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Abstract

Hot-wire measurements of mean velocity and turbulence parameters were collected
at the mid-point of a rod-wall gap and in the centre of a triangular subchannel in
accelerating and decelerating flows through a large-scale (12.9:1) model of a 60° section
of a CANadian Deuterium Uranium (CANDU) nuclear reactor 37-rod bundle. A
method was developed to correct the axial velocity fluctuations for the effects of cycle-
to-cycle variations, which were particularly significant during deceleration. Compared
to values in stationary flows, the gap vortex street Strouhal number was slightly larger
during accelerating flow and smaller during decelerating flow. The integral length
scales of the axial velocity at both locations during both acceleration and deceleration
were larger than the corresponding values in stationary flow. The Taylor microscale
during transients was slightly larger than the stationary values. The turbulent kinetic
energy dissipation rate was larger for accelerating flow and smaller for decelerating

flow. The opposite was found to be true for the Kolmogorov microscale.
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Chapter 1

Introduction

1.1 Motivation

Ever since the first nuclear reactor, the Chicago Pile-1, came into operation in 1942,
the dependency of humanity on nuclear energy has continued to increase. As of 2012,
11.5% of the global electrical energy production was from nuclear plants. Despite the
development of alternative power sources, nuclear power generation is projected to
grow in the future. Two of the main challenges that need to be overcome are the
extension of the lifetime of current aging nuclear power plants and the development
of enhanced safety analysis procedures for current and future power plants.

Among the different types of nuclear reactors, the interest in this thesis is focused
on the CANadian Deuterium Uranium reactor (CANDU), which is a Pressurized
Heavy Water Reactor (PHWR). Developed in the late 1950s, the CANDU reactor uses
non-enriched Uranium as fuel and has the ability to be refueled while in operation.
These advantages are the result of the pressure tube design and the use of heavy
water as the moderator. The core of the CANDU reactor, called the Calandria, is
a cylindrical vessel that contains a number (380 - 480) of pressure tubes, immersed

in heavy water that acts as the moderator. Each pressure tube contains a number
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of fuel assemblies (rod bundles) stacked from end to end. The standard design of a
CANDU rod bundle has 37 fuel elements (rods), which contain fuel pellets and are
cooled by circulating heavy water. The overall performance, efficiency and safety
of the CANDU reactor depends to a great extent on the flow of coolant in the rod
bundles.

Nuclear accidents, most prominent of which are the ones in Three Mile Island,
Chernobyl and Fukushima, have prompted drastic upgrading in the safety regula-
tions for nuclear reactors. In a number of postulated accident scenarios, coolant flow
through the reactor core would be transient. Transient flows would also occur during
start-up and shut-down of the reactor. Transient flow and heat transfer could be
potentially different from those under corresponding steady conditions and such dif-
ferences could have an impact on reactor safety analyses. Among the flow properties
that could be affected by mean unsteadiness are the structure of the turbulence in dif-
ferent subchannels, the flow distribution among subchannels and the characteristics

of the vortex streets that are known to be generated in tightly-packed rod bundles.

1.2 Thesis Objective and Scope

The present work aims to characterize the isothermal turbulent flow of air in a model
of a CANDU 37-rod bundle during time intervals in which the mean flow is accelerated
or decelerated and to compare these results to values in corresponding steady flows.
Measurements include the vortex street frequency, the mean flow, turbulent stresses,
the integral length scale, the Taylor microscale, and the Kolmogorov microscale of the
turbulence. As representative of the entire rod bundle, measurements were collected
at two locations, namely, the mid-point of a rod-wall gap and the centre of a triangular

subchannel.



1.3. ORGANISATION OF THE THESIS 3

1.3 Organisation of the Thesis

This chapter presents some general background information on nuclear reactors as
motivation for this work, as well as the objective, scope and organisation of the
thesis. The second chapter provides a review of the relevant literature. The third
chapter presents details of the experimental apparatus and methods as well as def-
initions of properties of interest. The measurements are presented and discussed in
the fourth chapter, whereas the fifth chapter outlines the main conclusions and some

recommendations for future research.



Chapter 2

Literature Review

The present chapter first presents a review of previous experimental and compu-
tational studies on stationary turbulent flows in rod bundles. There is very little
literature on non-stationary (casually referred to as transient or unsteady) flows in
tightly-packed rod bundles, with the few available studies focusing on heat trans-
fer. For this reason, this chapter outlines available literature on “unsteady” pipe and

channel flows, which have some aspects of interest to the present work.

2.1 Steady Flows in Rod-bundles

2.1.1 Experimental Studies

Many experimental studies have been conducted to measure the velocity distribution
and the turbulence structure in different rod bundle configurations. One of the earliest
studies was conducted by Eifler and Nijsing (1967). They investigated the effects of
the Reynolds number and rod spacing on the velocity distribution in a triangular
array through the use of a Pitot tube. In their findings, they reported that the
Reynolds number had a small effect and the rod spacing had a large effect on the

velocity distribution. Unlike flows in pipes and loosely-packed rod bundles, tightly-
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packed rod bundle flows (namely rod bundles with a pitch-to-diameter ratio that is
less than 1.2) contain streets of strong vortices that form on either side of narrow gaps
that connect open subchannels (Guellouz and Tavoularis, 2000; Hooper and Rehme,
1984). A historical review of these phenomena was given by Meyer (2010) and a
related nomenclature was suggested by Tavoularis (2011). It is generally accepted
that these vortices are coherent structures that appear regularly in pairs. Baratto
et al. (2006) showed that the vortex streets in different gaps are synchronized and
form a vortex network in the entire rod bundle.

In a recent study, Don (2016) examined the dependence of the structure of turbu-
lence in a 60° section of a CANDU 37-rod bundle model on the Reynolds number. He
found that the axial velocity distribution was weakly affected by Reynolds number and
that the normalised normal Reynolds stresses and the normalised turbulent kinetic
energy decreased as the Reynolds number increased. The effect of Reynolds number
was weak but measurable on the integral length scales of the axial and radial veloc-
ity fluctuations but negligible on the integral length scale of the azimuthal velocity
fluctuations, especially in the gap regions. The Taylor and Kolmogorov microscales
decreased as the Reynolds number increased. The generation of vortex streets was
found to occur close to the inlet of the rod-bundle test section. The convection speed
and frequency of these vortex streets increased proportionally to Reynolds number,
but the vortex spacing was not affected by the Reynolds number. This study was
conducted in the same facility as the present one and will be used as a reference for

comparison.

2.1.2 Computational Studies

The results of early computational studies of rod-bundle flows have been known to
differ greatly from experimental results (Meyer, 2010). However, in recent years,

numerical simulations of turbulent flow and heat transfer in rod bundles have provided
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fair to good predictions of flows through rod bundles, including tightly-packed ones.

Chang and Tavoularis (2005) solved the Unsteady Reynolds Averaged Navier-
Stokes (URANS) equations to simulate numerically the formation of coherent vortices
and their effects on the flow structure in a rectangular channel with a circular rod
(rectangular annulus) and reported that most of the turbulent kinetic energy in the
gap region was associated to these vortices. Chang and Tavoularis (2007) further used
URANS, coupled with a Reynolds stress model, to compute the turbulence charac-
teristics in the flow of a 60° section of a CANDU 37-rod bundle. Their results were
in good agreement with experimental work. Chang and Tavoularis (2012) performed
a comparative study between Reynolds Averaged Navier-Stokes (RANS) solutions,
URANS solutions and Large-Eddy Simulations (LES) for a rectangular annulus and
concluded that LES yielded the most accurate results, although URANS results were

fairly accurate as well.

2.2 Unsteady Flows

There is no literature that addresses directly vortex streets in unsteady flows in
tightly-packed rod bundles. The few available experimental and numerical studies on
unsteady heat transfer are only indirectly relevant to the present interests. Somewhat
relevant is also the literature on periodic pulsating flows and non-periodic transient

flows in pipes and channels, although these contain no vortex streets.

2.2.1 Experimental Studies

Hong et al. (2003) and Hong et al. (2004) performed two experiments: a pressure-
decreasing transient critical heat flux (CHF') experiment in a vertical annulus using
refrigerant R-134a and a steady CHF experiment in the same test section and with

the same working fluid, which was used as a reference for comparisons. In two other
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studies, Chun et al. (2009) and Watanabe et al. (2011) examined heat transfer during
increasing and decreasing pressure transients through the critical pressure in a 5 x 5
rod bundle cooled by R-134a and compared the results. Kang and Chang (2009) stud-
ied the effects of pressure transients on the heat transfer in a vertical tube cooled by
R-134a and found that the rate of pressure change had an impact on the heat trans-
fer coefficient in the subcritical pressure region. None of the previously mentioned
studies provided any information concerning the flow structure.

