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Abstract

Frequency and amplitude dependency of velocity distribution and head loss of oscillatory flow
in arectangular duct have been studied experimentally with a model tunnel system.

Tests were carried out with the duct of both smooth and rough walls. The smooth wall was
made of Plexiglas. Sand roughness was used for the rough wall. Velocity, pressure and
differential pressure of stationary flow, pure oscillatory flow and combined oscillatory flow
were measured. The combined oscillatory flow was classified as oscillation dominant flow,
stationary dominant flow, and oscillation-and-stationary balanced flow. Various oscillating
frequencies, amplitudes and steady flow percentages were tested for oscillatory flows. The
oscillating frequencies tested were varied from 0.01 Hz to 1.00 Hz. Oscillatory amplitude and
stationary part were varied from 10 to 100%. Velocity of the flow was measured with a2D PIV
(Particle Image Velocimetry) and a 2D LDV (Laser Doppler Velocimetry) respectively at
different test stages. The maximum mainstream velocity was ranged from 0.05 m/sto 1.1 m/s.
Data of pressure variations along the tunnel were collected with differential pressure sensors.
Flow rate and instant wall pressures at multiple points along the test tunnel were measured
simultaneously. The static pressure in the test tunnel was about 1.0 mWC. The differential
pressure along the tunnel was less than 20 mmWC per meter.

Examples of velocity distribution in the test rig from LDV measurement are presented, for
both stationary flow and oscillatory flow. The dimensionless velocity distributions of stationary
flow are in good agreement with the universal velocity distribution law. Deviations are obvious
between the velocity distributions of oscillatory flow and the universal velocity distribution law,
when the measured velocity is scaled to dimensionless by friction velocity from Clauser chart.

Examples of PIV velocities of different flow regimes are presented in the forms of velocity
profile and velocity waveform. Generally, the velocity distributions are in good agreement with
the results from LDV, in agreement with the normal turbulent velocity distribution in a duct, if
the velocity magnitude is not too small. Dimensionless velocity profiles at various phase angles
of the same oscillatory flow regime have quite consistent distribution. The annular effect is
observed in some cases. Its occurrence depends on the complex actions of oscillating frequency,
amplitude and stationary flow percentage. The velocity waveform confirms the characteristics
of mass oscillation of the flow. No significant phase shift is displayed between the velocity
waveform of the boundary and centreline in most cases tested. The vertical velocity, which is
normal to the mainstream, is quite small and has similar features to the mainstream vel ocity.

The velocity profiles got from both LDV and PIV show that the flows in the test tunnel
were typical turbulence, with typical velocity distribution of turbulence. No transition between
laminar and turbulence is observed even at the turning point of oscillation.

Pressure variations measured along the tunnel of different flow regimes are presented. The
accelerative heads of oscillatory flow are calculated. The friction head losses along the tunnel
are evaluated. The dependencies of pressure variation and friction head loss on oscillatory
frequency and amplitude are investigated for both pure oscillatory flow and combined
oscillatory flow. It is proven that the friction head loss of oscillatory flow increases along with
the increase of frequency if the mean flow rate is kept constant. The peak friction head loss
increases along with the increase of oscillatory amplitude. Comparison of pressure variation and
friction head loss between stationary flow and oscillatory flow shows that the friction head loss
of unsteady flow is much bigger than that of steady flow. Thisisin good agreement with the
expectancy based on the experimental results of laminar flow. The head loss of pure oscillatory
flow was greater than that of the stationary flow for dozens or more times for various flow
regimes running at equivalent flow rate. The ratio of head loss of combined oscillatory flow to
stationary flow running at equivalent flow rate is smaller than that of pure oscillatory flow to
stationary flow, several times to dozen times. In general, the frequency dependency of head
loss on oscillatory frequency and amplitude is clear, though the measuring length is only 9
metres and the absolute magnitude of pressure variation is less than 0.20 mWC.
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Nomenclature

Symboals

A Cross-sectional area

A Constant in the equations for Clauser chart
a Width of the test duct

B Constant in the equations for Clauser chart
b Height of the test duct

G Friction velocity coefficient

c Speed of sound

D Diameter

Dy, Hydraulic diameter

d Distance

dpP Differential pressure

e Thickness of the duct wall

f Darcy friction factor

f, Frequency of the oscillatory flow

g Gravitational acceleration

H, h Piezometric head

Head loss due to wall friction

Horizontal index of grid in a vector field
Vertical index of grid in avector field
Number of samplesin aperiod

Length

Number of horizontal cellsin avector field
Mass

Number of vertical cellsin avector field
Base flow percentage

Wetted perimeter

Free stream pressure

Bulk flow rate

Phase averaged bulk flow rate
Oscillatory amplitude of flow rate
Radius

Re Reynolds number

t Time

T Period

U Mean velocity in x direction

Ue Free stream velocity

Streamwise velocity component
Dimensionless streamwise velocity component
Fluctuation of the streamwise velocity
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friction velocity

Velocity in general sense for theoretical devel opment
Mean velocity in y direction

Velocity component in y direction

Dimensionless velocity component in 'y direction
Fluctuation of the velocity in y direction

