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-bundle model. The.study was focussed mainly. on the central .

ABSTRACT

turbulent Qarér flow through a model of the 37-rod CANDU PHW
reactor bundle 1s presented. Measurements were conducted in

the entrance, developing and fully developed regions of the

square subchannel with a pitch over diameter ratio equal to
1.14.
In the first phase 6f the ‘research, experiments ‘were

carried out in a single bundle model Wwith bare rods at
X

_ Reynolds numbers- of 50000 and 62000. Measured quantities

.preceded by another bundle model with different orientati

include mean static pressure, mean streamwise velocity, wall

—

shear stress and turbulence characteristics uch as
turbulence . intensities, turbulent shear stresses,
autocorrelation coefficients, length scales, prdbability

. 1 .
density functions and certain.derivative statis&ic .0f the

streamwise and traésversg velocity fluctuations.
In the second phase of the research, experimenks were

conducted at a Reynolds number of 45000 in the test-kundle

Mean streamwise velocity, mean static pressure and wall

shear stress were measured.

An experimental study of a single-phase, isothermal;'
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it is féund- that mean velocity profiles, turbulence
intensi;ieé aﬁd friction féctor in the central séuare
subchannél are comparable to those in.a_pipe flow; and that
the transverse furbulence intensity is about 60% of the
streamwise turbulent intensity, as in other turbulent shear
flgws. The eddy viscosity, estimated using gradient
transport modei, is typically one or two orders of magnitude
lafger than the kinematic Qiscosity. Integral length scales
éndﬁ Tayior microscales are about iO-BO% and 5-8% of the
square subchannel hydraulic diameter respectively. The
presence of a Fdsoiiented ﬁpstream bundle eﬁhances faster

-

attainment of fully developed conditions in the test-bundle.
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NOMENCLATURE

test-section flow cross-section
flow-cell flow cross-section
flow-cell radial coordinate )
tesfl;ection hydraulic diameter
rﬁd diameter
circular pipe diameter, pressure tube diameter
elementary area of flow-cell -
anemcmeter output voltages

;
fluctﬁating.anemometer output wvoltages
friétion factor ' — . )
circular pipe frictioq'factor

bundle length

test-section axial, radial Eulerian integral
length scales along axial direction

static pressure, probability density
pitch to diapeter ratip (s/d)
velume flow rate

test~section radius

spatial autocorrelation coefficients of
test-section axial, radial fluctuating velocities
along axial direction . { ’

temporal autocorrelation coefficients of , axial,
radial fluctuating velocities

turbulence Reynolds number

test-section radial coordinate
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‘pitch distance - o ‘

.
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.Q .QL

sduére subchannel ééu&yaleﬁt-pipe-Reynolds number
cifcular pipe Reynolds number
—— -]

square subchannel Reynolds number

test-section Reynolds number

tempkrature
fl@id temperature

hot-film opetrating temperature

- time

test-section axial, . radial, peripheral velocity

components \

squaré_subchannel equivalent-pipe bulk velocity
eiementary area bulk velocity

circular pipe bulk velocity

test-section bulk velocity

subchannel centreline velocity, pipe centreline
velocity

ﬁater-jet velocity (calibration), air-jet velocity
(yaw-effect test)

flow-cell axial, radial, peripheral velocity
compenents

test-section axial, radial, peripheral fluctuating

velocities

flow-cell axial, radial, peripheral fluctuating
velocities :

o, ~

friction velocity

dimensionless velocity

test-section (or flow-cell) axial (stréamwi%e)
coordinate

radial distance from the rod surface
hydraulic diameter of elementary area

. - vii -
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radial distance from the rod surface to tpe line
of symmetry ) '

GREEK. SYMBOLS

-

separation distance along axial direction

-—

pressure difference between Preston tube
static pressure hole

dissipation rate

Kolmogoroff's length scale
. »

r

test-section axial, radial Taylor microscales

dynamic viscosity

Kinematic viscosity

Kolmogoroff's velocity scale

eddy viscosity
. o

flow-cell radial, peripheral edd{\viscosities of:

axial momentum

énd

test:;ectionvradial, peripheral ed&y viscosities
of i:?&l momentum ' \,ﬁﬁ_ﬂ\\

tesEZSQCF%cn‘périphefal coordinate '
water déﬁéity, correl;tion cﬁefficient
sgandérd deviation

sgparation tiﬁe

Kolmogoreff's time scale

wall shear stress: ' .oy _\\

flow=-cell peripheral coordinate

SUBSCRIPTS AND SUPERSCRIPTS)

representation of subchannel or flow-cell average

representation of time-averaged value

representation of root mean square value
' 1
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Chapter | .

