vaned diffusers has an error of 3.56% and
3.71%. compared to the experimental results from the current research, and
those from Cochran and Kline, respectively. This is a promising indication
that the vaned diffuser flows can be well resolved with the current solution
techniques and turbulence model. It is however important that more physical
testing, which should include both the velocity and pressure fields, should
be carried out before conclusions about performance of the turbulence model

can be drawn.

6.7 Prediction of the effective flow geometry

In wide-angled diffuser flows, the magnitude of the velocities in the stalled
region is much lower than those in the unstalled region. From one dimensional
flow theory considerations, higher diffuser exit effective areas correspond to
higher pressure recoveries. Thus, for prediction of the pressure recovery, the
effective flow area, especially at the exit. is critical. The velocity profiles
presented so far, and inspection of the velocity vectors in figure 6.33, suggest
the existence of an imaginary streamline that defines the transition between
regions of stalled and unstalled flow. This streamline corresponds to the
imaginary line of all the points where u = 0. measured while probing the
velocities between the left and right walls of the diffusers as described below.

The distances of all the six roof strips from the diffuser entry point in
the r direction were known, and hence the width of each strip 117,. was eval-
uated according to Eq.6.2. The calculated width 11, was used to normalize

distances measured in the y direction about the s-axis for each strip. A
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Figure .33 Velooity vectors and contonrs for the 50° ditfuser

normalized length scale £ was then defined and 15 given i Eq 6.2,

y

W, = 2etand + W =
o atatif 4+ W £ e

(6.2]

Thus, for each strip, a different letigth was used to normalize the data points
in the ¢ direction, resulting i normalized distances of the data pointy lalling
in the range —0.5 < £ < +01.5.

The velocity prefiles «/U, for all the strips can then be plotted on the
same graph. This post-processing procedure was performed on the data for
all the diffusers and the resulting graphs. similar in appearavce to figare
6.31, are given in appendix A This data set shows that asvinmetry of the
How in diffusers heging when the diversence angle s above 15% Reverse How
was only observed m the 50° diffuser as can be seen from the plot of the
/W — 04 in figwe 634, From this Bpure, it is seen that along the left
hand portion of each data set corresponding to the different strips, a linear
section exists, which intercepts with the abseissa £. This intercept gives the

location at which the axial velocity ¢ reverses.
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o 39

s 24
s x 35
Z = .54
W

=54
w84

Figure 6.34; Normalized velacity prohles for the 50° diffuser

At each strip, this intercept is unigue and can be denated as £, The
streamline that is defined by joining & must then describe the edge of the
trausition line between regions of unstalled and stalled Bow, Six values of £
were obtained for each strip, and eventually for all the angles. Figure 6.35
shows a plot of these values against the normalized axial distance /W),

Inspection of figure 6.35 sugpests the existence of an exponential rela-
tionships between these parameters for 207 < 20 < 307, which through curve
ftting technigues and computer optimmization of the coeflicients, wire corre-
lated 1o give Eq.6.0.

£ =¢ln (iﬂ”) Y e o <08 <500 (6.3
W S B '
whoere the coctficients ¢ and o ane

1
S T1-0.14 (6.4)
2= (0.736° + 1323) 87 — (51.26° | 14764) 4 + 61291

S

L Li}
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Figure 6,35 Beversal pomts £, for diffusers

The limiting case of & - —0.0 occwrs for unstalled diffusers. Results for
diflusers that are in the transitory [low regime tend to blend between the
limiting case nearer the diffuser inlet and the exponential profile of the fully
stalled flow resime further downstream of the inlet. as the curve for the 157
difluser mm figure 6.35 shows, The reason for this behavior is that, as will
he demonstrated shortly, separation of flow on the stalled wall does not take
place at the diffuser entey for the diffusers that are m a transitory flow reginie,