Mean velocity in z direction

Velocity component in zdirection

Deflection of a plate

Dimensionless velocity component in z direction
Fluctuation of the velocity in z direction
Streamwise coordinate

Distance from side wall of the duct
Dimensionless distance from side wall of the duct
Distance from the test duct bottom
Dimensionless distance from the test duct bottom
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Greek letters

Total boundary layer thickness
Boundary layer displacement thickness
Height of surface roughness
Dimensionless roughness

Dynamic viscosity

Kinematic viscosity

Constant

Density

Shear stress

Phase angle

Boundary layer momentum thickness
Angle

Number of periods

Angular velocity / frequency

Phase angle

< EsSs2 0T T TT SEOOQD

Subscript

0 Time mean vaue

amp Amplitude

e Free stream

w wall

- (Over score) averaged value

F Phase averaged value

' (Prime) Velocity fluctuation value
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Chapter 1 Introduction

Chapter 1

Introduction

Main topics of this chapter
General Definitions
Scope of the work

Review of previous work

1.1 General Definitions

1.1.1 Unsteady turbulent flow

In anumerical analysis, the turbulence is generally decomposed into the time averaged part, and
the fluctuating part. The velocity component of turbulent flow in x direction can be written as

(1.1) u(xt) =u(x) +u'(xt)
where

- u(X): time averaged part (mean part)

- u'(xt): fluctuation (disordered part)

For unsteady turbulent flow, the “mean” motion is also time dependent. It is generally
made up of a time independent part and a time dependent part. The velocity component of
unsteady turbulent flow in x direction can be written as

(1.2) u(xt) =u(X) +a(xt) +u' (%, t)

where U (?(,t) is the time dependent ordered part. U (?(,t) and L_J(;() represent the “mean”

motion. For the oscillatory flow discussed in this thesis, T(x,t) isthe oscillatory part and u(x)

is the base flow. The phase average of the velocity is obtained by measuring the unsteady
turbulent velocity at the same phase angle of multiple periods and then average, as shown in
Equation (1.3)

W-1
(13) <u(§<,t)> :viv 3 u(kt+ixT)
i=0

where T is the period of unsteady turbulent flow and Wis the number of periods measured.
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Chapter 1 Introduction

In this thesis, Equation (1.3) is applied not only to the analysis of the velocity but also to
the analysis of other flow characteristics discussed, i.e., Equation (1.3) is valid for velocity,
pressure, and flow rate if u in the equation is substituted by a specific symbol of the variable.

The fluctuation, u’ (;<, t) in Equation (1.2), is not the main topic of thisthesis.

1.1.2 Flow regime definitions

1. Stationary Flow
Sationary Flow (SF) is a flow regime the characteristics of which keep constant in both
time and space, or typicaly, Q (t) = Qu = Constant.

2. Ogcillatory Flow
Oscillatory Flow (OF) is a periodical flow that can be expressed as Q(t) =Q, +qsin(wt),
resulting in a water head of flow as H(t)=H, + hcos(wt) . Theoretically, the flow can be

separated into two parts. steady part (bulk flow) Qg and oscillatory part gsin(wt). A typical
oscillatory flow is shown in Figure 1-1. The characteristic parameters of an oscillatory flow
include:

- Qq: baseflow (steady part)

- ¢ oscillatory amplitude

- w: osctillatory angular frequency, w = 2pf,, f, is the oscillatory frequency.
3. PureOscillatory Flow

An oscillatory flow is defined as Pure Oscillatory Flow (POF) when Qq = 0.

Q(t)

Q(f) = Qo + qsin(wt)

0 60 120 180 240 300 360
Figure 1-1 Oscillatory flow regime

4. Combined Oscillatory Flow

An oscillatory flow is defined as Combined (Superimposed) Oscillatory Flow (COF) if all
of Qq, g and w are nonzero.
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Chapter 1 Introduction

5. Stationary Dominant Flow
If Qo >> q in the case of combined oscillatory flow, the flow is classified as Sationary
Dominant Flow (SDF).

6. Baanced Flow.
If Qu = q or the difference between Q, and g is quite smal in the case of combined
oscillatory flow, the flow is classified as Balanced Flow (BF).

7. Oscillatory Dominant Flow

If Qo << g in the case of combined oscillatory flow, the flow is classified as Oscillatory
Dominant Flow (ODF).

1.1.3 Pressure related definitions

1. Friction Loss

Friction Loss is found by the difference in pressure between two points along the conduit.
It isaresult of the wall friction to the flow.

2. Dynamic Pressure Oscillations

Dynamic Pressure Oscillations is found by the difference in pressure between two points
along the conduit, which is caused by acceleration or deceleration of the flow. It is aso
called accelerative head in related literatures.

3. Differentia Pressure

Differential Pressure is the difference of wall pressure between two points along the
mainstream. For stationary flow it is the friction loss caused by wall friction. For non-
stationary flow it is the sum of friction loss and the dynamic wall pressure variation. In the
measurement the wall pressure differences are found by means of readings of the
differential pressure sensors located along the model tunnel.

Figure 1-2 illustrates the definitions of water pressure for oscillatory flow.