INTRODUCTION

1.1  GENERAL BACKGROUND .

From the time ithwas known that sustained chain reaction
of nuclear fissicon ceuld produce enormous amount of energy,
man has attempted to harness 'that energy for various
purposes; today, the nuclear power 1is regarded as an
important alternative "to conventional 'modes of electricity
prodgcticn ih several parts of the world, where other
resources are scarce or fast depleting. With the progréss
and s spread of commercial nuclear -technology, nuclear
reactors have undergone significant modifications over the

past four decades. )

Nuclear reactors can be generally classified. into
Pressurized Water'Reéctors {PWRs), Bolling Water Reactors
(BWRs), Gas Cooled Reactors (GCRs)l and Pressurized Heavy
Water Reactors (PHWRs), depending on the type and state of
the coolant used_ih the reactor core. Both PWRs and BWRs,
orfginally develdped in the ‘USA, have also been in West
Germany, France, Japan and U.S.S.R. These reactors use
enrichgd uranium as fuel and light water as maderator as

.\ - .
well s as coolaht (in liquid state in PWRs and in boiling

state in BWRs). GCRs, developed in Britain and France, use
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unenriched uranium fuel moderated by qraphiée and cooled by’

carbon dioxide gas. Tue only standardized commercial model

of PHWés is'the CANDU (CANada Deuterium Uranium) reactor,

" developed by the Atomic Energy of Canada.lLimited (AECL).

CANDU reactors are widely known for their practical maturity
and high performance capablities.
Figure 1 presents a typical 600 MW(e) CANDU Nuclear Power

System. - A large, horizontally-oriented cylindrical,

stainless steel reactor vessel (Calandria) contains <the

Acool, low pressure heavy water moderator. About 380

identical pressure tubes, containing the natural uranium

fuel buridies = and the pressurized (~ 9.6 MPa), high

{
temperature heavy water coolant, pass through this reactor

vessel, The pressure tubes, made of Zirconium alloy, are
about- 6 m long and 100 mm in diameter and have a wall
thickness of 4 mm;'each pressure tube contains a string of
twelve 37-Rod fuel bundles (Figuré 2) stacked end to end.
The consecutive bundles in a fuel cha?nel are fandomly
oriented. The coolanp clircults essentially transfer heat

from the fuel elements to steam generators to produce light

water steam which is fed to the turbine-generator system %o

prodhce electricity.
The fuel bundle geometry used in the CANDU reactors has

- ’ .
undergone significant evolution since the first reactor went

into operation. The 7-rod fuel bundles used.in the first

reactor were subsequently replaced by 18-, 19- and 28-rod
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3
bundles in later reactors, and finally by 37-rod bundles in
“the recent'reactofs. In all bundles,-the‘rods are mostly
afranged in triangular or triangular and squa%e arrays.

By increasing the number of fuel rods in”a bundle, it is
pos§ible to increase the effective heat transfer to the
coolant. This would, howéver, increase the flow resistance
and theréby require more power to c¢irculate the coolant.
Also,  with a denser packing of fuel rods, the

“éircumferential variations of ﬁemperature would. become more
_pronounced. These variations are predominantly important not
.only in estimating the heat transfer rate, but!' also in
determining the fuel bundle lifetime based on thermal
stresses, créep strain rates and corrosion rates. Further,
the'knowledge of temperature distribution around the fuel
rods would help to eliminate hot-spots or dryout spots on
any pafticular fuel reod. In ordér to evaluate the
temperature variation around fuel rods, it is essential to

. ’
study the turbulent flow structure in the = various

subchannels.

The radicactive environment inside the reactor, augmented
with high operating pressufe and temperature, makes iﬂ-situ
experiments with the ‘reéct&f in operation generally
cumbersome and . expensive. Collection of necessary
_information can be done easier using iaboraéory_ models
simulating, as closely as possible, the actual reactor

bundle.
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Studies which are concerned with thermbh&dféulic aspects

?f the reactor would generally have to simulate the actual
gﬁermal environment in their mnodels, using electrical or
other source of heatiﬁg;‘also, the'operating'pressu;e inside
such models should simulate that in £he actual pressure
tubg. The ccnstruétion and operation of such models is
tedicus and expensive. As a first ste§ in the determination
of flow structure in reactor bundles, models which do not:
necessarily reproduce the actual thermal environment can be
uséd; although it may be desirable to have the same
operating pressure as in the actual reactor, the fluid
pressure inside these models could be near atmospheric,
since the flow structure would be least affected by the
difference 1in pressure conditions. The expérimental £luid
could be light wate; or air, as long as the study is
restricted to'single-phase flow. Although the temperature,
the pressure -and tﬁe'ekperimental fluid can be different
from the actual ones, it 1is essential to keep other
important £flow parameters, mainly the Reynolds number; as

closely as possible to those in the reactor bundle.