For wide-angled diffusers therefore. if the ratio /W5 is known, the ef-
fective width of fow 0.5 — &, as shown in li;ire 6536 ean be evaluated, The
mapping of the effective How area includes locating the separation bubble as
can be seen from the velocity vectors plot near the inlet shown in fiuure 6,37,
From a boundary laver theory view paoint, separation of the flow at the wall
ocolrs when the wall shear stress becomes zero, Precisely, at the paint of
stall du/de = 0 Thus. if the wall shear stress was 1o be resolved into its x

and y components, then this boundary condition is equivalent to setting the
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Figure 6.37; Separaticn bubble on the unstalled wall

r-wall shear stress to zera, The z-wall shear stress can be normalized by the
inlet dynamic pressure to obtain a skin friction cocfhcent Cpy, resolved in
x direction. The point of separation is then thar point along the wall when
G i

For all the diffusers, Cy, was plotted against z/W,; and the graphs pre-
sented i appendix A Figures 6.38 and 6.39 show representative graphs of
these plots,

The locatien of point 57 and A, o figure 6.36 correspond to the points

on the curve when Cp, = 0 on the unstalled wall. Point S corresponds
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Figure 6.35; x-shear stress cosflicient for the 50° ditfuser

to the location when 'y, = 0 on the stalled wall. Figure 639 shows that
separation on the stalled wall does not necessarily take place at the diffuser
entry especially for diffugsers that are in the transitory How regime. However,
it can he ohserved from figure 6,38 and the graphs in appendix A that for
Hows in the fully stalled Aow regline, sepuration on the stalled wall always
ocours at the diffuser entry.

With the aid of Eq.6.3. the effective flow area for wide-angled diffusers
that are in the fully stalled regime, as represented in figure 6.36. can b
mapped and are summarized in table 6.7, The average of the errors hetween
the calenlated and measured effective How areas that results from such map-

ping is less than 6%,
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Figure 6.30: e-shear stress cocflicient for the 157 diffuser

Table 6.7 Mapping of the flow-hield
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Chapter 7

Conclusions

In this study, experimental and numerical investigations of separated flows in
fully stalled wide-angled diffusers have been carried out. Due to the adverse
pressure gradient along the diffuser walls, flow separated from one diverging
wall and became attached to the other wall, thus forming a region of steady
stall within cach diffuser. It was not possible to determine in advance. the
wall to which the flow would attach. Tests to determine the wall to which the
flow remains attached led to the conclusion that the wall of preference was
totally randomn and was probably caused by a slight upstream disturbance
that was impossible to detect. The computational models also displayed this
physical behavior.

However, in the physical models, it was possible to “switch’ the flow from
one wall to the other by introducing an inlet disturbance. It was found that
once ‘switched’” to a wall, the flow remained attached to that wall perma-
nently. Experimental results showed that regardless of the wall to which
the flow was attached, both the velocity and pressure flow-fields were repli-
cated with discrepancies below 2%. The static pressure displayed a greater
sensitivity to an increase in divergence angle.

Although current literature states that for a given geometry, the Reynolds
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number has little influence on the static pressure recovery, it was found in
this study that by increasing the velocity from 10 m/s to 20 m/s, the static
pressure recovery for the 30° diffuser increased by 8.31%. However, as the di-
vergence angle was increased, a similar increase in Reynolds number resulted
in a higher percentage of pressure recovery. The limited range of Reynolds
numbers investigated in this study could not allow a rational correlation be-
tween the Reynolds number and the C), profiles. This range was limited
by the physical constraints imposed by the wind tunnel and fan speed. For
instance, a change of velocity from 10 m/s to 80 m/s would not change the
Reynolds number by even one order of magnitude.

The experimental uncertainties in this research were approximately 2%.
Within these uncertainties a reliable data bank contribution has been pro-
vided for unvaned fully stalled wide-angled diffusers. The parameters in the
data bank include the wall static pressure recovery data. axial and lateral
velocity profiles and static pressure profiles. Velocity profiles that are plot-
ted on the proposed normalized length scale together with the skin friction
coefficients have also been included in the data bank.

The design criteria utilizing short, flat, vane installations at the inlet
as proposed by Cochran and Kline [4] was checked over a range of angles.
A marked improvement in pressure recovery, with C,, increasing by more
than 75% in this high pressure loss regime of the fully developed stall, was
achieved.