—a— Differential Pressure

—e— Dynamic Pressure Oscillations
—a— Friction Head Loss

—x— Oscillatory Flow

Figure 1-2 Different heads in the flow

URN:NBN:no-3480



Chapter 1 Introduction

4. Wall Pressure
Wall Pressure is the reading of a pressure sensor attached to a single point of the tunnel
wall. As shown in Figure 1-3, pressure sensor P gets the wall pressure of the flow passing
by point A.

5. Cross Sectional Averaged Pressure

Cross Sectional Averaged Pressure is the mean pressure in the whole cross section of the
tunnel, as shown in Figure 1-4, pressure sensor P gets the averaged pressure of points A
through D. Points A to D were connected by flexible tubes, which are shown in dash lines

in Figure 1-4.
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Figure 1-3 Wall pressure sensor Figure 1-4 Cross section averaged pressure

Ssensor

1.2 Scope of the Work

The aim of this work was to investigate the dependency of friction loss on the amplitudes and
frequencies of oscillatory flow in a non-circular conduit, with and without sand roughness. The
goal was to get a better understanding of the friction loss increment from the steady flow to the
oscillatory flow. This work was mainly carried out by experiment, i.e., measuring the velocity,
pressure, and differential pressure along the streamline.
The flow conduit had a rectangular cross section, which was simulated to a non-circular
(e.g. horse-shoes shape) tunnel of a hydropower plant.
Measurements were carried out as followings:
- stationary flow: mean velocity ranged from 0.10 m/s—0.81 m/s.
- pure oscillatory flow: peak velocity ranged from 0.07 m/s to 1.03 m/s; frequency from
0.01 Hz to 1.00 Hz.
- superimposed oscillatory flow: peak velocity ranged from 0.1 m/s to 0.99 m/s;
frequency from 0.01 Hz to 1.00 Hz.

URN:NBN:no-3480



Chapter 1 Introduction

M easurements were carried out on both smooth conduit and conduit with sand roughness
deployed on its four inner sidewalls.

1.3 Previous Work

Many measurements have been carried out on unsteady flows for boundary layer study, for
fully developed pipe flow investigation, for turbulence model evaluation, for comparison with
stationary flow, etc. Both flow without pressure gradient and flow with adverse pressure
gradient have been measured. Some tests are carried out in channels; others are carried out in
circular pipes, which are dominant in all cases. The oscillation is produced either by moving the
flow or by moving the boundary.

The recent measurement by Vennatrg (2000) is carried out with arigid circular smooth pipe
in diameter of 100 mm. The velocity profilesin oscillatory flow are measured with LDA (Laser
Doppler Anemometry) and compared with steady-state measurement. The oscillating frequency
varies in the range of 2.7 to 73.9 Hz. The amplitude of the oscillation is about 20% of the
averaged bulk flow; the time mean Reynolds number is of the magnitude of Re ~140" The
results show that when a phase dependent friction velocity u'(j ) is used to normalize the
oscillatory velocity profile, the time mean and phase dependent velocity profiles follow the
universal logarithmic law. The flows measured behave as quasi-steady at all frequencies tested.
The results show further that in smooth pipes the head loss is independent of the frequency
when the amplitude of oscillation is less than 20% of the time mean bulk velocity.

Brekke (1984) measures the full size rough tunnel systems in multiple hydropower plants,
in which the roughness is 0.05m to 0.45 m. The flow in this case cannot be regarded as a
turbulent boundary layer problem with a laminar sub layer for the large eddies formed in the
flow by waviness of the wall. The cross sectional area of tunnels measured ranges from 3 to 50
m? and the frequency ranges from 0.006 to 8 rad/s (approximately 0.001 — 1.27 Hz). It is
concluded from the measurement that the head loss in the tunnel with oscillatory flow is
frequency dependent. Friction factor of rough tunnel is expressed as.

_Qold 1 ain f+59735""

(1.4) K, :
v A¢ 5213 g4

The relation between K; and Nikuradse' s sand roughness K is proposed by Brekke (1984) as:
K
(1.5 K, = —Z
Ry
The general empirical formula for K, which is suitable for tunnels tested and other tunnels, is
developed by setting Qy|g|=1.0 and w= 0.0025:
,.5.155

400 &n f +5.9776
(1.6) Ki=—%¢—F—7
A & 5213 g4

There is a phase shift of p/4 between the flow oscillation and the shear force at the wall
according to Brekke (1984).

Jonsson L. (1991) measures the rapid decelerating flows, velocity profiles of which are
obtained by using of alaser velocity meter. Two different cases are reported: flow changes due
to pump trip only and flow changes due to rapid valve closure. Jonsson L. (1991) classifies the
flow by means of the factor

(1.7) k=.,/—R
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where w is the angular frequency of oscillation, R is the pipe radius and n is the kinematic
viscosity. The flow was classified as quasi-steady when k < 1.

In the first case, the velocity is diminished from 2.6 m/s to 1.0 m/s in approximately 10
seconds. The test results show that the velocity profile keeps the original shape during the
deceleration.

In the other case, the bulk flow is shut off in about 1 second, the bulk velocity was 0.312
m/s and the wave travelling time 2L/a = 0.2 s. The measurement shows that the velocity profiles
in the core and at the wall have opposite directions for a period.