1.2 OBJECTIVES AND SCOPE OF THE CURRENT RESEARCH
The present research aims at ©collecting detailed
information about the flow structure in an isothermal, water

flow through a model of the 37-rod CANDU-PHW fuel bundle.

Thq'study;ié conducted in a double scale, 60 sector model of



S
the bundle, at a mass flux rate approximating that in the

actual reactor bundle. The choice.of .a 60'sector, instead of

a full bundle, was made in .order to reduce pumping
requirements and materials for ﬁhe ﬁest—Sactioﬁ; tﬂ; model
was constructed at déuble-scélé so as to fa%ilitate probe
traversing and measureﬁent, eépecially in the narrow gaps

between rods, and also to permit the  generation of

L] T

sufficiently larée Reynolda‘number flow'at relati@ely low

i

water speeds. The current-investigation also studies, in a

(%

Fimited 'scale, the effect of the orientation of an upstream
. %
bundle on’ tﬁe_ flow - through the test bundle. During. the

planning of thefstudy, it was proposed to émploy the use of

laser-Doppler .anemometry and provide a mapping ‘'of the entire
turbulent flow field, after matching the index of refraétion_
" of fluid with that of the model walls that were made of

clear -perspex (see section 4.2). For bddgetary reasons,

.

} . .
however, the study had to be ddne using the less expensive
hot-£film anemometry.

In the first phase of +the “research, measurements were

conducted in a single bundle model, preceded and followed by

[

empty sections. The bundle was supported on realistic

endplates (Figures 8 and 9), bﬁt' had no rod-spacders,

wearpads and other geometrical complications encountered in

reactor bundles. The centreplane distribution and the

downstream evolution of mean pressure and mean axial

Pl

velocity were measured using ‘total and - static - pressure

1
\\
’\ /
AV
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tubes}'thg azimuthal variation of wall shear stress afoﬁnd
the périphgry .of representative rods was obtained with
Presfon tubes. Later an extensive study on the centreplane

-~

distribution ‘and downstream evolution of méan axial
velocdity, turbulence intensitiés, correlation coefficient;ﬁ
and length scales was dcne uéing. hot-£film anemometers;
Measurements of univariate and - bivariate probability
.densit; functions and some derivative statistics of thg'
velocity fields.were also conducted. l

In thé sgcond‘phase of the research, a secondfsd bundle
model was piaced_upstréam of the test bundlef such that the
corresponding rods were. rotated by 3d“about the bundle axis,
and also'the endplates of both bundles were equipped with
asymmetric radial ribs to simulate more accurately. the
éctugl fuel channel which contains a striqg of misaligned
bundles. Few typical mean flow parametérs.were measured in
-the downstream bundle in order to evaluate the effect of the
upstream bundle and rgdial'r;bs." o

.The motive behind the-cuﬁ;éh£”inves;igation 1s to provide
direct information about flow structure, which miqht‘help
designers in understanding better the performance
characteristics of | the reactor syStem; ghus, this
information might contribute to improvements in the design
and operation of future reactor bundles. Further, the

present results, obtained in a simple, square subchannel,

with symmetric entrance conditions and without wearpads and
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rod spacers, would contribute to the general knowledge "about
rod-subchannel flow, and in particular; could serve as test
' ' v

‘cases ' for computer codes which try to predict the

"distribution of varicus flow parameters in subchannels.