Four eddy viscosity models were used to predict the diffusers’ flows,
namely; the standard & — €, realizable k — e, Wilcox & — w and Menter
SST k — w models. All four models showed comparable performance in the
prediction of the velocity profiles. The & — ¢ models however consistently

over-predicted C, by more than 200%. This was due to the use of the wall
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functions incorporated in the & — € models in the near-wall region. The wall
functions do not account for any pressure gradient effects, which are the main
flow features of this study. The k — ¢ models even failed to predict the sep-
aration bubble that had been observed to appear on the unstalled wall near
the entry for the 50° diffuscr.

The variants of the k—w turbulence model gave comparable results in the
velocity field but again differed in their prediction of the wall static pressure.
The Wilcox &k —w model under-predicted the wall static pressure by 14.66%,
a behavior thought to be as a result of high production of turbulent kinetic
energy in the k-equation caused by a lack of cross-diffusion in the w-equation.
The SST k — w model therefore emerged as the best overall model. A little
modification to the k-equation of the SST & — w models resulted in the model
predicting the static pressure data and velocity fields to within a maximum
error of 4%. The lateral velocity and static pressure profiles were predicted
to within 1% and 0.15%, respectively.

Other diffuser geometries were included so that predicted overall pressure
recovery could be compared with the results of Reneau et.al [3]. For constant
inlet duct aspect ratio and N/ ratio, the maximum C,, was predicted to
occur in a 11° diffuser. The trend measured by Rencau et.al for variation
of C), with § was reproduced to within 3.71%. Prediction errors for C), in
the vaned diffusers, were 3.56% compared to the experimental results of the
current research and 3.71% compared to the results of Cochran and Kline [4]
for similar geometries.

A simple correlation for determining the effective flow areas for fully
stalled diffusers has been proposed. When used together with the separa-
tion bubble mapping, separation points on the unstalled and stalled walls,

and reattachment point on the unstalled wall can be mapped. Thus, if the
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effective flow area is predicted in advance, then it is promising that one-
dimensional flow theory together with the boundary layer equations can be
used to provide useful information in stalled APG flows.

Finally, the Menter SST k — w model was found to be adequate in pre-

dicting fully stalled flows in wide-angled diffusers.
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Chapter 8

Future Outlook

Results obtained and presented in this research indicate that the dependence
of pressure and velocity profiles on Reynolds nuimnber disagrees with the litera-
ture. The numerical pressure recovery profiles were independent of Reynolds
number in the range studied, but that the experimental profiles were not,
with a greater ), at higher Reynolds number. Nevertheless the differences
in €, are of the order of only 3% across a factor of two in Reynolds num-
ber and increases with increase in the divergence angle. It is recommended
that this dependence on Reynolds number be investigated to establish a clear
relationship between these parameters.

The velocity measurements of the reversed flow on the stalled side of
the diffusers were of smaller magnitude compared to the attached flow. In
this region the accuracy of the velocity measurements using the intrusive
probe is suspect. It is recommended that in future non-intrusive techniques
for both velocity measurements and flow visualization be used. Further, to
give the complete flow structure, future measurements should include tur-
bulence whereby the microscale energy spectrum and momentuim transfer in
the diffuser can be established.

The random nature of the choice of wall to which the flow attaches has
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been observed in both the numerical simulations and experimental work. It
1s suspected that in the physical models, the wall to which the flow attaches
is determined by the quasi-random turbulent initial conditions which varies
in a quasi-random manner from experiment to experiment. However, there
is no plausible explanation why in the computational models running under
similar initialization, numerical scheme and mesh, the wall should be random
from run to run. This requires further investigation.

Finally, as discussed in the thesis, it is only due to constraints in compu-
tational capacity that simulations were performed in a two dimensional space
using two equation models. It is recommended that future work should ex-
tend to three dimensional space using the more robust models like RSM and

LES.
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Appendix A

Data bank contribution
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Figure A.1: Coethicient of static pressure for the 30° diffuser
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A2 O DISTRIBUTHIN ON UNSTALLED WALL

A.2 (', distribution on unstalled wall
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A.3. AXIAL VELOCITY PROFILES

A.3 Axial velocity profiles
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A.4. LATERAL VELOCITY PROFILES

A.4 Lateral velocity profiles
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A.5. STATIC PRESSURE PROFILES

A.5 Static pressure profiles
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VELOCITY PROFILES ON THE NORMALIZED SCALFE