One of the odd observations in the measurement is that the velocity near to the wall is
reversed al the time whereas the velocity in the core changes direction according to the
pressure oscillation.

Jonsson I. G. (1980) also carries out measurements on a rough seabed with oscillatory flow.
The roughness is in 2D regular waviness. Constant phase lead (relative to the free stream) of
velocity (relative to the wall) is confirmed. A relation between friction factor and the boundary
layer thickness to roughnessratio is presented as
(1.8) f, = 0.0605

27d
log? 27
9k

or in terms of the ratio between amplitude and boundary thickness:
(1.9 o » —0'0605
log? 21ayy,
1d
The annular effect is confirmed in velocity profile presented by the experiments of Jonsson
(1980). The annular effect is called characteristic overshooting in his publications.

Tu and Ramaprian (1983) measure the velocity profile of oscillatory pipe flow at two
different frequencies, 0.5 Hz and 3.6 Hz. The amplitude of oscillation is 65% of the mean bulk
flow at 0.5 Hz and 15% of the mean bulk flow at 3.6 Hz. They compare the oscillatory
properties with the properties found in steady state or quasi-steady state flows. They find that
the time mean profile is affected by the imposed oscillation when the oscillation frequency
approaches the characteristic frequency of turbulence, and neither the time mean nor the
ensemble averaged velocity profile follows the universal logarithmic law.

Binder and Kueny (1981) measure velocity profiles of turbulent channel flow with small
periodic velocity oscillation, the time mean Re, = 8.8x10°. They find that the mean flow and the
mean turbulent intensity are not affected by the forced oscillation. The oscillating frequency
tested ranges from 0.07 to 1.4 Hz with amplitude of 2.5% of the bulk flow. The amplitude near
to the wall is closely following the laminar Stokes flow for both frequencies as far as y* @12.
The phase of the velocity oscillation at the highest frequency tested is aimost exactly the same
as predicted by the Stokes solution, and at the lower frequency the phase is completely different
from the Stokes solution. Phase shift of p/4 is shown.

Fully developed pipe flow of pulsating turbulence in awater tunnel is measured by Lu et al.
(1973). Time averaged longitudina velocity at the edge of boundary layer Uy is in the range of
0.0 to 0.7 cm/s with Reynolds number as 16 000 to 81 600. The oscillation amplitude at the
edge of boundary layer is 0.0 to 25% of Uo, wRe?/n isfrom 0 to 3 130. It is shown that the long-
time average velocity distributions are coincident with steady flow. However, the distribution of
the measured pulsating velocity component depends on the dimensionless frequency parameter.
At low values of wRen, the unsteady component of velocity shows turbulent-flow-type
profiles, while at higher values, the maximum velocity point moves from the centreline towards
the wall, and a constant-speed region exists over the central portion of the tube.
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Fully developed pipe flow of pulsating turbulence in a circular tube is also measured by
Mizushina et a. (1973). Time averaged longitude velocity at the edge of boundary layer Uy is
100 cm/s with Reynolds number as 10*. The oscillation amplitude at the edge of boundary layer
is 32% to 43% of Uy, oscillatory frequency is 0.12 to 1.3 Hz. It is found that the flow behaviour
depends on whether the driving frequency is above or below a critical value associated with the
bursting frequency of a steady turbulent boundary layer. For low frequency oscillation, the
velocity profiles vary through the cycle and are similar to steady state profiles. The turbulence
intensity does not vary through the cycle; the flow is not in full equilibrium. For high frequency,

all the measured parameters (u, u® t, - u'v' ) are significantly different from that of steady flow.

Lodahl et al. (1998) study the combined oscillatory flow and current in a circular, smooth
pipe with LDA. They find that a turbulent current can be laminarized by superimposing an
oscillatory flow. The overall average value of the wall shear stress (the mean wall shear stress)
may retain its steady-current value, it may decrease, or it may increase, depending on the flow
style.

Borghei (1982) investigates the oscillatory flow under gravity waves above smooth, two-
dimensional and three-dimensional rough beds. For the smooth bed case, it was found that the
velocity profile throughout the depth is well presented by the Stokes second order shear wave
equation. A linear relationship is obtained for the velocity coefficients between the two sets of
values. As for mean velocity, the profile is in close agreement with the Longuet-Higgins
conduction solution, and it is found to have a negative value (in opposite direction to wave
progression) in the bulk of fluid and always-positive values within the boundary layer. The
rough beds make little change to the flow in the bulk of fluid. Asfor inside the boundary layer,
the laminar boundary layer is eliminated due to the large size of the rough bed. For a small size
rough bed, the flow becomes laminar at the edge of the boundary layer, and a perturbed laminar
boundary layer velocity profile is traceable. However, the two rough beds have similar
influences on the flow except for the roughness size and Reynolds number values. Inside the
roughness elements of the rough beds, vortex formation is clearly observed.

The experimental study of Kongeter (1980) on oscillatory flow is based on a 300 mm
diameter oscillating Plexiglas pipe with the water inside locked in between two pistons. The
friction factor K increases linearly along with the frequency in the whole frequency range
investigated (from O to bigger than 1.5Hz) according to Kongeter (1980)

1.4 Concluding Remarks

Due to the complexity of unsteady flow, the results from the previous work are far from
sufficient for practical application. The available results are very limited. Some results are not
completely consistent with each other.