‘1.3 SURVEY OF LITERATURE ON BUN_D[:.E FLOW STUDIES
1.3.1 - Experiments in 37-Rod Bundle Models | )

The Advance Engineering Branch and the Thermalhydraulics‘
Development Branch of the Atomic Energy of Canada Limited,
Chalk River Nuclear Laboratories, Chalk River, Ontario, have

<
been the chief investigators of the flow and

thermalhydraulics aspects of_tugﬁulent flow through 37-rod
bundle models. A comprehensive summary of all related
projects has been compiled by Groeneveld (1984). The
present section reviews m?inly the studies .on iscthermal
‘bundle flows, which are .éeleyant to our work. Hackett
(1984) Agﬁfreported measurement.:}‘mean axial veiocity in-a
single phase water flow using isokinetic sampling technigue
and has found that mean . K axial velocity distribution had a
systematic variation aleong ;ﬁ;ﬁgén}replane, with maxima near
subchannel centres and mingms\ﬁéar rod gaps.‘The study also
analyzes the effect of SO.pﬂa‘ISkmiSalignég upsfream bundles
on the mean axial velocily distribution. of the downstream
test bundle. Bugg (1984)\pas used. a twin needle conductance
probe to measure local void fraction and bundle velocity at
representative locations in a .twb-phase, tﬁgjcomponent

e
L
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(water and air) flow. D'Arcy and Schenk (1985) have

conducted studiés‘in_bundles in tandem with misaligned rods

! 4

and with misaligned endplates, using laser-Doppler
;hémometry, and have measur&d ﬁean axial velocity and axial
turbulent iﬁtensitf in squaré, trixﬂ%ular and  wall
subchanngls of the 37-rod bundle. Greceneveld (198%) reportsg

measurements of axial pressure drop in a 37-rod bundle model

facility, 'usigg/ separately water and Frecon-12 as the
1
operating fluids, almed at evaluating the effects of

deliberately intrecduced cbstructions. An advanced subchannel
computer code, <capable of. predicting flow. and thermal
conditions in the various subchannels of a CANDU reaq&pr
bundle, has -also been develcped at Chalk River Nuclear

-

Laboratories (private communication).

In the initial s*tage of the current inves%}gation, using
¢

essentially the same test-secticn facility, Tavoularis and

Stapountzis GIQSB) have ' demonstrated the possiblity of

studyiﬁg flow mixing between subchannels, using flow

1

visualization technigues. They concluded that interchannel

mixing between adjacent subchannels could be enhanced by

introducing small blockages into the flowstream.

'Experiments have also ‘been ‘carried out at Westinghouse

v
=

Canada (private communication) in subsections of the 37-r-d

reactor bundle model, studying the velocity, shear stress

and temperature distribution in a single phase water Ilow

through a heated 6-rod, two square array bundle using

-~
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iaser-Dopbler _aneﬁometry. Finally, a team at Ecole
Polytechnique, . Montreal {private communicationy, has
measured local pressure, void fraction and mass flux in air
-and water flow through two identical interconnected 'sguare

subchannels in vertical and horizontal orientations.

»*

1.3.2 Expeﬂnmﬁtsiﬁ Squére Array Rod Bundles

The series of experiments conducted at Pacific Northwest
Laboratory; Richland, Washington, appear to ke the only §gain
source éf reference for flow through sgquare (array

subchannels, that is availlable in the open literature. Rowe

"

{1973) has ﬁeasured the distribufion of meén axial wvelccity,
turbulence intensity and the Eulerian integral'leng;h séales
in a turbulent water flow through square array rod pundles
usiﬁg laser-Doppler anemometry; <those measurements were
conducted at Reyneclds numbers of SQOOO and 200000. Using thé\
fame test-section and instrumentation,. Rowe and Chapman
(1973) have evaluated the efféct of grid spacers on flow
structure and on creoss flow .miking between subchannels.
They have also measuréa mean axial velocity, turbulence
intensity and intégral length scales at a Reynolds number of
100606. from their measurements, they concluded that the
interchannel mixing- was enhanced, %o somé extent, by the
presence of grid spacers. Rowe et al. (1973), using the same

test~section and equipment, have studied the effect of

sleeve and plate type blockages on the flow stfuctufe, and
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found that the effects of these blockages persisted for

relatively long @ownstream distances. The effect of varying'
pitch to diameter ratios (é/d) on tufbulent flow; through
square arrays has been evaluated by Rowe et al. (19}5); they
measured mean axial velocity, axial turbulence in%tens:ity,
autocorrelation functions and leongitudinal integral langi™®
scales in arrays with s/d = 1.25 and 1.125 and at Reynolds
numbers of 50000 .and 200000. They concluded that a smaller
rod gap spacing would increase turbulence intensity,
integral length scale and dominant frequency of tgipulence.
They found these turbulent parameters to be independent of
" the Reynolds number-of the flow. Creer et al. (1975, 1976 &
1879) studied flow th;ough 7#7 bundle, consisting of only
square arrays with flow blockages, and measured mean axial
velocity and turbulence intensity in air and water flow
using laser-Doppler techniques. Their experiments were
CoAducfed-at Reynclds numbers between 13000 and 58000 for
water flow and 10000 for air flow. Tﬁey found that the
results of the air test§ were in.excellent ?éreement with
those obtained from water tests.