A.6 Velocity profiles on the normalized scale
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A.6. VELOCITY PROFILES ON THE NORMALIZED SCALE
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A.6. VELOCITY PROFILES ON THE NORMALIZED SCALE
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A.6. VELOCITY PROFILES ON THE NORMALIZED SCALE
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A.6. VELOCITY PROFILES ON THE NORMALIZED SCALE
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Figure A20: Normalized velocity profiles for the 47 diffluser
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Appendix B

Calibration of instruments and
data acquisition

B.1 Pressure Transducer

All the pressures were measured by use of an ultra low differential pres-
sure transducer, model DP850V2P5 from Validyne Engineering. To allow
for measurements of ultra low pressures, the Validyne transducer uses the
variable reluctance method of transduction in its design. With this method
over amplification of the sensor signals is not needed, hence contributing
greatly to system stability and accuracy. The pressure-sensing element is a
stainless steel diaphragm clamped between case halves of the same material
in a svinmetrical assembly. Pick-off coils embedded in the case halves sensed
deflection of the diaphragm in response to applied pressure. Self-contained
electronics provided excitation to the pick-off coils and translated diaphragm
movement into a 0-5 Vde output for convenient use.

The transducer’s pressure range was 0-2.5 inches of water equivalent to a
full range pressure of 623 Pa. The transducer had barbed fittings for 1/4 inch
internal diameter hose for the pressure connections. The maximum absolute

error of the data acquisition card used to digitize the transducer voltage
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B.1. PRESSURE TRANSDUCER

signals was 2mV. This corresponded to +0.25 Pa. Within the uncertainty
of the A/D conversion, the resolution of the transducer was +0.25 Pa. The
accuracy of the transducer was specified as £1.5% full scale (best fit straight
line), which included non-linearity, hysteresis and non-repeatability.
Calibration was carried out using a Pitot-static tube with Tee junctions at
both the static and total tube connections. Each Tee junction was connected
to an inclined alcohol manometer at one outlet and to the transducer at
the other. The Pitot-static tube was placed in a low turbulence intensity
(0.4%) wind tunnel with variable air velocity. For a given wind speed, the
transducer output voltage was read and the corresponding pressure based on
the manufacturer’s best-fit curve computed. The computations were based
on Egs.B.1 and B.2. The linearity of the manometer reading was found to

be within £1.1% of the manufacturer’s specification.

(2.5 x 0.0254 X pyar X ¢) X Viran

Pa = - (B.1)
Rnan = Pman X g X [sind (BQ)

where P, and P,,,,, were the transducer and manometer differential pressures
respectively, pwar and ppan were the water and manometric fluid densities
respectively, § was the inclination of the alcohol manometer and V4, was
the transducer voltage. The manometer was inclined at 30°. The specific
gravity of the manometric fluid (ethanol) was 0.82. Since the resolution
of the manometer scale was 0.5 mm, the maximum possible error expected
from human reading errors were within £0.25 mm. Figure B.1 shows the

calibration curve for the transducer.
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Figure B.1: Pressure transducer calibration curve

B.2 Scanivalve

A pressure sampling scanner model 45J9 Scanivalve from Scanivalve Co-
operation wis used for measuring mmliiple pressoges in conjunclion with
the DPEOOVEDPS transducer. It was designed to use one mtegral pressure
transdhicer with its zeroing circuit to do the work of 18 transdiacers and A8
circuits, The transducer was sequentially connected o the various pressire
ports via # radial hole m the rotor that termmnated at the collector hole.
As the rotor ratated. this collector hole passed under the pressure ports in
the stator. Each pressure port was ducted from the block to 1ts port n the

stator. The rotor was driven by a solenoid, which was controlled by a CTRL2

solenoid controller with a step and home finctum. The solenod controller




B.3. YAW METER STEADY STATE CALIBRATION

had an automatic stepping function with speed adjustment. The position of
the rotor was tracked using an optical emitter transmitting to an odd/even
decoder. The odd/even decoder was a flip-lop counter whose output was an
8-bit BINY number displayed on a screen and a binary digital number that
was read through a computer. The sampling rates were user defined allowing
a maximum of 200 Hz.