Based on the earlier work, the dimension and roughness was determined for a closed test
loop in the laboratory as described in next chapter. It was decided to measure the velocity
profiles with laser Doppler equipment, to collect the water head variation along the test loop
with pressure / differential pressure sensors, and test with various of frequency and amplitude of
oscillatory flow.

It was also decided to put the man effort into the experiment part since more
documentation of oscillatory flow on rough wall was needed.
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Chapter 2

Experimental Setup

Main topics of this chapter:
Rig configuration

Introduction to velocimetry (anemometry) systems
Description of other sensors used

Data acquisition system

Flow regime build up and control

2.1 The Rig

Three different rig arrangements were tested in different stages of the measurement. They were:
- smooth tunnel with water supply of constant head.
- smooth tunnel with circulating water supply from pumps.
- rough tunnel with circulating water supply from pumps.

Most of the measurements presented in this thesis were carried out mainly on the last rig
arrangement as shown in Figure 2-1 and Figure 2-2. Some measurements conducted on the
second rig arrangement will be presented in the Appendix B “ Other Measurements”.

2.1.1 Layout of the rig

An overview photo of the test rig, the third rig arrangement, is shown in Figure 2-1. A detall
sketch of the test rig with a list of parts is shown in Figure 2-2. The whole system was
composed of:
- Model tunnel with oscillatory pumping system
A model tunnel was constructed for the work described in the thesis. It included six
rectangular sections (items 9 - 14 in Figure 2-2) as the flow-developing channel and
sampling control volume. The cross section of the rectangular sections was 230 x 360
mm? without inner rough layer and 220 x 350 mm? with inner rough layer. The length
of each section was 3 meters. The total length of the test section in rectangular was 18
meters. There were inlet expanding and outlet contracting sections (items 8 and 15 in
Figure 2-2), which were in the shape of cone and connected to the ends of the
rectangular parts to smooth the flow developing process.
The oscillatory pumping system is described in detail in 2.5.1.
- Wall roughness
Similar to the model build by Nikuradse (1933), sand roughness was build on al four
sidewalls of the rectangular model tunnel: small sand particles were glued to Plexiglas
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plate. It was taken as inner rough layer, which was inserted into the model tunnel and
fixed to the tunnel wall tightly. This roughness was classified as small-scale roughness.
The thickness of the sand layer was about 0.4—0.5 mm. (Refer to section 2.1.2 for
mor e details).

- Water flow circulation system
A water tank (item 1 in Figure 2-2) and connecting pipesin circular (items5- 7 and 16
- 18 in Figure 2-2) built up a closed circuit with the model tunnel in rectangular.
Pumps (items 2 and 3 in Figure 2-2) were installed in the tank to produce different
flow regimes in the model tunnel, such as pure oscillatory flow, stationary flow,
combined oscillatory flow, etc.

- Velocimeter (anemometry) systems

In the test, three velocimeter systems have been used in different stages of the
measurement to get the velocity of the flow. They were: the Acoustic Doppler
Velocimeter (ADV, item 31 in Figure 2-2), the Laser Doppler Anemometry (LDA,
item 34 in Figure 2-2) and the Particle Image Velocimeter (PIV, items 32 and 33 in
Figure 2-2). The results from PIV are presented mainly in this thesis. The velocity
from ADV and LDV are presented briefly in the Appendix B “Other Measurements’.
(Refer to sections 2.2 and 2.3 for more details about LDV and PIV instrument.)

- Flow regime control system
The frequency and amplitude of oscillatory flow, the magnitude of the base stationary
flow could be set over a wide range to produce flows with various characteristic
parameters. These parameters were controlled from a PC by mean of a LabView VI
(Virtua Instrument) named PumpControl and frequency motor controllers (item 4 in
Figure 2-2). The controller operated the pumps following the signal from PumpControl
V1. (Refer to section 2.5.1 for more details on PumpContral).

- Dataacquisition system
The data acquisition system (DAQ) consisted of sensors, data acquisition unit, control
PC, and DAQ software.
The sensors used included 4 differential pressure sensors (items 26 - 29 in Figure 2-2),
the velocimeter systems (ADV, LDA, PIV), 6 pressure cells (items 19 - 24 in Figure
2-2), and aflow rate meter (item 25 in Figure 2-2).
The data acquisition unit consisted of a HP Data Acquisition / Switch Unit from the
Hewlett-Packard Company (HP), a Data Acquisition Board from the Nationa
Instruments Corporation (NI), and a connecting board from the Flow Design Bureau
(FDB).
The control PCs included the PC for velocimeter sub-systems, and the PC for other
data collection and flow regime control.
The DAQ software included the velocimetry analysis software Insight for PIV from
the TSI Incorporated (TSl), BSA Flow Software from the Dantec Dynamics A/S
(DanTec), ExploreV from the Nortek AS, a flow regime control LabView VI, a HP
BenchLink Data Logger, and TecPlot 7.5 from the Amtec Engineering, Inc. (Refer to
section 2.4 and 2.5 for more details of DAQ).
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PIV Sampling

Figure 2-1 Overview of thetest rig
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Figure 2-2 Test rig layout
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2.1.2 Wall roughness

The roughness used in the model was very similar to the sand roughness built by Nikuradse
(1933) in acircular pipe. Figure 2-3 is a picture of the sand roughness.