Pulsating turbulent pipe flows have been studied extensively due to their frequent
occurrence in numerous applications. Some early studies used electrolysis (Gerrard,
1971), single-component Laser Doppler Anemometry (Ramaprian and Tu, 1980,1983;
Tu and Ramaprian, 1983), and hot-wire anemometry (Shemer and Kit, 1984; Shemer
et al., 1985). Some authors (Ramaprian and Tu, 1980,1983; Tu and Ramaprian, 1983)
investigated the dependence of the turbulence fields on the frequency of the imposed
oscillations. An interesting observation was that the Reynolds stresses remained
frozen during the cycle at high frequencies, while other turbulence properties deviated
from the steady state. Shemer and Kit (1984) concluded that, when the frequency of
the pulsations was sufficiently high, the turbulence did respond to the changes in the
mean flow, so that the turbulence structure became independent of the pulsations.
Shemer et al. (1985) further observed that the amplitude of oscillations affected the
turbulence fields to a lesser extent in comparison to the oscillation frequency. A review
of early works of these types of flows was done by Brereton and Mankbadi (1995).
In a more recent study, He and Jackson (2009) examined a pulsating turbulent pipe
flow using a two-component LDA system and found that the response of turbulence
to flow oscillations initially occurred in the wall region and then propagated across
the core. They also found that the time delay of the response of turbulence in the
core was independent of the frequency of oscillation but decreased with increasing

mean flow rate.
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Due to the difficulty in generating non-pulsating transient flows, very few studies
of such flows have been conducted. One of the earliest studies by Maruyama et al.
(1976) examined the turbulence response following a step increase or decrease in the
flow rate of a turbulent pipe flow. The authors found that, in the step increase case,
generation and propagation of new turbulence occurred, whereas, during the step
decrease case, there was a decay of the existing turbulence. In a more recent study,
He and Jackson (2000) used a two-component LDA system to make simultaneous
measurements of either the axial and radial or the axial and azimuthal components of
the velocity in a ramp-type transient flow. In their flow loop facility, flow control of
the ramp-type flow was achieved by adjusting a pneumatically operated, computer-
controlled valve situated downstream of their test section. Phase-averaged velocities,
root-mean-square velocity fluctuations and turbulent shear stresses were determined
from the measurements. These authors identified three types of delay: a delay in the
response of the turbulence production, a delay in turbulence energy redistribution
among the three components, and a delay in the radial propagation of turbulence. In
another study, Greenblatt and Moss (2004) investigated the effects of a rapid temporal
acceleration in a turbulent pipe flow. These authors concluded that the generation
of turbulence occurred in a region away from the wall, contradicting the findings of
Maruyama et al. (1976) and He and Jackson (2000). In an extensive study, Tardu
and Da Costa (2005) examined several turbulence parameters in a turbulent channel

flow subjected to velocity oscillations.

2.2.2 Computational Studies

Early computational studies of transients in pipe flows and channel flows using simple
turbulence models had poor agreement with experimental results. Examples of such
studies are those by Ohmi and Usui (1976), Ohmi et al. (1978), Murphy and Prenter
(1981), Cook et al. (1985), Kirmse (1979), Cousteix et al. (1981) and Blondeaux and
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Colombini (1985).

As computational power and turbulence models improved, more accurate CFD
studies began to emerge. Examples of such studies are the ones by He et al. (2016),
Seddighi et al. (2015), He et al. (2015), He and Seddighi (2015), and Seddighi et al.
(2014). These studies include direct numerical simulations (DNS) of a pipe flow with
a step increase in flow rate (He et al., 2016), a three-stage transition in transient
turbulent channel flow (He et al., 2015), and DNS of an accelerating channel flow
(Seddighi et al., 2014). The results of these simulations are in better agreement with

experimental data in comparison to the earlier studies.



Chapter 3

Experimental Facility,
Instrumentation and Measurement

Procedures

This chapter gives an overview of the experimental facility, the instrumentation, the
experimental techniques and correction procedures and the measurement uncertainty.
Information on the facility and its components has been in part taken from Rind and
Tavoularis (2012). Calibration techniques and methods have been taken in part from

Don (2016) and Bailey (2006).

3.1 Rod-bundle Test Facility

This section describes the experimental facility, which is shown in Figure 3.1. Its main
parts are an intake contraction, a centrifugal blower, a diffuser, a bypass branch, a

plenum, and the test section.

10
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Intake Contraction

Bypass System

Figure 3.1: Rod-bundle test facility at the University of Ottawa.

3.1.1 Intake Contraction and Blower

The intake contraction was constructed from 3 mm (1/8 in) thick welded 6061 Alu-
minium sheets. Its design was described by Rind and Tavoularis (2012). It has a 1110
mm X 1111 mm inlet cross-section and a 251 mm x 302 mm throat cross-section,
so that the contraction ratio is approximately 16.27. Its length is 1770 mm. The
intake of the contraction is covered with a fibreglass filter, which was designed to
remove 85% of particles with a diameter 1 pm. Air is accelerated through the intake
contraction into a centrifugal blower (Canadian Blower and Forge Co. Ltd., Model

71G-2526T), which discharges it in the diffuser.

3.1.2 Diffuser and Plenum

The diffuser and the plenum, shown in Figure 3.2, were also was made from welded
3 mm thick aluminium sheets. The diffuser consists of an upstream section and a
downstream one. The upstream section contains a bypass port leading into the bypass
section. The upstream section has an inlet cross-section that is 406 mm high and 343

mm wide and an outlet cross-section that is 910 mm high and 343 mm wide. The
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length of the upstream section is 762 mm. The downstream section contains five
perforated plates (type A, Table 3.1), which are meant to break down large-scale air
motions as well as preventing flow separation from the diffuser walls. The downstream
section has an inlet cross-section that is 910 mm high and 343 mm wide and an outlet
cross-section that is 1645 mm high and 1391 mm wide. The length of the downstream
section is 1016 mm. To reduce the vibrations generated from the blower, a rubber

coupling was used to connect the diffuser to the blower.

upper N
door |----1
~ bypass port
= - )
—_—
- 1
\ 343 1391
© 1
762
jrm— —
=
1875 1778
—= 356 1016 762
™ 155 rubber
front door__. 762 410—= Icougling_
' ~—508—=
l______'*_. ________ ) \\
| . | 254
test ' I T
section i
inlet i |
1l e
— 406 1645
!
™,
"
| ~ \ [ 594
— S— | \ 342
> N Sl t
—— 308 et — _\LLT e B h IIT €A
1875 type C

Figure 3.2: Front and top view schematic diagrams of the diffuser and the plenum
(Rind and Tavoularis, 2012). Dimensions are in mm.

The plenum is a chamber 1875 mm long, 1645 mm high and 1391 mm wide. It has
an upper and a front access door. To straighten and improve the uniformity of the

flow and further reduce the turbulence at the test section inlet, a honeycomb (type
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B, Table 3.1) and a perforated plate (type C, Table 3.1) were installed across the

plenum (Figure 3.2).

Table 3.1: Perforated plate specifications (Don, 2016).

\/\/\/ SN \
AN

| \
L O

AAANANA-

Type C

Description: 49% solidity,
1.27 mm thick perforated
aluminium plate.
Perforations are staggered

Description: Honeycomb,
made of aluminium, 38.1
mm thick and with 6.35
mm cell size.

Description: 42% solidity,
6.35 mm thick perforated

aluminium plate.
Perforations are staggered

round holes with 4.76 mm
diameter and 7.94 mm
distance between centres.

round holes with 6.35 mm
diameter and 7.94 mm
distance between centres.

3.1.3 Bypass Section

A bypass section (Figure 3.3) is connected to the bypass port of the diffuser (Figure
3.4). The bypass section contains a custom-made, hinged flap, which is operated by a
linear actuator (Parker Hannifin Corporation, Model ETHO80M32A1XPWDSNG00A).
There are two extreme positions of the flap: one for which the bypass branch is
fully closed and all flow passes through the test section, and another for which
the main branch leading to the test section is closed and all flow passes through
the bypass branch. At the maximum velocity of the actuator, the flap can move
from one extreme position to the other in approximately 1.5s. The range and speed
of the actuator is adjusted using a controller (Parker Hannifin Corporation, Model
S150V2F11111T30M00) connected to a computer. This allows the programming of

various types of transient mass flow rates through the test section.
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Figure 3.3: Bypass section.
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Figure 3.4: Schematic diagram of the bypass section connected to the test facility
(Rind and Tavoularis, 2012).
3.1.4 Test Section

The test section is a scaled up, 12.9:1, model of a 60°section of the CANDU 37-

rod bundle. It consists of six rods and a one-sixth section of a rod, modeled after
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CANDU fuel elements. A cross-section view of the test section at the inlet is presented
in Figure 3.5. With the exception of the central rod, all others are made of a Schedule
40 aluminium pipe with a diameter of 168.3 mm and a length of 6100 mm, which
give a length-to-diameter ratio of approximately 36.2. The diameter and length of a
standard CANDU rod are 13.08 mm and 500 mm, resulting in a length-to-diameter
ratio of 38.2, slightly larger than the value in the present facility. The central rod,
shown in Figure 3.5, is made of a Schedule 40 polyvinyl chloride (PVC) pipe, mounted
co-axially on an internal Schedule 10 aluminium rod of 101.6 mm diameter, so that
it can be traversed on a cross plane. The PVC shell was built in preparation for
future studies, for which it can be covered with a thin metallic foil that can be heated
electrically for heat transfer studies. The internal aluminium rod was used to reduce
sagging and was kept in place by several spacers. The maximum sag of the top central
rod was 0.8 mm, and the maximum sag of the other rods was estimated at about 0.2
mm. In most cases, the change of the gap size at the location of maximum sag of

each rod was less than 3%. The uncertainty of the rod diameter is 0.42 mm.