1.3.3 Experiments in Triangular and Other Bundle Geometries

Paimer and Swanson (1961) measured mean axial velocity
distributions for air flow through a tricuspid channel with
s/d = 1.015 at a Reynolds numbe of 20000 using a pitot tube

and a kiel probe. Ibragimov et al. (1966),. under _the
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assumption that the effeétivg turbulent trﬁnsport of
momentum was due to eddies of all sizes -and also due to
convective transport, de&eloped a general semi-empirical
éxpression for the distribution of wall shear stress in ;
straight, smooth channel using their experiﬁental velocity
veloeity distribution (with pitot tubes) in eight
arbitrarily shaped cfoss-sections. Nijsing et al. (1966)
predicted thecoretically mean axial vel&bity, wall shear
stress and eddy viscosity distribﬁtions in a triangular
subchannel. Using an adjustable test section, Eifler and
Nijsing (1967) determined experimentally mean axial velocity
distributions employing pitot tuﬁes, and fqund that their
results agreed well with theif earlier theoretical
predictions; their measurements were conducted in triangular
arrays with s/d = l.dS, 1.10 and 1.15 at ﬁeynoldé numzers of
15000, 30000 and 50000. Levchenko et al. (1967), uéing air
flow thrqugh a triangular array with s/d = 1.00, showed
that the peripheral variation of wall shear stress remained
independent of Reynolds number, in the range between 14000
and 95000, }nd that velocity distributions measured glong
normals to the wall wéré in good agreement with experimental
data on circular pipes.

Turbulence measurements in rod bundles were first
;eported.by Kjellstrom'(ﬂg?l) in his comprehensive study on
flow éhrough triangular arrays with s/d = 1.217. Besides

wall shear stress ' (with Preston tubes), he measured axial

"
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and secondary flow velocities, turbulence intensities and
Reynulds stresses using constant temperature hot-wire

'

anemometky at Reynolds numbers of 149000,271000 and 355000.
He: fglnd that secondary velocities were less than 1% cf the
averagé~axial velocity. A detailed study by Trupp and Azad
(1975) réports measurements cof friction factors, local yall
shear stresses and the distributions of mean axial velocity,
Reynoldsastresses and eddy diffusivities in'isotherqal air
flows through triangular array red bundles, wi;h }/d = 1.2,
1.35 and 1.50, using static¢ pressure tubes, Pitot tubes,

e

Preston tubes and hot-wire anemométry; their experiments
were perform@i.ap Reynolds numberg-ranginq frem 12000 to
84000. Fakory ands Todreas (1979) concluded from their
measurements 1in a triangula; array of s/d =,1.1 using
Preston tubes that the local wall shear stress arcund the
rod periphery peaked in the largﬁét flow area.

Several researchers have analyzed interchannel mixing
using vafious techniques. Among them,:- Rogers and Todreas
(1968) have icentified turbulent interchange as 'the basic
natural mixing mechanism between rod bundle subchannels.
Tahir and Rogers (1975, 1979) have conducted an experimental
investigatioﬁ of-turbulent mixing of air 1in a triangular
array by a gas tracer (ethane) technigque, and proposed
turbulent interchange correlations for three basic
{sgquare-sguare, square-triangular and triangular-triangular)

arrays. They have concluded that at small clearance 59
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diameter ratios, seccndary flows and large scale eddies
’ L+

enhance turburent interchange by reducing the mixing

distance.
-2

The anisotropic nature of turbulence in closely packed

rod bundles has been demonstrated by a few authors. Rehme

(1278, 1<80, 1€82), using his measurements in wall and
L4

central sguare subchannels with s/d = 1.07 at a Reynolds

number of- 87000, has shown that thé peripheral eddy

" viscosity is at least corfe order ¢f magnitude higher than the

radial eddy viscosity. Tahir and Rogers (1986) have

confirmed this claim from their experiments conducted in air

flow through triangular arrays with s/d = 1.06 at a Reynolds

number of 36000.