1

o

i, T

Figure 2-3 Picture of the sand roughness (the dark dots were water drops)

- The roughness was made by gluing sand particles to a plate of Plexiglas with grey
paint. The original thickness of the plate was 5 mm. The plate was taken as an inner
layer to the model tunnel.

- Theinner layer was inserted into the model tunnel and fixed tightly on the wall of the
model tunnel with screws.

- The inner layer was deployed on all four sidewalls of the rectangular model tunnel
(Figure 2-4).
- Theaverage height of the sand roughness was about 0.4--0.5 mm.

- No sand was glued to the small part of the sampling windows of PIV camera, entrance
of PIV laser sheet and LDV laser beams.

A cross section of the tunnel with the rough inner layer inserted is shown in Figure 2-4
schematically. The cross sectional area of the duct was about 220 x 350 mm? after the inner
rough layer was inserted into the model tunnel. The hydraulic diameter Dy, of the test duct is:

(2.1) Dy =5 =~ =0.2702(m)

where A is the cross sectional area, P is the wet perimeter, a and b are the side length of the
rectangular duct.

Therelative roughnessis:

(2.2) © -18505%0°2
Dh
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Figure 2-4 Rough inner layer in the tunnel

The hydraulic diameter Dy, of the test duct without inner rough layer (smooth tunnel) is:
(2.3) D,, =0.2807(m)

2.2 The PIV System

The Particle Image Velocimetry (PIV) system was used to measure the velocity of flow in the
final stage of the measurement. Most of the velocity data presented in this thesis was obtained
from the PIV system.

2.2.1 Introduction of PIV

The Particle Image Velocimetry system measures velocity by determining particle displacement
over time using a double-pulsed laser technique. A laser light sheet illuminates a plane in the
seeded flow, and the positions of particles (seeds) in that plane are recorded using a CCD
camera. A fraction of a second (dT) later, another laser pulse illuminates the same plane,
creating a second particle image (Figure 2-5). From these two particle images (or frames, Figure
2-6), unique PIV analysis algorithms obtain the particle displacements for the entire flow region
imaged, and give out velocity information a hundreds or thousands of locations. Flow
properties such as vorticity and strain rates are obtained for the entire region. Other properties,
such as mean, turbulence and other higher order flow statistics can also be obtained.

Camera Frame

|1 1 N 1 A, 1]

A B
a b =T
Laser Pulse 1/f

Figure 2-5 Laser pulse and camera frame taken

In Figure 2-5: dT is the time interval between two consecutive pulses in micro seconds. fis
the sampling frequency of PIV, with a maximum value of 15Hz for the PIV system used in the
measurement. 1/f isthe time interval between two pairs of picture.

14
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Frame A Frame B

Figure 2-6 A pair of frame from PIV

Frame A and Frame B shown in Figure 2-6 are pictures of particlesin flow at moment t and
t+ dT.

2.2.2 PIV system used in the measurement

The PIV system used in the measurement for velocity data acquisition is a 2D global
velocimeter from the TSI Incorporated, which is called POWERVIEW™ 2-D PIV Systems. It
includes:

- LASERPULSE™ integrated dual Nd:YAG laser system. It produces laser pulse with a
wavelength of 532nm. Laser energy is up to 120mJ per pulse. The maximum pulse
frequency is 15Hz. Two units included in the system to produce the double pulses in
very short time interval and keep the laser energy constant at a specific level. This
allows PIV camera to capture image pairs continuously at a rate of 15 Hz while the
camera operates at 30 frames per second.

- LASERPULSE™ Synchronizer, which is controlled by computer to synchronize the
operation of laser system and camera to capture appropriate images in correct time
interval and sequence set in the PIV software Insight™ or triggered by external signal.

- Beam Ddlivery and Light Sheet Systems delivers laser pulse from laser producers to
sampling control volume and converts the laser beam to a flat and diverging light
sheet. It consists of LASERPULSE™ Light Arm and Light Sheet Optics. Light sheet
optics consists of a cylindrical lens and a spherical lens. The cylindrical lens diverges
the incident laser beam in one direction, creating a flat sheet of light. The spherical
lens controls the thickness of the sheet by focussing it in the direction norma to the
sheet. The narrowest region, or "waist region", of the light sheet is typically centred on
the control volume of the flow. The nominal thickness of the light sheet is normally
lessthan 1 mm.

- PIVCAM 10-30 Cross/Autocorrelation CCD Camera (1024 x 1024 pixels resolution
and a frame rate of 30 frames/sec), using a "frame straddling" technique, captures two
laser pulses on consecutive video frames. Image on the two frames are transferred to
the host computer of PIV system at the full camera frame rate that is only limited by
the physical memory of the computer. Images pairs are then analysed using cross
correlation to compute atwo-dimensional flow field. The correlation technique enables

15
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vector field computation without directional ambiguity; no external image shifting
hardware is needed. Image pairs can aso be captured directly to the computer disk
drive.