3.1. ROD-BUNDLE TEST FACILITY 16

w/W=0.57
W/ W=0.43— _,w
—= w/W=0.23 |=— ,/
|
|
centrallrod
H=1636

* \'f_\—;/\,f—LR=D/2

155

% 635

W=13%21

Figure 3.5: Cross-section view of test section inlet with endplate (Rind and Tavoularis,
2012). Dimensions are in mm.

A model of the CANDU endplate, made of aluminium, supports the rods at the
upstream end. The endplate is 13.6 mm thick. At the downstream end, the test
section rods are supported by 38.1 mm diameter aluminium coaxial rods fastened to
a 13.6 mm thick aluminium frame, located 700 mm away from the test section outlet.
This is shown in Figure 3.5.

The cover of the test section is composed of 1 mm thick, curved stainless steel
sheets, separated into five sections. The sheets emulate the CANDU pressure tube.
Each sheet contains a port, allowing vertical insertion and traversing of probes along
the gap subchannel between the top central rod and the inner wall of the top cover.

The distances of the port centres from the inlet are listed in Table 3.2.
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Table 3.2: Positions of port centres on the cover of the test section from the inlet.

Port number 1 2 3 4 5

Distance from the inlet (mm) | 406 | 2032 | 3251 | 4470 | 5690

The minimum rod-wall gap width is 25.25 mm (& 0.15D), whereas the minimum
rod-rod gap width is 23.56 mm (~ 0.14D). Spacers were inserted in the narrow gaps
at the downstream end of the test section with the exception of the gaps around the
central rod to maintain nominal gap distances. Spacers were also inserted half-way
along the test section in the gaps between the rods and the side walls. The side walls
of the test section was made of 10 mm thick glass with matching acrylic sections
located at four locations along the test section. The walls were adjusted and fastened

with horizontal clamps to prevent significant deformation and leakage.

Traversing System

A hot-wire traversing system was mounted on the support of the central rod at the exit
of the test section. This is shown in Figure 3.6. It consists of a single-axis linear slide
(Velmex Inc, model MA1505-25K1) and a rotary table (Velmex Inc, model B4836T'S-
ZRS), controlled by two programmable stepper motor encoders (Velmex Inc, model
VXM-1). The linear slide allowed radial positioning of the hot-wire probe. When
operated in half-step mode, the linear slide has a resolution of 0.0025 mm/step with
a 0.18 mm positioning uncertainty. The rotary table allowed angular positioning of
the hot-wire probe, with a resolution of 0.025°/step and a positioning uncertainty of
0.11°. A pitch alignment mount on the linear slide was used to align the axis of the

probe parallel to the incoming flow.
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Figure 3.6: Hot-wire traversing system at the end of the test section (Don, 2016).

3.2 Calibration Facility

Hot-wire velocity and directional calibrations for the test section were undertaken on
the calibration jet facility presented in Figure 3.7. It consists of a nozzle unit (Dan-
tec Dynamics, model 55DH5) and two rotary tables (Velmex Inc, model B5990TS)
controlled by two controllers (Velmex Inc, model VXM-1). Further details on the

calibration facility are provided by Bailey (2006).
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Figure 3.7: Calibration jet (Bailey, 2006).

For calibrating right-angle hot-wire probes, two additional degrees of freedom were
added to the original calibration facility. The set up, shown in Figure 3.8, consists
of a single-axis linear slide, a high resolution stepper motor (Oriental Motor, model
PKP244MU12A-L) and a 50:1 ratio worm-drive gearbox. The right-angle probe was
mounted onto the worm wheel enabling rotation about its axis for directional and yaw
calibrations. The angular positioning resolution of the combined worm-drive/stepper
motor was 0.01°/step with a positioning uncertainty of 0.09°. The linear slide was
programmed to correct for the displacement caused by the rotation of the probe
during calibration. The right-angle hot-wire calibration system was mounted onto

the calibration jet at the location shown in Figure 3.7.
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linear slide g

Figure 3.8: Right-angle cross-wire probe calibration traversing system (Don, 2016).

3.3 Instrumentation

This section describes the instrumentation used in this investigation.

3.3.1 Hot-wire Anemometry

The measurement technique used in this experiment was constant temperature hot-
wire anemometry (HWA). HWA measures flow velocity from the convective heat
transfer from a heated wire or film placed in a fluid flow and is mostly used for gas/air
flow studies. Advantages of HWA include an excellent frequency response and a high
signal-to-noise ratio (Bruun, 1995). Four hot-wire probes were used in this study: a

straight cross-wire probe, a right-angle cross-wire probe, and two single-wire probes.

Straight Cross-wire Probe

A straight cross-wire probe (Auspex Scientific, Model AHWX-100), made of Platinum-
coated Tungsten wires arranged in an X-array, shown in Figure 3.9, was mounted at
the exit of the test section for mean velocity and turbulence measurements. The
sensor dimensions are 1 mm in length and 5 ym in diameter. The separation distance
between the sensors is approximately 0.5 mm. The inclination angle @ of each sensor

with respect to the probe axis is nominally 45°, but its exact value was determined
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through a yaw angle probe calibration.

10 mm 37 mm 27 mm

stainless steel
mounting block
4mm Dia

stainless steel
body 2.5mm Dia

@ long prong
@ short prong

Figure 3.9: Sketch of the straight cross-wire probe. Dimensions are in mm.

Right-angled Cross-wire Probe

A right-angled cross-wire probe, custom built by Auspex Scientific and shown in
Figure 3.10, was mounted on the top cover ports to measure the gap subchannel
velocity and turbulence parameters. The probe has two 5 pym diameter, 1 mm long
Platinum-coated Tungsten wires arranged in an X-array. The distance between the

sensors is approximately 0.5 mm.
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Figure 3.10: Sketch of the right-angle cross-wire probe (Don, 2016). Dimensions are
in mm.

Single-wire Probe

Two single-wire (Dantec Dynamics, Model 55P11) probes were used for velocity mea-
surements at the bypass exit and in the intake contraction. The probes have a single

5 pm diameter, 1.25 mm long Platinum-coated Tungsten wire.

Anemometer

Three A.A. Labs anemometers were used in this experiment, two Models AN-1002 and
one Model AN-1003. The AN-1002 anemometers had two identical removable chan-
nels that could be operated at 1:1 and 1:10 bridge ratios. The AN-1003 anemometer
has ten identical removable channels. The usable sensor resistance range is 0.5—99.9 €2
and 1 —9.99 Q for the 1:1 and 1:10 bridge ratios, respectively. Each channel has a
signal conditioning unit capable of amplifying, offsetting and filtering the hot-wire
signal. The low-pass filter in the signal conditioner is a cascade double-pole, low-pass
filter with twelve selectable cut-off frequencies. For the AN-1002 channels the cut-off
frequency range is from 1.5 kHz to 21 kHz, whereas for the AN-1003 channels it is

from 380 Hz to 14.0 kHz. The frequency response of each anemometers depends on
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the hot-wire probe and the settings used. Hot-wire probes were connected to the

anemometer with 5 m, 21-gauge, Alpha Wire-J coaxial RG-58 cables.

3.3.2 Pressure Transducer

A pressure transducer (Furness Control, model FC0332) was used for hot-wire velocity
calibrations in this study. It has a pressure range from 0 to 2.5 KPa and an uncertainty

of 0.25% of full range.

3.3.3 Resistance Thermometers

A resistance temperature detector (RTD; Rdf Corporation, Model 29348-T01) was
mounted beside the straight cross-wire probe to measure the mean flow temperature.
The RTD probe was 1.67 mm in diameter and 15.25 mm in length. The relationship

between the resistance Rr of the RTD in 2 and the temperature Ty in °C is given by

Ry = R, [1 4+ ApTgr + BrTh + Cr(Tk — 100) T3] (3.1)

where R, is the resistance at 0°C, Ap, By and Cr are the calibration coefficients.
The calibration coefficients were specified by the manufacturer as R, = 99.98 €,
Ar = 3.916 x 1073, By = —5.998 x 1077 and O = —2.454 x 1072, The RTD
measurement was used for correcting the hot-wire velocity measurements for the
difference between the jet temperature during calibration and the fluid temperature

in the test section during measurement (Bruun, 1995). The measurement uncertainty

of the RTD was 0.1 °C.