\

-



Chapter Il

BACKGROUND INFORMATION ON MEASURED
PARAMETERS

2.1 HYDRAULIC DIAMETER AND BULK QUANTITIES

A common simplification in the study of £flow thréugh
' channels and ducts with non-circular cross-sections is to
consider a dircular pipe flow with eqﬁivalent flow
characteristics. The diameter of such a 'pipe 1is called
hydraulic diameter, and is normally defined as four t;mes
the channel cross-secticnal area divided by 1its wetted
perimeter. Obviously, this approach cannot describe
peripheral variation of various parameters, as it can only
provide a rough estimate of the average ;ariation of such
parameters along the channel. However, such a description
may be -useful as a reference for comparisons with
measurements in the actual geometry.

For the st-section used in the current investigation
(Figure 3; etailed description is given in section 4.2.),

the equivalent pipe hydraulic diametethh , 1s

T (4R - 374%)
2R (6+T) + d (377 - 30)

‘D;’\ = (2-'1)

N

where R is the nominal radius of the test-section and d is

the diameter of the bundle rcod.

L
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For a sguare subchannel Figure 3), the hydraulic

¢
~

diameter, dy . 1is _ .

. " L
- 4P ) 2-2
d, = dr(_n__ - (2-2),
where F is the pitch to diameter ratio (s/4).

In a bundle flow, the flow through indiwvidual subchannels

.. v

is described primarily by the local flow <conditions.
Nevertheless, parameters averaged over the entire

test-section can be useful as a reference. The test-section

bulk velocity can be defined as
!

Upe = — (2-3)

' ‘ "
where Q is the total flow rate through the test-section an&
A 1s its flow cross-section area. For any sect{on with
uniform flow cross-section area. Ubt is constant along the
streamwise di}ection.

The Reynoldé number, which represents the ratio between
the inertial forces and viscous forces, is the most commonly

used dimensionless parameter to characterize a flow. For

the test-section, a Reynolds number can be estimated as

Upe Dn |
Re,, = — - ) (2-4)

where ) is the kinematic viscosity of the fluid.

A rough estimate of the subchannel Reynolds number can be

based on the test-section bulk velocity, as
Upe dy

Re =
Reps = .

(2-5)
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However, a consistent definition of <+he subchannel
Reynolds number should be based on the subchannel bulk

velocity, Ubh' which may be somewhat Q}fferent from th-

such that
Ubk dh
P

Rebk' - (2-6)
Although ‘th cannot be meésured exactly in the présent
facility, it can be estimated froem measUredl leocal
parameters, such as the friction velocity and the centraline
mean velocity, using the universal velocity profile
eguations devefoped for fﬁlly developed, turbulent pipe
flow. A detailed discussion on the estimation of Ugn 18
provided in later sections.

Another simplification in the study of subchannels is the
division of- subchannels into geometrically identical
flow-cells. A sQuare subchannel can be divided into eight
identical isosceles triangular flow-cells similar to tﬁﬁ\one
shown in Figure - 4.- Although all flow-cells are
geometrically equal, a slight.variation in the flow within
differgnt cells might be expected, if they are adjacent to
different bundle subchannels. It must  be noted that each
flow-cell has the same hydraulic diameter as the sguare
subchannel. Thus, in an ideal flow situation, the bulk
velocity and the streamwise mean pressure drop should be the
same for both; hence, the average guantities defined for the

¥
square subchannel would also apply to each flow-cell.

Fiad
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For the flow-cé‘ell shown in Figure 4, the basic dimensions
can be evalua_te"d using simplle trigoncmetry. Defining Y, as
the radial distance from the wall surface to the line of
symmetry and'¢ as the peripheral ang;e measured in the

counterclockwise direction, it can be shown that

™ 5ce) - %(” . - {2-7)

Cos ¢
"Obviously, Y wmin corresponds to QS = 0 and _‘jom to
? U= T‘-/zr_. An average radial distance from the rod surface

to the line of symmetry, Y, ., . <an then be determined as

1 .
o g )t

o

= a (ﬁ ﬂh.(ﬁ +{) — 4) (2-?).‘

\ 2 T
dA

Dividing the flow-cell into elementary areas, one can
define a local hydraulic diameter as,

1

w4 "

The local hydraulic diametercincreases monotenically from'a
minimuml d(F“T) at the rod gaps ((P:Q ) te a maximum d(lPI‘f)
at the subchannel center (gﬁ:'ﬁ/zr).