High-speed CCD camera interface, is used to transfer the images from the CCD
camerato the computer. It is a high-speed digital frame, which offers 8-bit resolution,
giving 256 grey scales to represent the captured image. It couples with the CCD
camera and Synchronizer to transfer images to the host computer RAM at the full
camera frame rate (i.e. 30 Mbytes/sec). It has a maximum data transfer rate of 90
Mbytes/sec, which ensures that no successive images are lost during data acquisition.

INSIGHT-NT, image capturing and analysing software of PIV system from TSI,
controls the entire PIV system, from set-up, optimisation, and image acquisition to
processing and presentation of the data. It controls the setup and operation of the
Synchronizer during the measurement, to further control the laser system and camera.
After power supply of laser is turned on, the software operates all others of the
ongoing measurement.

The Insight comes with TecPlot from Amtec Engineering to visualize the data. Insight
presents instantaneous and ensemble averaged PIV data in both 2-D and 3-D and data
animation of instantaneous velocity fields. TecPlot can be used for further processing
and presentation of the data.

Control PC runs the software Insight and operates the system.

Figure 2-7 shows the components of the PIV system.

Figure 2-7 Schematic drawing of PIV system used

2.2.3 PIV measurement process

Seeding the flow

When measuring with PIV, generally flow is seeded and seed particles are suspended
in the fluid to trace the motion of the fluid and provide signa to the camera. The
seeding used in the measurement for PIV was Metallic Coated Particles from TSI, Inc.

16
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It was in shape of spherical, its density was 2.6 g/cm?®, its mean diameter was 12 pm,
and geometric standard deviation was 1.6.

- Flow field illumination
The laser beam is produced by dual Nd:YAG laser system and transferred via Light
Arm to a group of lenses, including a cylindrical lens and a spherica lens. The laser
beam is reformed to alight sheet and is used to illuminate the flow.
When a thin dlice of the flow field is illuminated by the light sheet, the illuminated
seeding in the flow scatters the light. This is detected by the CCD camera placed at
right angles to the light sheet. The light sheet is pulsed twice at a known interval in ps
(dT in Figure 2-5). The flow is illuminated twice at the interval. Light is scattered
twice by the seeding at the time interval.

- Image acquisition
The first pulse of the laser freezes an image of the initia positions of seeding particles
onto the first frame of the camera (Frame A in Figure 2-6). The camera frame is
advanced and the second frame of the camera is exposed to the light scattered by the
particles from the second pulse of laser light (Frame B in Figure 2-6). There are thus
two camera images, the first showing the initial positions of the seeding particles and
the second their final positions due to the movement of the flow field in the time
interval between two pulses.

- Vector processing
The two camera frames are then processed to find the velocity vector map of the flow
field. This involves dividing the camera frames into small areas called interrogation
regions (the grid in Figure 2-6). In each interrogation region, the displacement d, and
d, of groups of particles between Frame A and Frame B are measured using correlation
techniques (which are implemented using FFT algorithms). The 2D velocity vectors of
u and w, of this areain the flow field are then calculated using the equations (2.4) and
(2.5)

(2.4) u :Sdt—x (main stream velocity)

d
(2.5) w :STy (velocity normal to the main stream)

where Siis the object to image scale factor between the camera’s CCD chip and the
measurement area. Sis set in the software of PIV during the calibration by assigning
the width and height of measuring area to the software. If suitable unit was used, the
velocity u and w from PIV would be in the unit of m/s. If S were not set the PIV
software, the software would give out the velocity in the unit of pixels/s.

The velocity vectors of al interrogation regions compose the velocity fields of the
measuring area.

The vector field can be saved in a file with velocity vectors of u and w of each
interrogation region and coordinates of the region. The vector fields can also be
converted to a format that accessible to TecPlot for further processing and
visualization.

- In the rea measurement conducted, sequential vector fields were obtained for both
oscillatory flow and stationary flow. The maximum number of sequence depended on
the memory of the controlling PC. Normally about 200 pairs of picture could be
obtained and saved in the PC RAM in one session with the PC used in the
measurement, in which 512MB memory was installed.

- Phase average over periods was carried out later for oscillatory flow.
Refer to section 3.3 for the details of data processing of PIV data used in this project.
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2.2.4 Results dependent factors

The PIV output was dependent on the following measuring conditions and parameters:

Seeding quantity: enough seeding to get sufficient lights scattered and effective
signals.

The size of the control volume (in fact it was a thin dice): it was calibrated with the
lens used and setting it in the software of PIV.

The time delay between two laser pulses:. this was adjusted according to the magnitude
of the target velocity.

Focus precision of the camera. A clear picture was essential to get an accurate resullt.
The reflection of the laser light from the boundary wall. The amount of reflection had
effects on both the measurement of boundary layer and adjacent area for reflected light
could be scattered by the seeding in the flow outside of the laser sheet.

Ambient light source besides laser beam was being as less as possible.

The laser power level: was adjusted within the limit of the laser producer. It was not
the higher the better.

The dimension of the grid to the picture. It was adjusted from the software of PIV in
data processing.

Air bubblesin the flow had significant influence on the image captured.

The alignment of camera and laser sheet to the target flow. The centre line of the

camera must be normal to the laser sheet. The laser sheet must be parallel to the
direction of the mainstream flow.