The Scanivalve was tested for internal leakage at manufacture by pump-
ing and sealing each tubulation at 24 inches of mercury (82.5kPa) with a
total included volume of 5 cubic centimeters. The acceptable leakage level
was a drop of 5 inches (17.2kPa) per hour. This was equivalent to a drop
of 20.8% per hour. External leakages at the vinyl tube conmections on the
Scanivalve pneumatic connector output were checked by use of a DPI 1610
Portable Precision Pneumatic calibrator. From the calibrator, a pressure of
0.5 bar was applied for 10 minutes to each port and the pressure drop over
time noted. The maximum pressure drop corresponded to 11.4% drop per
hour. This was within the acceptable range. Furthermore, the actual experi-
ments were conducted at pressures well below 0.1 bar. Leakages were further
checked using soapy water around the vinyl connections and checking for the

formation of any bubbles. No leakages were observed.

B.3 Yaw meter steady state calibration

The calibration of the yaw meter probe was conducted in a low turbulence
intensity wind tunnel. It was based on the pressure measurements sensed by
the three tubes of the probes over a matrix of yaw angles, which exceeded
the flow angles expected in the flow-field to be measured. It was rotated to
cover yaw angles ¢, within the range of —120° < ¢ < 120° in increments

of 2°. The reference probe null direction was selected as the direction of
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B.3. YAW METER STEADY STATE CALIBRATION

the centreline of the probe tip in line with the main flow direction when the
pressures recorded from the off-center tubes were equal to each other. At
this reference direction, ¢ = (0°. The pressure measured at the central tube
of the probe in this reference position was the total (stagnation) pressure of
the flow, 1.

The dynamic pressure in this position was measured by taking the differ-
ential pressure between the total pressure and static pressure from a static
pressure tapping on the sidewall of the tunnel. The pressures sensed from
the tubes of the probe were recorded separately for each yaw angle setting
of the probe with respect to the reference position, and the non-dimensional
calibration parameters calculated in terms of pressures and resultant flow
velocity ¢ similar to the ones specified by Yajnik and Gupta [103], Bryer and

Pankhurst {104] and Rhagava,et al. [105] and given in Eqs.B.3 to B.5.

p—r

fw) = ﬁlfp— (B.3)
Pc - Pnz )
P —P. ;

Sp == ]th_ (BO)

where P, and P, are the pressures sensed by the off-center tubes, P, =
(B+P,)/2, is the mean pressure for the off-center pressures, P, is the pressure
measured by the central tube, and P, is the local total pressure that would
be measured by the probe if it were at null-position.

Morrison et al. [106], Gundogdu and Carpinlioglu [107]. and Pisasale and
Ahmed [108] have shown that these functions can be established by direct

calibration at one Reynolds number then applied to a range of Reyunolds
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B3 YAW METER STEADY STATE CALIBRATION

nuwmbers, Calibration of the probe used in this study was done at 15 m/s
When large angles of yaw are sought, the vaw calibration parameter, f{v),
w this techogue tends to produce a singularity when the sigu m the denom-
mator changes, meaning that at one point, the value of the denominator is
zero and a discontinity in f{3) is obtained as can be seen in figure B2 in

the peighborhond of £50°,

assrssresseveetest® A i ,“naﬂL,_—_.
P il
-120 -100 -80 -60 0 -20 200 40 "Elﬂ 260 100 120

{I,l'.-"

Figure B.2: Yaw angle calibration patameter f{ao) for - 120° < ¢ < 1207

In this tegard, during measurements, i was cosured that the denomina-
tor . — %, always remained positive, This requirement meant that while
determining the resultant velocity ¢, based oo the dynamic pressure calibra-
tiom parameter Sp, the square toot of a negative vahie was never enconntered.
As can be observed Brom Agure B2, the pattern scemed to repeat itself after
every 9% and hence the chart was truncated to cover —45° < o < 45°. This
observation was also reported by Bryver and Paokhurest [104], and Ligranoi
ot al. [117].

For the large number of measurement points, the chart reading method

of the calibration parameters proved to be very tedious. Consequently, the
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4.5 YAW METER STEADY STATE CALIBRATION

linear portions of the calibration charts were defined and polynomial de-
scriptions of these portions developed to make the analysis easier through a
computer program. Inspection of the f(4] versus o chart, figure B.3. shows
that the linear portion of the curve was between —1.1 < f(¢) < 1.26 which

corresponded ta —16° < ¢ < 14° and is described by Eq.B.6.