3.3.4 Weather Forecast Board and Estimation of Air Density

A USB weather board (Sparkfun Electronics, Model V3) and a mercury barometer

were used to estimate the air density. The air density was calculated as
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Pd Pv
= +
RdTa RvTa

p (32)

where Py is the partial pressure of dry air, P, is the partial pressure of water vapour,
T, is the ambient room temperature in K, Ry = 286.9 J kg=! K=! and R, = 461.5 J

kg=! K71, P, and P; were calculated as

P, = 610.78H x 10(7-7a/(Ta+2373)) (3.3)

and

Py=P,—P, (3.4)

where H is the relative humidity of the room and P, is the ambient room pressure,

measured by the barometer.

3.4 Calibration and Signal Processing Methods

3.4.1 Pressure Transducer Calibration

The relationship between the pressure difference and the output voltage is given as

AP = ApE, + Bp, (35)

where FE} is the transducer output voltage and Ap and Bp are calibration coefficients.
The calibration was performed on the calibration jet over the range of Reynolds
number of interest. The calibration data was fitted to a line to determine Ap and

Bp. A typical calibration curve is shown in Figure 3.11.
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Figure 3.11: Pressure transducer calibration results. Solid line represents fitted line.

3.4.2 Hot-wire Calibration and Signal Processing

Cross-wire Directional Calibration

The directional calibrations were carried out on the calibration jet described by Bruun
(1995) and Don (2016). Determining the inclination angle 5 and tangential cooling
coefficient k% were the main purposes of the directional calibration. The coefficients
resulting from this calibration were used in the final velocity calibration. The following

are the calibration steps:
e Step 1: Determination of Sensor Inclination

The cross-wire probe was placed at the centre of the jet. The probe was then rotated
about its axis until the sensors were parallel to the plane containing the roll axis
and normal to the pitch axis. This was completed using a combination of a digital
inclinometer and visual indicators. Using the rotary table along the pitch axis, the
probe was tilted in one direction from 35° to 55° at 1° increments to determine the

inclination angle g with respect to the probe axis. The data were fitted to a fifth-order
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polynomial. g was found at the fitted pitch angle 6,,,, at which the voltage reading

from the anemometer was maximum. The inclination angle was then calculated as

B =90 — Opas. (3.6)

This was repeated in the opposite direction to determine 6,,,, of the other sensor.
A typical plot of the anemometer output voltage (E) versus pitch angle at constant

velocity is shown in Figure 3.12.
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Figure 3.12: Hot-wire voltage output at different inclinations. Solid line indicates a
fitted fifth-order polynomial.

e Step 2: Preliminary Velocity Calibration

The relationship between the voltage E of each sensor and the jet flow velocity

Ujet is described by the modified King’s Law

E2
e = At Bl (3.7)

where Ay, By, and ng are calibration coefficients, T, is the estimated sensor temper-

ature and T% is the jet flow temperature. T, was estimated as

Tw = (aOHR — 1)/047« + Tr; (38)
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where o, = 0.0048 °C~! is the sensor’s coefficient of resistivity at a reference temper-
ature T, = 21° C' (given by the manufacturer) and apyg is the overheat ratio, set at
1.5 in this study. Values of £/ and Ty were recorded for at set Uj.; and least-squares

curve fitting was performed to determine the coefficients Ag, By, and nqg.
e Step 3: Determination of Tangential Cooling Coefficient

The probe was inclined at various pitch angles ranging from -15° to 15° at 2° in-
crements. At each angular position 6, values for E, Uj, and Ty were recorded.

Parameters X and Y at each position were calculated as

X = Ejsin®*B — sin*yY = Ej — 1 (3.9)

where the yaw angle v was determined as

v=0+ 0. (3.10)

and linear curve fitting was performed to find k2 from the expression

Y =(1-k)X. (3.11)

The parameter Fy was estimated as

By

Ey = 3.12
0 U (3.12)

(E2/(Tw_Tf)—Ao) 1/mo

A typical calibration curve is shown in Figure 3.13. The tangential cooling coef-
ficient k2 of the straight cross-wire probe was approximately 0.025 for both sensors.
The tangential cooling coefficient k? of the right-angle cross-wire probe was approxi-

mately 0.009 for both sensors.
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Figure 3.13: Example of yaw calibration result. Solid line indicates linear curve fit.

Cross-wire Velocity Calibration

A similar procedure as the one described in Step 2 was used to determine the calibra-
tion coefficients A, B and n for each sensor in the modified King’s Law accounting

for cooling due to tangential velocity, as described by Bruun (1995), shown below as

EQ
T, —T;

=A+B <(00525 + k*sin®3) 12 Ujet)n (3.13)

An example of cross-wire calibration curves is shown in Figure 3.14.
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Figure 3.14: Cross-wire velocity calibration results. Solid lines indicate King’s Law
curve fits.

Single-wire Velocity Calibration

A similar procedure as the one described in the cross-wire method was used for the
single-wire probes. However, the directional calibration was not required, and the
data were fitted directly to the modified King’s law. An example of the single-wire

calibration curve is shown in Figure 3.15.
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Figure 3.15: Single-wire velocity calibration results. Solid lines indicate King’s Law
curve fit.
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Signal Analysis Method

The cross-wire signal conditioning was carried out in terms of the effective cooling
velocities V,; and V., for the two sensors. The general expression of the effective

cooling velocity is

2 _ AN Yne
- (BT -

where © = 1 and ¢ = 2 correspond to sensor 1 and sensor 2, respectively. The

streamwise and transverse velocities were expressed as

Ver/ f1 (B1)] g2 (B2) + [Vea/ fa (B2)] g1 (B1)

1
V= g1 (B1) + g2 (B2)

(3.15)

Vea/ f2 (B2)] = [Ver/ f1 (B1))]
g1 (B1) + 92 (B2)

From the sensor inclination angle §;, the functions f; (5;) and g; (5;) were defined as

V=

. (3.16)

fi (Bi) = (0052@ + kfsm%) 12 (3.17)

and
(1 — &) cos®B;

9i (Bi) = cos2f; + k2sin?3;

X tanf;. (3.18)

After each calibration, velocity tests were conducted on the calibration jet at
random velocities within the range of calibration. An example of velocity tests is

shown in Figure 3.16.
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Figure 3.16: Example of velocity tests after calibration. Solid line indicates linear
curve fit.

Calibrations were repeated if the relative difference, ¢, between the hot-wire stream-
wise velocity U; and the velocity of the calibration jet Uj.; exceeded 0.5%. ¢ was

calculated as

N 2
1 U; — Us.
c=100% | = (—“> . (3.19)

Ujet was calculated as

U-26 _ AP (320)
get p [1 - (Ajet,out/Ajetvin)ﬂ

where Ajes ot and Ajet i, are the jet outlet and inlet cross areas, respectively.

3.4.3 Data Acquisition Systems (DAQ)

Three data acquisition systems were used in this study: a National Instrument (NI)
PCI-6143 data acquisition card, a NI cDAQ-9217 data acquisition module, and a NI
cDAQ-9263 module. Both the NI ¢cDAQ-9217 and the NI ¢cDAQ-9263 modules were
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installed on a NI ¢cDAQ 9174 4-slot chassis.

The NI PCI-6143 module has eight dedicated ADC 16-bit analog input channels.
It is capable of simultaneous sampling at 250 kHz per channel. It has an analog input
signal range of £5 V. A shielded BNC adapter block (National Instruments, Model
BNC-2110) was used to transfer the analog input signals to the data acquisition card.
This module was used to take all hot-wire (cross-wire and single-wire) and Pitot-static
tube measurements.

The NI ¢cDAQ-9217 module has four 24-bit analog input channels and a sampling
rate of 100 Hz per channel. This module was used to digitize the RTD analog input.
The RTD readings were converted to temperature using the calibration information
provided by the manufacturer.

The NI ¢cDAQ-9263 module has four channels that update their analog outputs at
a rate of 100 kHz per channel simultaneously. Each channel has an AO terminal and
a common terminal, which were internally connected to the ground reference of the

module. This module was used to set the blower fan speed.