The average local hydraulic diameter of all elementary

areas in the the flow-cell, defined as
Pmax

Y%, * PI ) G dg = A (8 1) (2-10)

maxX
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is equal to the hydraulic diamefer, dy, . of the square

subchanrnel, defined by equation ¢2.2).

2.2 - WALL SHEAR STRESS DISTRIBUTION
Wall shear stress 1is defined as the tangential force,
created by a fluid floﬁing over a solid surface per un:it

area. Fcr Newtonian fluids it is expressed as

-

T - f*a_Q) -
55 /e (2-n)

Fy

where I is the dynamic viscosity of the fluid and -36765 is
the mean velocity gradient nermal to the wall surface.

In a circular pipe, the wall shear stress 1is uniforﬁ
around the perimeter and the total drag force exerted on a
"circular pipe of ,diame£er, dp , over a short stfeamwise
length, 8% , will be equal to Cﬂn)(nd+)(41L in a steady
flow, this force is proportional to the pressure drop, AP,
élong the pipe. Equating the drag force tocthe pressure

force, one gets

(Tw,) (Tdp) (ax) - (Tf_d.}:) (— AP
. L

.\' i

. tw. . 2 (-9_?_) ' Q(Q_-II'.)

¢\ ex

and hence,

.When Ar is sufficiently small (Ax~+0), the above eqguation is

simplified to

To = .2 (-3"). (2-8)

7 \ &
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Unlike in a circular pipe flow, the local wall shear
stress in a rod bundle subchannel wvaries around its
periphery. For ‘the squafe subchannel shown in Figqure 3, an
average wall shear ‘stress, Twae, can defined as the average !
value’ of the local wall shear stress over the entirg wetted
perimeter. Alternatively, Tw,,, is egqual to the total drag
 force: per unit streamwise length, divided by 'éhe wefged
périmeter. The average wall shear stress can Be.eétimatéd
from an. average streamwise pressure graaient, using

equivalent-pipe principle as (e.g. Davies, i972),

e = %(ﬂgﬁ)m - (Z—”r,) |

It should be recalled that any average value of a parameter

s .

A -, .
defined or estimated for the entire. square subchannel

-

should, in principle,, be equal to the averagé\valde forleach‘r
flow-cell, and therefore, no distiﬁqﬁion ,Qill ‘be made
between these values throughout the curr;RE’;tudy.

Several relations are available for the description of
the local wall_ shear stress distribution around the rod
periphery in various geometries. Ibragimov et al. (1966)

have suggested the semi-empirical relation,

x o

* ' AN NI R
-CI.U( ' - R
P = Clt-e Y (7_.-15.)
' Voo el

Tw av

where ' Arc
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and I

¢ML : T ¥

I |. - _:_(._;::)
- - 1 _ X 0F gaw
C P mox i (' ¢ ) 4¢

where Arc is the flow cross-section of the flow-cell. This

relationship is applicable to the dis;ribution of local wall .

shear stress around the periphery of any arbitrarily shaped

cress-section.

sxpriother available relation, ST

Tu (§) 5 6 '
w @) - 10073 cos6d - 0.1059 cos g
-tw av . o

(2-1¢)

+0.099t cos I8¢ + 0.0318 Cos 249

developed by Levchenko et al. (1967) using experimental data

in a triangular array with s/d =.1, may not be accurate in

!

2.3 FRICTION FACTOR DISTRIBUTION

Two parameters closely associated with the study of wall

shear stress are friction velocity and friction factor.

Friction velocCity, also known as shear stress velocity, is a

common scaling parameter 1in the description of various
. .J . /,’ \\

velocity profiles, and is defined as Iy

/2

W (.‘;:) | (2-)7)

——
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friction factor,. on the chef hand, is a dimensiconless
measure of wall shear stress. F?r a smooth wall surface and-
a given 'cross-sectionai' shape, 1t depends‘ only on the
Réynolds number of the flﬁﬁ, and is particularly useful as a
) .
basis for comparisen of flows in pipes and channels 'of
different- sizes and shapes. Fer a circular pipe,‘ the

fric¢tion factor'(D'Arcy) is. defined as (e.g. Hinze, 1875)

. ) Q‘C‘" .
P2 o . (2-18)
SR XV
where UbP is the bulk velocity in the pipe. w'  and f# can
be related - to the streamwise pressure gradient, using

equatiens (2-13), (2~17) and (2-18), as

: }'2. - '
o= g &_ éi) (2.-19)
40\ % |

"