Transparency of the flow was fatal to the measurement of PIV. The laser sheet had to
go through the flow and illuminated the flow. The camera had to be able to see clearly
through the flow or the scattered light from particles in the flow had to be seen clearly
by the camera.

Particles other than seeding exposed to the light sheet were captured by the camera and
might produce errorsin the analysis of velocity vectors.

2.3 The LDV System

Laser Doppler Velocimetry (LDV or LDA for Laser Doppler Anemometry) was used to
measure the velocity at the second stage of the measurement. Due to the limitation of LDV
system, it was not used in the final stage of the measurement. Part results from LDV
measurement are shown in “Appendix B Other Measurements”.

2.3.1 Introduction of LDV

Laser Doppler velocimetry is a technique that measures fluid velocity in high accuracy without
disturbing the flow.

Laser light illuminates the flow. Typically, the laser beam is divided into two beams
and the focusing lens forces the two beams to intersect to form the measuring volume.
Particles moving through the measuring volume scatter light of varying intensity, some
of which are collected by a detector.

The scattered light contains a Doppler shift to the source laser light, the Doppler
frequency, which is proportional to the velocity component perpendicular to the
bisector of the two laser beams.
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The signal conditioner and signal processing remove noise from the signal and extract
the Doppler frequency and hence the velocity information.

With a known wavelength of the laser light and a known angle between the
intersecting beams, a conversion factor between the Doppler frequency and the
velocity can be calculated.

LDV Sensor

R

—~—— ©

to BSA Flow
from Laser Paoducer

Rough surface

[

Figure 2-8 LDV measurement

The addition of one or two more beam pairs of different wavelengths to the
transmitting optics and one or two detectors and interference filters permits two or al
three velocity components to be measured. A 2D LDV system was used in this
measurement, as shown in Figure 2-8.

The basic configuration gives the same output for opposite velocities of the same
magnitude. In order to distinguish between positive and negative flow direction,
frequency shift is employed. An acoustic-optical modulator in the transmitting optics
introduces a fixed frequency difference between the two beams. The resulting output
frequency is the Doppler frequency plus the frequency shift. This is important to the
measurement of the oscillatory flow.

Signal processors use correlation or FFT agorithms efficiently to determine the
Doppler frequency from the noisy signals received from the detectors.

The advantages of LDV over Particle Image Velocimetry (PIV) are the high spatial
and temporal resolution.

2.3.2 LDV system used in the measurement

The LDV system used in this measurement was a one probe, 2D LDV (or LDA asit iscalled by
the manufacture) from Dantec Dynamics A/S. The system includes:

LDA signal processor - BSA F60
BSA/FVA Flow Softwarev. 1.23.
FiberFlow optical system.
3D Lightweight traverse systems
Seeding particles for LDA
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The LDV system had two laser beams in blue and green respectively. It measured two
velocity components of oscillatory flow.

The traverse systems moved the probe in 3D. It was quite easy to move the probe across the
tunnel flow and measured velocity profile continuously. The movement was controlled by the
BSA/FVA Flow Software.

To get arelatively accurate result, big number of samples was needed for each measuring
volume. This always caused problem in the application of the LDV system when trying to get
the whole velocity profile across the tunnel in one continuous session. The PC crashed
frequently before the end of the measurement and the measurement had to be repeated in most
of the cases.

2.3.3 Results dependent parameters

Two types of parameters could have effects on the results of LDV measurement. One was the
setting of the LDA system. The other was the environment condition.

1. Setting of LDA system, such as

- Laser power level
- Laser dignment and size of the control volume
- Datarate and number of samples collected

- Distance between adjacent measuring volumes. To get a good accuracy of measuring
result and to cut the measuring time for each velocity profile, different steps were used
in the different velocity area. In the mainstream area, bigger step was used, e.g. 5 mm.
In the area near to the boundary, medium step was used, e.g. 1 mm. In the near wall
boundary layer, smaller step was applied, e.g. 0. 5 mm.

- Adjustable settings in LDA signal processor — BSA, such as values of record length,
high voltage, signal gains and so on.

2. Test condition, such as

- Seeding density, seeding type. The seeding used in the measurement was a special
seeding for LDV from Dantec Dynamics A/S.

- Refractory of different material on the laser way from probe to the measuring volume.
The moving distance of Lightweight traverse systems was not equal to the
displacement of the measurement volume all of the way crossing the test tunnel.
Special calibration was carried out based on the effects of the refractory. Figure 2-9
shows the effects of the refractory. When the sensor moved a distance of d,, the
displacement of the control volumes was d,. For the rig tested and the LDV system
used, the ratio of d; and d, was about: d,/d; = 1.3529.

- Reflection from the tunnel wall, the nearer of the sampling volume to the boundary,
the bigger of errors caused by the wall reflection of laser light.

- Vibration of the tunnel wall under pressure transient, the nearer of the sampling
volume to the boundary, the bigger of errors caused by the vibration of the tunnel wall.

2.3.4 Comparison of LDV and PIV measurement

According to the usage of PIV and LDV in the measurement, the author had the following notes
of the difference between two velocimetry systems:
- LDV got the 2D velocity of one point (control volume); PIV got the 2D velocity of all
pointsin ap