3.5 Measurement Procedures

3.5.1 Cross-wire Velocity Measurements

The straight cross-wire probe was mounted on the traversing system and inserted
into the test section from the downstream end so that the sensor was at a distance
of x = 33.8D from the inlet of the test section (Figure 3.19), at an azimuthal angle
¢ = 180° and at a radial distance r = 0.7D from the central rod (Figure 3.19). The
probe was oriented with the use of a cathetometer so that it measured the streamwise
and azimuthal velocity components. The data acquisition program was phase-locked
to the motion of the linear actuator. The right-angled cross-wire probe was mounted

in the port on the top cover of the test section located at /D = 33.7. The hot-
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wire signals were corrected for temperature variation measured by an RTD that was
positioned in the flow near the exit of the test section (see section 3.4.2). The hot-
wire signals were low pass filtered at 14.3 kHz and sampled at a rate of 30 kHz. The
RTD was sampled at 5 Hz. The hot-wire time series consisted of 3 x 10° samples.
Following convergence analysis, data were collected and ensemble-averaged over 1500

cycles.

3.5.2 Time and Phase Averaging

Two types of averaging were used in this experiment: time averaging for the steady
experiments and phase averaging for the unsteady experiments. Time averages, which

are denoted by overbars, were computed as, for example,

U= /TM U(t)dt, (3.21)

where the averaging time interval T,, was taken to be at least 100 integral time scales
long (see definition of this scale in Section 3.7.4). Phase (or ensemble) averages, which

are denoted by angle brackets, were computed as, for example,

<<U@)>:}%§:UM®, (3.22)

where N is the total number of measurement cycles, equal to 1500 in this experiment.
Instantaneous velocity fluctuations for the calculation of turbulence statistics were

computed by the application of Reynolds decomposition, as, for example,

wt) = U@ —T or ut)=Ult)— < U(t) > . (3.23)
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3.5.3 Cycle-to-cycle Variations

It was discovered that straightforward phase averaging of the turbulence measure-
ments led to unrealistic results. This was attributed to strong cycle-to-cycle varia-
tions, which were particularly strong during deceleration. An example is shown in
Figure 3.17, which clearly illustrates that velocity fluctuations u would be grossly over-
estimated, if they were calculated by subtracting the phase-averaged values < U >
from the instantaneous values U as mentioned in the previous section. To correct
for cycle-to-cycle variation effects, the acceleration and deceleration parts of each cy-
cle were fitted separately by least-squares fitting of a sigmoid-type curve. For the
accelerating part of the cycle, this equation was

Uhigh,acc - Ulow,acc
]_ _I_ e_kacc(tacc_t50,acc) )

(3.24)

Usn,acc = Ulow,acc

where Uy ace 1s the lower velocity asymptote of the accelerating part, Upigh acc 18
the upper velocity asymptote of the accelerating part, k. is the growth rate of
the accelerating part, and 50 4c. is the time at which the sigmoid curve reaches its
middle value. Uiy ace and Upign,ace Were specified, respectively, as the phase-averaged
velocities one timestep (1/30000 s) before the beginning of the accelerating part of
the curve (at At = 0.4s) and after the end of the accelerating part of the curve (at

At = 2.66s). For the decelerating part of the cycle, the sigmoid equation was

Uhigh,dec - Ulow,dec (3 25)

Usndee = Unigh.dec —
sn,dec hl‘qh’dec (1 + eikdec(tdecft‘éo,dec)) !

where Upign dec is the higher velocity asymptote of the decelerating part, Ujpy dec iS
the lower velocity asymptote of the decelerating part, k4. is the growth rate of the
decelerating part, and ¢50 4. is the time at which the sigmoid curve reaches its middle

value. Upgy,dec and Uhpigh aec Were specified, respectively, as the phase-averaged veloc-
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ities one timestep (1/30000 s) before the beginning of the decelerating part of the
curve (at At = 3.66s) and after the end of the decelerating part of the curve (at At =
6.66s). The values for kuce, t50.accs Kdees and tso gec Were determined via least-squares
fitting with a MATLAB script. An example of the sigmoid fit is shown by the white
line in Figure 3.17. The instantaneous value Uy, of the sigmoid curve for each cycle

n=1,2,...,1500 was then used to compute the smoothed velocity fluctuations as

Usn(t) = Un(t) — Usn(t), 1= 1,2, ..., 1500. (3.26)

These fluctuations were then ensemble averaged to compute Reynolds stresses and
length scales. It is evident that the smoothed fluctuations are smaller than the

straightforward phase averages, as for example

<ul>=<u?>—-< (U~ <U>)?>. (3.27)

13

U, [m/s]

Figure 3.17: Comparison of ensemble-averaged velocity (black line) and velocity dur-
ing an individual cycle (red line) during a time interval with decelerating flow. The
sigmoid curve that was fitted to this cycle is also shown (white line).
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All turbulence statistics for the unsteady flows were computed by using ug,. For
simplicity, however, we shall retain the symbol u when we refer to velocity fluctua-

tions.

3.6 Velocity Measurement Uncertainty

The measurement uncertainty dx of a measured parameter X (for example, < Uyqyp >,

< U, >, or < (u/dx)Z,, >) is defined as

Sx = /b2 + p? | (3.28)

where b is the bias limit and p is the precision limit (Tavoularis, 2005). The portion of
the total bias limit that was due to differences between calibration and measurement
was estimated from Equation 3.19 to be approximately 0.5% of the measured quantity.
This bias accounts for drifts in all instruments used and errors in calibration. Other
types of bias that were considered were those introduced by sensor vibrations and
possible probe misalignment with respect to the incoming flow.

All hot-wire probes and probe mounts were designed to keep the uncertainty as
low as possible. The support of the straight cross-wire probe was mounted firmly on
the traversing system, so that the effects of mechanical vibrations on the measured
turbulence may be considered negligible. It is known that cross-wire probes may be
subject to errors caused by cross-talk if they are spaced too closely to each other;
however, Jerome et al. (1971) found that such errors would only be appreciable when
the ratio of the separation distance to the length of the sensors is less than 0.15. This
ratio was 0.5 for the two cross-wire probes used in this study.

The effect of the hot-wire probe misalignment with respect to the incoming flow
on the mean flow velocity was studied on the calibration jet for pitch angles ranging

from -3° to 3°. It was determined that, within this range, the measured mean flow
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velocity error ranged between 0.1 and 0.4%. It was estimated that when the probe
was inserted in the test section, its axis formed an angle of less than 1° with the
incoming flow and so the effect probe misalignment on the mean flow velocity was
considered to be less than 0.3%.

The aluminium frames supporting the rods at the downstream end of the test
section were at a considerable distance from the end of the test section and spaced
out to keep flow blockage at the outlet at a low level. In addition, the hot-wire probe
was inserted from the outlet fairly deep into the test section, so that blockage by the
probe support and traversing systems would also be small.

The tip of the RTD probe used for temperature correction was at approximatively
20 mm downstream of the hot-wire so that thermal effects of the hot-wires on the
RTD probe and aerodynamic effects of the RTD probe on the hot-wire measurements
may be considered negligible.

The precision limit was calculated as

p=20, (3.29)

where o is the standard deviation of the ensemble average of X.

The uncertainties of parameters that were determined by combining other mea-
surements (e.g., the Taylor microscale and the Kolmogorov microscale) were esti-
mated by standard statistical procedures (Tavoularis, 2005). Table 3.3 summarises

the uncertainties of the measured and calculated parameters.
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Table 3.3: Relative uncertainty estimates of measured properties.

Property Lower Bound | Upper Bound
(%) (%)
< Ugap > 2.8 7.4
< Ucgg > 2.0 6.1
< Ul > 7.2 11.0
<ulg > 6.2 9.6
< (Ou/0x)?,, > 8.4 14.6
< (Ou/0x)tg > 6.6 10.2
Agap 6.5 10.5
Acs 5.6 94
TNgap 0.2 0.7
nes 0.2 0.6

3.7 Definitions

3.7.1 Rod-bundle Geometry and Coordinate System

A model of a sector of the CANDU 37-rod bundle was used in this study. Our interest
focuses in the middle of the central rod-wall gap and in the middle of the central outer

subchannel (Figure 3.18).
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The cylindrical coordinate system (x,r, ¢) that was used in this study is shown
in Figure 3.19. The z-axis (“axial” direction) is along the axis of the central rod and
has its origin on the upstream side of the endplate that holds the test section at its
inlet; the r-direction (“radial” one) is along a central rod radius and the ¢-direction

(“azimuthal” one) is circumferential to the central rod.

gap pressure tube model

cross-section of the
experimental model

central N

subchannel

rod

Figure 3.18: Cross-section of a CANDU 37-rod bundle (Don, 2016).

Figure 3.19: Downstream view (left) and side view (right) of the test section, showing
the coordinate system.
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3.7.2 Hydraulic Diameter

The hydraulic diameter, Dy, is the diameter of a pipe that has approximately equal

pressure loss as a non-circular duct or open channel. It is defined as

4A.
P.’

Dy = (3.30)

where A, is the cross-sectional area of the duct and P, is the wetted perimeter of the

cross-section.
A full CANDU 37-rod bundle, shown in Figure 3.18, has a hydraulic diameter
m(4R2 — 37D?)