Fla) = 0.0295 + D089 (B.6)

161 -

fl )

Figure B.3: Yaw angle cabibration parameter f{y) for —45° < ¢ < 15°

Within this region, the dynamic pressure €, and total pressure, S,
calibration parameters both produce a one-on-one relationship with ' as can
be seen from both figures B.4 and B.5 Both (Jp and Sp within this region

were curve fitted using sixth order polynomials given in Eq. B.7.

Qp 06544 + (260 — ¥9)x10 T — (3 — whix10 ®
— (F¥" + S 10~
(B.7)
Sp 00079 — (50 — 3%)x10 ¢ — (¥ + 50Y)x10 F
+ {2007 + 4" )x107
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B.2 YAW METER STEADY STATE CALIBRATION
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Figure B.4: Yaw angle calibration parameter f{a] for —45° < ¢ < 45°
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Figure B.5: Yaw angle calibration parameter fiun) for —45% < 9 < 45°

‘To ensure that F. — B, remained positive, and —1.4 < f(3) < 1.26, the
values of f(¥) and P, — F, were monitored in real time through the data

acguisition software. Whenever the two conditions were not met, the probe
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was rotated to a better, but known reference orientation that was read off the
protractor. The flow direction and velocity were then established relative to
the adjusted probe orientation. Finally, the flow direction was transformed
so that it was referenced to the geometric null-probe direction.

At a given probe location, the pressures from the three tubes were read
and f(v) calculated according to Eq.B.3. With f(v') known, the flow yvaw
angle . was calculated from Eq.B.6. Finally, from the curve fitting polyno-
mials. Jp and Sp were established from the calculated value of v>. Since P,
and P, — P, at this location are known, the local magnitudes of the resultant
velocity ¢ and total pressure P, were evaluated from Eqs.B.4 and B.5, re-
spectively. Further, the local static pressures were established by subtracting
the dynamic pressure % pg®. from the total pressure. Equation B.8 shows the
evaluation of the velocity components v and v with respect to the r and y

directions. respectively.

U = qCosu
. (B.8)

v=gsiny
After calibration. the probe was mounted in the test section and set at a
known yaw angle relative to the axial direction of the diffuser. At an inlet
duct velocity of 15 m/s, the three pressures from the three tubes of the yaw
meter were read, and the flow angle v’ and resultant velocity ¢ determined
using the calibration equations. While still at the same probe location. the
probe was rotated until the null position was obtained. The flow angle was
read off the yaw meter protractor and the flow velocity determined from
the differential pressure measured between center tube which would now be

measuring [ and the averaged wall static pressures.

Using this procedure, the error introduced by using the calibration equa-

tions instead of the null-reading technique were established. This process
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was repeated at several locations within the test section as shown in table
B.1. The average error obtained in using the calibration charts as opposed
to the null reading method in measuring the flow angle was 0.81°. This was
acceptable considering that the resolution of the protractor was 1°. The rms

error in velocity measurement was 1.37%.

Table B.1: Testing for the accuracy of the yaw meter probe

Location, y/W, | Normalized velocity u/U; Flow direction ©°
Equations | Null-reading | Equations | Null-reading
4.10 -25.68 -25.00 0.72 0.71
4.00 -25.29 -25.00 0.73 0.72
3.80 -26.00 -25.00 0.72 0.72
3.70 -25.81 -25.00 0.71 0.72
3.60 -25.10 -24.00 0.71 0.70
3.50 -25.61 -25.00 0.69 0.69
3.40 -25.35 -24.00 0.67 0.68
3.30 -24.90 -24.00 0.65 0.65
3.20 -24.65 -24.00 0.63 0.63
3.10 -24.39 -22.50 0.60 0.60
3.00 -23.61 -24.00 0.57 0.56

B.4 Constant temperature anemometer

Inlet velocity profiles and turbulence intensities were measured by use of a
TSI constant temperature linearized anemometer (CTA) model 1054B. The
sensor was a S5-micron platinum coated tungsten wire model 1212-T1.5. It
was welded to a pair of L-shaped gold plated stainless steel needles that
were mounted on a probe support. With this arrangement. the sensor was

upstream of the probe, resulting in minimal flow disturbance by the probe
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support. The probes were provided with a plug-tvpe connector to fit into
a probe support. thus providing an electrical connection to the anemometer
electronics. The probe support was connected to the anemometer through
a 1.9 m long tri-axial cable. The sensor was set to operate on a 5:1 bridge
ratio with a control resistance of 064€2. Figure B.6 shows the dimensions
of the probe used. The probe support was 0.5 m long. The anemometer
had a frequency response of up to 10 kHz. Based on the manufacturer’s

specification, the linearizer voltage output was accurate to within 0.5%.