D — 3.31
heanov = “on R 1 37xD (3.31)

where R is the radius of the pressure tube and D is the diameter of the rods. As
seen in Figure 3.19, the experimental model is a 60° section of the CANDU 37-rod
bundle. It consists of six full rods and one-sixth segment of a rod. It also has two
plane side walls, which are not present in the full rod-bundle. The cross-sectional

area and wetted perimeter for the model were calculated as

 m(4R% —37D2)

A, = .32
t 24 ) (33>
and
2 12)R 37Tt —6)D
p - Pt )T;< m—6)D (3.33)

from which one can calculate the hydraulic diameter as

m(4R2% — 37D?)
D = : 3.34
fmodet = (97 1+ 12) Ry + (377 — 6)D (3:34)

The values of the hydraulic diameters of the CANDU 37-rod bundle, the upscaled
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model and the experimental model itself were, respectively, 7.4 mm, 95.2 mm and
73.6 mm (Table 3.4). The presence of the side walls makes the hydraulic diameter of

the experimental model significantly smaller than that of a full rod bundle.

Table 3.4: Specifications of an actual CANDU rod bundle, 12.9:1 37-rod bundle and
the experimental model.

CANDU Large-scale Experimental

rod bundle | 37-rod bundle model
Scale 1:1 12.9:1 12.9:1
1/6 of a

Configuration | full bundle | full bundle full bundle

with side walls

Number of rods 37 37 6+1/6
D (mm) 13.08 168.73 168.73
Ry (mm) 51.69 666.80 666.80
Dy, (mm) 7.4 95.2 73.6

3.7.3 Reynolds and Strouhal Numbers

The bulk velocity U, in this experiment was defined as

Uy =< (3.35)

where () is the volumetric flow rate and A; is the cross-sectional area of the test
section. A procedure on determining the bulk velocity is described in Section 3.2 of

the thesis by Don (2016).

In this study, two Reynolds numbers were used; the bulk Reynolds number and
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the local Reynolds number. The bulk Reynolds number, which was used in the first

part of the experiment, was defined as

Uy D
Rey =7 ; h (3.36)

The local Reynolds number, which was used in the second part of the experiment,

was defined as
_p<U>Dy
IL[/ )

Re (3.37)

where < U > is the instantaneous local phase-averaged velocity.

The Strouhal number of the vortex street, which is a dimensionless frequency, was

defined as
fD

St = — 3.38
L4 (3.38)

where f is the instantaneous frequency of the vortex street.

3.7.4 Turbulence Properties

As mentioned previously, velocity fluctuations in each cycle were estimated as dif-
ferences between the instantaneous values and corresponding smoothed velocity time
series, which resulted in a significant reduction of errors introduced by cycle-to-cycle
variations. For simplicity of notation, in the remainder of the thesis we will drop the
subscript s from corrected properties; for example, the symbol < u? > will be used
instead of < u? >. The following definitions were applied to these (i.e., corrected)
fluctuations.

First, the normal Reynolds stresses per unit mass < u* >, < u} > and < u} >,
which are, respectively, the variances of the axial, radial and azimuthal velocity fluc-

tuations, were calculated and then the turbulent kinetic energy per unit mass was
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computed as

1
k:§(<u2>+<u3>+<u§)>). (3.39)

For steady flows, time averages were used instead of phase averages.
A general definition of the autocorrelation coefficient of the streamwise velocity

fluctuations is
B <u(t)u(t+71) >
'Mt”_(<u%m><w@+ry»ﬂﬂ' (340)

A streamwise integral time scale may be calculated by integrating the corresponding

autocorrelation coefficient to its first zero crossing 7y, namely as
t+10
T(t) :/ R(t, T)drt. (3.41)
t
For stationary random processes, for which statistical properties are independent

of shifts in time origin, these definitions may be simplified to

< u(0)u(r) >

R(r) = W7 (3.42)

and

T:/mmﬂm. (3.43)

The integral length scale represents the average size of the most energetic eddies
in a turbulent flow. The streamwise integral length scale was calculated with the use

of Taylor’s frozen flow approximation as
L(t) =< U(t) > T(t). (3.44)

The streamwise Taylor microscale was computed as

<u? >

At) =< U(t) > \/W , (3.45)



3.7. DEFINITIONS 44

from which the streamwise turbulence Reynolds number was determined as

2 J1/2 )\
Rey(t) = % . (3.46)

The turbulent kinetic energy dissipation rate per unit mass was estimated from
the isotropic expression (Pope, 2001)

<u? >

€(t) = 1bv )

. (3.47)

The Kolmogorov microscale, which represents the size of the smallest dynamically

significant eddies in turbulent flows, was determined as

n(t) = (%) " : (3.48)

Finally, the dissipation parameter (Nedi¢ et al., 2017) was determined as

e(t)

Celt) = L) ——575- (3.49)

3.7.5 Gap Vortex Street Frequency

Coherent structures are interconnected, large-scale structures that have phase cor-
related vorticity and which cause transport of momentum across a certain distance
(El Tahry, 1990; Hussain, 1983). They are regions within the flow, where at a given
time, the turbulent quantities such as velocity, vorticity, pressure density or tempera-
ture tend to remain unaffected by the random motion of the flow (Lesieur, 1997). In
tightly-packed rod bundles, coherent structures in the form of vortex streets, cause
strong momentum and mass transfer across the narrow gaps. This results in an
increase of the local heat transfer coefficient, improving the thermalhydraulic perfor-

mance. Because of the non-stationary nature of the present flow, spectral analysis
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cannot be used for determining the frequency of vortex streets. Instead, a wavelet
transform, which allows the determination of the frequency at each time during the
cycle, was used.

A wavelet is a wave-like oscillation. Wavelets are used in time-frequency analysis
of signals, particularly for the identification of frequencies with significant energy
in non-stationary signals (Tavoularis, 2005). The most commonly used wavelet for

time-frequency analysis of signals is the Morlet wavelet. It is defined as

. 77—2
Y(r) = w0 (3.50)

where j = y/—1,7 is a dimensionless variable and 7, is the dimensionless centre
frequency of the wavelet.

The gap vortex street frequency was determined by analysing the signals of a
right-angled cross-wire probe, positioned at mid-gap. As part of a simplified calibra-
tion procedure, this probe was positioned in the calibration jet with its axis aligned
with the jet axis and the jet speed was varied within the range of interest. The DC
offset and the gain of each anemometer module were repeatedly adjusted until the
mean difference between the output voltages of the two probe sensors became insen-
sitive to changes in the streamwise velocity, which made this voltage difference an
approximately linear function of the transverse velocity fluctuation. By following this
procedure, we avoided the need for performing a more elaborate, angular cross-wire
probe calibration.

Using the Morlet wavelet in the MATLAB signal analysis package, the time-
frequency plots were determined by fitting the Morlet wavelet to the difference of the
signals of the two probes. This signal was essentially proportional to the azimuthal
velocity fluctuation at mid-gap, which is a very sensitive indicator of the passage of
vortices. Once fitted, the MATLAB signal analysis program determined the best-

fitted frequency during each cycle, which was phase averaged over 1500 cycles. An
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example of the results of the wavelet analysis for one cycle is shown in Figure 3.20.

Frequency (Hz)

Figure 3.20: Wavelet map during a representative cycle. Solid line indicates the best
estimate of the time-dependent frequency variation.



Chapter 4

Experimental Results and

Discussion

4.1 Steady Flow Measurements

4.1.1 A Test of the Effect of the Flap Position

Steady flow measurements of the mean velocity, the normal and two shear Reynolds
stresses, the turbulent kinetic energy, the streamwise integral length scale, the Taylor
and Kolmogorov microscales and power spectra were reported by Don (2016) in the
same facility before the installation of the bypass branch. Such measurements were
taken at three bulk Reynolds numbers, namely Re, = 50 000, 100 000, and 130 000.
In order to detect any possible effect of the position of the flap on the flow and
turbulence distributions, similar measurements were taken along a radial direction
on the axis of symmetry in the central subchannel at Re = 69 000 for two different
bypass conditions, shown schematically in Figure 4.1. In the first condition, the flap
was in a fully closed position and the bypass branch exit was sealed. In the second
condition, the flap was at a half-way position, the bypass branch exit was fully open,

and the speed of the blower was increased to produce the same bulk Reynolds number

47
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as in the first condition.

LAARAARNA RN Yy = —>+—

Figure 4.1: Fully closed position of flap and sealed bypass branch (left). Half-open
position of bypass flap and open bypass branch (right).

Representative radial profiles of mean and turbulence properties along the axis of
symmetry in the central subchannel (¢ = 180°) for the two bypass branch conditions
are shown in Figures 4.2 to 4.10. The bulk Reynolds number was 69,000 in all
cases. Differences between corresponding profiles were relatively small and could be
attributed in part to small mismatches of bulk velocity, calibration drift, misalignment
of probes and other experimental errors. We may then conclude that for a fixed bulk
Reynolds number, the position of the flap has a relatively small, if any, effect on the

flow in the test section.
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Figure 4.2: Comparison of axial velocity radial profiles for steady flow with two bypass
branch conditions.
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Figure 4.3: Comparison of streamwise Reynolds stress radial profiles for steady flow
with two bypass branch conditions.
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Figure 4.4: Comparison of radial Reynolds stress radial profiles for steady flow with

two bypass branch conditions.

0.006
0.005F o
oo
-0
DOO
0004 a0
DOO o C|0$d
N o DDg o Open
S\%o.oos- 89, P
| S "8
5999
0.002+ %g., 00090
uugggggggoooogg oo
0.001+
0 1 1 1
05 055 06 065 07 075 08

Figure 4.5: Comparison of azimuthal Reynolds stress radial profiles for steady flow

with two bypass branch conditions.
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Figure 4.6: Comparison of turbulent kinetic energy radial profiles for steady flow with
two bypass branch conditions.
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Figure 4.7: Comparison of integral length scale radial profiles for steady flow with
two bypass branch conditions.
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Figure 4.8: Comparison of Taylor microscale radial profiles for steady flow with two
bypass branch conditions.
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Figure 4.9: Comparison of dissipation rate radial profiles for steady flow with two
bypass branch conditions.
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Figure 4.10: Comparison of Kolmogorov microscale radial profiles for steady flow with
two bypass branch conditions.

4.1.2 Reference Steady Flow Measurements

The transient flow measurements will be discussed by comparison to corresponding
steady flow measurements at the same Reynolds number. To construct a steady-flow
reference database, a full set of measurements were collected at mid-gap and in the
centre of the central subchannel for each of six Reynolds numbers within the range
of values of the transient tests. Some measured values for these results are shown
in Table 4.1. Corresponding steady-flow values for each transient flow velocity were
found by interpolation. The steady flow measurements will be plotted together with

the corresponding transient results.
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Table 4.1: Reference steady flow properties.

Re, 21 600 | 31 200 | 34 200 | 36 400 | 38 000 | 39 800
Regap 22 400 | 33 700 | 39 000 | 41 500 | 43 000 | 45 500
Recs 31900 | 46 500 | 53 000 | 56 000 | 58 500 | 61 000

Regap/Recs | 0.702 | 0.725 | 0.736 | 0.741 | 0.735 | 0.746
Recs/Rey 148 | 149 | 155 | 154 | 154 | 1.53
2y, [m?/s?] | 0.088 | 0.173 | 0.226 | 0.264 | 0.298 | 0.333
uZg [m?/s?) | 0.095 | 0.180 | 0.221 | 0.245 | 0.264 | 0.293
Lyap/D 0.553 | 0.554 | 0.425 | 0.459 | 0.469 | 0.358
Les/D 0.614 | 0.841 | 0.503 | 0.577 | 0.594 | 0.649
Ajap/D x 1000 | 22.9 | 206 | 196 | 192 | 191 | 189
Acs/D x 1000 | 31.0 | 279 | 259 | 256 | 258 | 25.1
€ap m2/s%] | 100 | 375 | 5.08 | 582 | 631 | 6.91
ccs [m2/s®] | 0.80 | 1.88 | 267 | 3.03 | 321 | 3.63
Mgap/D x 1000 | 1.28 | 1.05 | 0.97 | 094 | 092 | 0.90
nes/D x 1000 | 154 | 1.24 | 114 | 110 | 1.09 | 1.06
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4.2 Transient Flow Results

4.2.1 Phase-averaged Velocity

Velocity measurements were taken with cross-wire probes, oriented such that they
measured simultaneously the instantaneous axial and azimuthal velocity components.
One probe was positioned in the centre of the rod-wall gap (¢ = 0°) and another in
the central subchannel, at » = 0.70D on the axis of symmetry of the test section
(¢ = 180°).

The period of each cycle was 7.00 s. As shown in Figure 4.11, each cycle was

subdivided into four distinct intervals:

a steady-flow interval at a relatively low velocity for 0.00 s < At < 0.40 s and

6.66 s < At < 7.00 s,

an accelerating flow interval for 0.40 s < At < 2.66 s,

a steady-flow interval at a relatively high velocity for 2.66 s < At < 3.66 s,

a decelerating flow interval for 3.66 s < At < 6.66 s.
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Figure 4.11: Plots of the phase-averaged axial velocities in the gap (top) and the
central (middle) subchannel, as well as their ratios (bottom). Dashed lines separate
intervals with steady, accelerating and decelerating flows.

In the present experiments, the time intervals during which strong acceleration or
deceleration occurred were roughly 2 s. Such settings are relevant to nuclear reactor
transient operation and it can be expected that the present transient results will show
measurable differences from corresponding steady-flow results. Transient intervals in
previous experimental studies of reactor systems were comparable in length, or even
longer. For example, transient intervals were roughly 4-5 s long in the experiments
of Zhang et al. (2011) and Chen et al. (2005) and about 10 s long in the experiments
of Chun et al. (2009) and Watanabe et al. (2011).

The ratio of the phase-averaged velocities at the gap and the central subchannel
and the corresponding phase-averaged instantaneous ratio are also shown in Figure
4.11. The fact that the two ratios essentially coincided during the entire cycle indicates

that there was no peculiar correlation between cycle-to-cycle variations at the two
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locations. The value of these ratios was measurably larger during the high-speed
steady-flow interval than during the low-speed one, which is compatible with the
expectation that the flow distribution in the rod bundle would tend to become more
uniform as the Reynolds number increases and the boundary layers become thinner.

For a meaningful comparison between transient and corresponding steady results,
it seems most appropriate that the instantaneous bulk Reynolds numbers should
be matched. Because of the absence of measurements of this property during the
cycle, this can only be done approximately. Noticing that, during steady flow, the
ratio Recs/Rey is insensitive to Rey,, we will assume that the value of this ratio was
the same for both steady and transient flows, and so we will estimate transient Re,
from the measured Recg. For example, for the instant with At = 1.5 s, which was
at mid-acceleration, < Uggs >= 10.96 m/s. For steady flow, this corresponds to
U, = 7.26 m/s, or Re, = 34 700, and we will assume that the latter value applies
to the transient as well. Although there is a measureable effect of Reynolds number
on the gap velocity, the effect is small in the central subchannel because the flow
rate through the gap region is much smaller than in the central subchannel, which

provides some justification for the previous assumption.

4.2.2 Vortex Street Frequency

The phase-averaged frequency of the vortex street across the rod-wall gap, determined
by applying the Morlet wavelet transform to the corresponding transverse velocity
signal, is shown in Figure 4.12. It is well known that, in fully turbulent, steady,
rod-bundle flows, this frequency is nearly proportional to the Reynolds number and
its value has been correlated with the efficiency of inter-subchannel flow mixing.
Accordingly, the Strouhal number, St, of steady vortex streets is insensitive to mild
changes of the Reynolds number. Figure 4.13 is a comparison of values of this Strouhal

number for different values of the estimated bulk Reynolds numbers during steady,
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accelerating and decelerating time intervals. It can be seen that in all cases the Re-
effect was quite weak and so was the unsteadiness effect. One may discern, however,
that by comparison to steady flows at the same Re, accelerating flows had a 2-3%

higher St and decelerating flows had a 2-3% lower one.

=
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<U >[m/g
gap
A o o O

Figure 4.12: Vortex street frequency variation during the cycle.
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Figure 4.13: Comparison of the vortex street Strouhal numbers for accelerating, de-
celerating and steady flows.

4.2.3 Axial Velocity Fluctuations

As explained in Section 3.5.3, the calculation of turbulent fluctuations from Reynolds
decomposition provided erroneous results because of the effects of cycle-to-cycle vari-
ation. In an effort to reduce such errors, instantaneous turbulent fluctuations were
computed with reference to a smooth sigmoid curve that was fitted to each cycle. As
shown in Figure 4.14, the difference between corrected and uncorrected values of the
axial velocity variance was very large during the decelerating flow interval, but hardly

visible during the steady and accelerating flow intervals.
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Figure 4.14: Uncorrected (green) and corrected (black) variances of the axial velocity
fluctuations in the gap; comparable correction levels were also observed for the axial

Uncorrected
— Corrected

velocity in the central subchannel .

Figure 4.15 shows the variance of the corrected axial velocity fluctuations during
the cycle in both the gap and the central subchannel, as well as the corresponding local
turbulence intensities. Some possible residual errors are visible in the plots during
the accelerating and decelerating portions of the flow. The effect of acceleration and

deceleration on the local turbulence intensity is rather unclear and does not appear

to be consistent at the two measuring locations.
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Figure 4.15: Temporal variations of axial velocity variances and local turbulence
intensities at mid-gap (left) and in the central subchannel (right).