! 38 (1 503

Figure B.6: The L-shaped hot-wire probe

The anemometer was calibrated in a low turbulence intensity (0.4%) cal-
ibration jet against a Pitot-static tube whose dvnamic (differential) pressure
was processed through the DP850V2P5 pressure transducer. Equation B.9
shows the linearized equation used for velocity measurements. Based on this

equation. the calibration data was linear to within +0.6%.

u=32Ey, (B.9)
where % and E;m were the air instantaneous velocity and CTA linearizer out-
puts, respectivelv. The rns fluctuating velocity, v’ was calculated according
to Eq.B.10. Hence, the turbulence intensity could be established.

1 o 1LY
u = ~ > (ai -5 z}:m) (B.10)

1=1

where .V was the number of readings sampled at a frequency of 10 KHz for 3

seconds. Three sets of readings were taken in time steps of 10 seconds. The
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Figure 3.7: C'LA lincarizer calibration carve

mean atd the res Quetusting velocitios, and the (turbulence intensitics were
then ealeulated from the resnliing arrays betore discarding the arrays ready
for the next position.

The calibratiom wus checked each time belore any measurements were
carried oul. Figure B.7 shows the calibration curve used at all times during

this study.

B.5 Data acquisition

The fundamental task of all measurement systemns is the measurement and
generidion of real-world physical signads. Measurement deviees heip in ac-

quiring and sometimes analyzing the measurements taken. Usually, the pri-
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mary parameter measured is of no physical meaning until it is processed.
Examples of such parameters are voltages and currents. Data acquisition
enables the conversion of these physical signals into digital formats and their
transfer into a computer and subsequent processing into their final physically
meaningful form.

The voltage signals from the pressure transducer and CTA were digitized
through an Eagle plug-in PCI 730 data acquisition board (DAQ). The board
had a 32-bit PCI bus architecture which was PCI 2.2 compatible and with a
14-bit analogue input resolution. The board was powered at +5 Vdc at 1.3A.
The analogue input range was set at £5 V. The maximum sampling rate was
100 kHz with a maximum output absolute error of +2 mV. The board had
an internal IDC40 connector for digital I/O, through which the Scanivalve
solenoid controller and O/E decoder were interfaced to the computer.

The board was supported by a powerful application program interface
(EDRE) through which the physical instruments could be controlled from the
National Instruments’ LabVIEW software by creation of virtual instruments
(VIs) to imitate the physical instruments. These VIs interfaced/translated
information between a LabVIEW graphic user interface and the physical

instruments via the PCI 730 board.

B.6 LabVIEW coding

National Instrument’s LabVIEW is a software that is designed to communi-
cate with computer hardware such as data acquisition. vision. and motion
control devices and GPIB, PXI, VXI, RS-232. and RS-485 instruments. It
is a graphical programming language that uses icons instead of lines of text
to create applications. In contrast to text-based programming languages.

where instructions determine program execution. LabVIEW uses dataflow
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programming, where the flow of data determines execution.

LabVIEW programs are called virtual instruments. or VIs. because their
appearance and operation imitate physical instruments. Every VI uses func-
tions that manipulate input from a front panel and display that information
or move it to other files or other computers. Virtual instrumentation can be
used to create a complete and customized system for test, measurement, and
industrial automation by combining different hardware and software compo-
nents.

In this research, two VIs and five sub-VIs (equivalent to subroutines in
line text programming) were created. Through these VIs. control. acquisition
and processing of the voltage signals from the pressure transducer and CTA
was done in accordance with the data flow logic shown in figure 3.10. The

processed data was then saved to an Excel spreadsheet for further analysis.
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