The transient and steady axial turbulence intensity (standard deviation normalised
by the bulk velocity) at the two measuring locations within the range of equivalent
Reynolds numbers are shown in Figure 4.16. At both locations, the values for acceler-
ating flows are on the whole lower than those in steady flows, whereas the decelerating
flow values are measurably higher than the steady ones. These observations are gener-
ally consistent with the expectation that acceleration tends to reduce the turbulence

level and deceleration tends to increase it.
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Figure 4.16: Turbulence intensities for accelerating, decelerating and steady flows at
mid-gap (left) and in the central subchannel (right).

4.2.4 Autocorrelation Coefficient and Integral Length Scale

The uncorrected autocorrelation coefficient of the axial velocity, defined in Section
3.42, crossed zero when measurements were taken during the steady part of the flow,
but remained positive during the accelerating and decelerating parts of the flow. This
is shown in Figures 4.17 to 4.20 for the mid-gap location, but it was also true for the
central subchannel. This prevented us from calculating the integral length scale.
When, however, the fluctuations were taken with respect to the smoothed velocity,
the autocorrelation coefficient crossed zero within 1 s for all cases and the integral

length scale could be calculated.
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Figure 4.17: Autocorrelation coefficient of the axial velocity at mid-gap for At =
0.002s; the range of 7 is bounded by the solid and dashed red lines.
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Figure 4.18: Autocorrelation coefficient of the axial velocity at mid-gap for At =
0.202s; the range of 7 is bounded by the solid and dashed red lines.
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Figure 4.19: Autocorrelation coefficient of the axial velocity at mid-gap for At =
3.002s; the range of 7 is bounded by the solid and dashed red lines.
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Figure 4.20: Autocorrelation coefficient of the axial velocity at mid-gap for At =
5.002s; the range of 7 is bounded by the solid and dashed red lines.

Figure 4.21 shows that, both during acceleration and during deceleration, the
integral length scales became as large as two times the corresponding steady value at
mid-gap and up to four times the steady value in the central subchannel. Despite the

relatively large scatter in the data, such differences are too large to be attributed to
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experimental errors alone. The same observations can be made for Figure 4.22.
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Figure 4.21: Integral length scale of the axial velocity at mid-gap (left) and in the
central subchannel (right) during the cycle.
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Figure 4.22: Comparison of integral length scale of the axial velocity at mid-gap (left)
and in the central subchannel (right) for steady, accelerating and decelerating flows.

4.2.5 Taylor Microscale and Turbulent Reynolds Number

The variation of the Taylor microscale, normalized with the rod diameter, in the gap

and the central subchannel during the cycle is plotted in Figure 4.23. The values in the
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low-speed steady-flow interval were measurably larger than those in the high-speed
steady-flow interval. This is attributed to the increasing refinement of the turbulence
structure with an increase in Reynolds number. The Taylor microscale increased sig-
nificantly during acceleration, which may be attributed to the corresponding tendency
of the turbulence fine structure to decay when subjected to strong acceleration. A
similar increase was, however, also observed during deceleration. This appeared to
be systematic, although it could be in part an artifact of cycle-to-cycle variations. A
comparison of Taylor microscale values during acceleration and deceleration with cor-
responding values in steady flows, shown in Figure 4.24, also shows that, on average,

transient values were somewhat larger than steady ones.
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Figure 4.23: Variation of the axial Taylor microscale during the cycle at mid-gap
(left) and in the central subchannel (right).
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Figure 4.24: Axial Taylor microscale at different bulk Reynolds numbers at mid-gap
(left) and in the central subchannel (right).

The turbulence Reynolds number is shown in Figures 4.25 and 4.26. On the

average, deceleration increases the turbulence Reynolds number. Acceleration has

a much weaker effect and seems to reduce on the average the turbulence Reynolds

number.
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Figure 4.25: Turbulence Reynolds number during the cycle at mid-gap (left) and in

the central subchannel (right).
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Figure 4.26: Turbulence Reynolds number at different bulk Reynolds numbers at
mid-gap (left) and in the central subchannel (right).

4.2.6 Dissipation Rate and Kolmogorov Microscale

The estimated dissipation rate at mid-gap and in the central subchannel is shown in
Figure 4.27. As turbulence was stronger at mid-gap than in the central subchannel,
the dissipation rate was also stronger at mid-gap. Figure 4.28 shows that, at both lo-
cations, the dissipation rate during accelerating flow was significantly lower than that
in equivalent steady flow, whereas the opposite was true for decelerating flow. Inter-
estingly, during both acceleration and deceleration, the non-dimensional dissipation

coefficient, shown in Figure 4.29, was much larger than that in steady flow.
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Figure 4.27: Turbulent dissipation rate during the cycle at mid-gap (left) and in the
central subchannel (right).
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Figure 4.28: Turbulent dissipation rate at different bulk Reynolds numbers at mid-gap
(left) and in the central subchannel (right).
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Figure 4.29: Dissipation coefficient during the cycle at mid-gap (left) and in the
central subchannel (right).

The Kolmogorov microscale at mid-gap and in the central subchannel is shown in
Figures 4.30 and 4.31. The values during accelerating flow were measurably higher
than those in equivalent steady flow, whereas the opposite was true for decelerating
flow. This means that acceleration tended to coarsen the turbulence fine structure,
whereas deceleration tended to refine it, thus, extending the range of the energy

cascade.
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Figure 4.30: Kolmogorov microscale at different bulk Reynolds numbers at mid-gap
(left) and in the central subchannel (right).

2 i i i i 2 i i i i

15} 1 1
8
X X
o 1} 1 0o 1
g 8
ey jey

o Accelerating Flow
05 O Decelerating Flow 05

X Steady Flow
— Poly. fit for Steady Flow

0 : : 0 : :
20000 25000 30000 35000 40000 45000 20000 25000 30000 35000 40000 45000
Re, b Re b

Figure 4.31: Kolmogorov microscale during the cycle at mid-gap (left) and in the
central subchannel (right).



Chapter 5

Conclusions

5.1 Summary of Results

Some preliminary measurements were collected in stationary flows at a fixed bulk
Reynolds number but with the bypass flap at two different positions. These results
demonstrated that the position of the flap did not have a significant effect on the flow
distribution and turbulence characteristics in the test section. These results were also
in good agreement with measurements by Don (2016) in the same facility but before
the installation of the bypass section.

The main set of measurements were collected while the flap was rotated periodi-
cally so that the flow in the test section consisted of four parts during each cycle: a
stationary flow at a lower velocity, an accelerating flow, a stationary flow at a higher
velocity, and a decelerating flow. Measurements of the instantaneous axial and az-
imuthal (with respect to the central rod) velocity components were collected at two
locations: the middle of a rod-wall gap and the centre of the central subchannel. Data
were recorded over 1500 cycles and phase-averaged in a manner that was synchro-
nised with the position of the flap. A procedure to correct velocity fluctuations for

cycle-to-cycle variations was devised and applied to the data.

72
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The main conclusions of this work were as follows:

The ratio of the phase-averaged mean velocities at the two locations was not

affected significantly by cycle-to-cycle variations.

By comparison to values in stationary flow at the same bulk Reynolds number,
the gap vortex street Strouhal number was slightly larger during accelerating

flow and smaller during decelerating flow.

Cycle-to-cycle variation effects on the axial velocity fluctuations were particu-
larly strong during deceleration, with the uncorrected velocity variances having
unrealistically large values and the corresponding autocorrelation coefficient not

reaching zero values within an extensive time interval.

The integral length scale of the axial velocity at both locations during both
acceleration and deceleration was larger than corresponding values in stationary

flow.

The Taylor microscale of the streamwise velocity during transients was slightly

larger than corresponding stationary values.

Compared to corresponding stationary values, the turbulent kinetic energy dis-
sipation rate was larger for accelerating flow and smaller for decelerating flow.

The opposite was true for the Kolmogorov microscale.

5.2 Recommendations for Future Work

A difficulty encountered in this study was the measurement of the bulk velocity during

transients. Measurements of the unsteady velocity distribution in both the bypass

exit and the inlet contraction throat are required to determine the unsteady bulk

velocity. A proposed improvement would be to map out the profile using two single
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hot-wires, one to act as a reference point, and the other to measure the unsteady
velocities at different points to map out a profile. The results at each point would be
phase averaged and mapped together with the reference point. Other measurements
that could be taken with the present facility would be to repeat this current study
with different values of acceleration, in other words, increase the timescale of the
accelerating and decelerating flow such as in Kang and Chang (2009). This would help
verify the relationship between the values for the turbulence measurements presented

in this study and the rate of acceleration or deceleration of the flow.
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