) o
. fp = 20 (LR )+ (2-20)
?U% 3%

L

Friction factor in a smooth circular pipe can be estimated
for a given flow Reynolds number, using empirical relations,
such as (e.g. Reynolds, 1974)

(1) Blasius equaticn

—-0.25 .

o (2-21)

j-p = 0-51é Re
for R"'bp < 100000.,

(2) Karman-Nikuradse Law of Friction

= Q..?7 Rnﬂ [ Rebg -’?;‘] - 0,2_. (2.-22-)

2

-
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. 3000 < Rebp < 3000000,
Uep dp |
> .
In a circular pipe flow, friction velocity and friction

where Rng;

factor are essentially constant around the periphery. In a
) rod bundle subchannel, however, the friction velocity and
the friction factor vary around the subchannel periphercy.
For the sguare subchannel (Figure 3), one can define (TR
and {4y . as the average values of local friction velocity
and the local friction factor, respectively, over the entire
“wetted perimeter. It can be shown following eguivalent-pipe

-

principle (e.g. Tennekes and Lumley, 1972), that

. ifa

' -chw

wy, . = ( ) - (2-23)
P

and
-8 Tuav
e (2-24).
¢
Inzthe currént investigation, the distribution of local
wall shear stress, ih,(¢) , was ~experimentally dete;mingd.;

In incompressible flow, the variation of local £riction

velocity,lx'(p), can be directly -determined as

Yo
gy = (P (225
» (5 (2-45)

The local friction factor, -§(¢) A cannot Dbe easily

determined from Cul$), since it involves another unknown
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‘quanfity,quL , the local bulk velocity of the. elementary

area, dA, as (Nijsing et al., 1966)

s - 2 | | (20)

- w
P Upe

Only few’iqvestigators Lave Eeén able to estimatg the local
?ribtion factor vériation in a rod bundle subchannel;
empirical equations are available mostly for dgiermining the
average friction factor. Ibragimov (1967) postulates that
Fou = (0-5‘8 r o2 0T )
+p (1—27)
Cx (o (pen)

L
~

where fp is the friction factor of a circular pipe at the
& .
same Reynolds number and K is a geometrical factor, defined

as L .
0.15
Ye max Yo min Acc
K = -
Ljo oV . ( 5“&‘0’ )
and ' ’
/ e
po= t ¥
a

with + for a concave surface and - for a convex surface.

Subbeotin et al. (1971) suggest another expression as

| . 0273 |
.-':z:v _ 057 + i— (l-— e—ul(:iu.“ )) (logi-) g (?_-28)




24
- " for 1.0 < s/d < 1.22
Trupp and Azad (1975) provide a léast'square fit eguation
from their experimental data.as

-Nn

o . -2
'f'o‘v' = C Rcbh N (1 q) .
. . ‘\_.\‘
for 1.2 < s/d <, 1.50 and 10000 < Rﬁbh < 1000CO
¢ where ‘ 4
,” "/1 .
C = 0287 (ﬂ - o-so) i
) d.
and ) i
o -1.35%
5
= . g [ =
ne 0 %E ( 7 )
1 ' ‘ ‘. S e

,2:4 MEAN VELOCITY DISTRIBUTION .

In bounded turbulent flows, the region close to the wall

(wgll " layer) . is ‘characterized by the suppression of

tturbulence and contaiﬁsflarge velocity gradienté. The wall

layer is commonly subdivided into a 'viscous
(pseudo-l%minar) sublayerk, imme&gately adjacent to the

[
/ wall, and a 'buffer layer' between the viscous sublayer and

the outer region.
In the viscous sublayer, the velocity profile 1is
approximately liﬂear‘and viscous forces are dominant. In the

buffer layer, the tiscous stresses and-Reynolds stresses are

.-
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of the séme order of magnitude: In the outer region; the
flow ié fully_turbulent and tﬂé Reynolds stresses outweigh
vfscous stresses; in the outer region, the velocity profile
‘is negrly logarithmic and, for this reason, this r;gion is
also called the 'logarithmic layer'.

The mean velocity distribution within the three regions .
"has been determined_by several authors, both theoretically
and experimentally. A common practice is to  define a
dimens;onless velocity as LL+=SU/uf and a dimesionless
distance from the wall as y, = 9w /v . The £following mean
“velocity ©profiles are generally acceptable for - large
Reynolds number, turbulent boundary layers over smooth walls
(see e.g. Reynolds, 1974 and Hinze, 1975).

(1) Viscous Sublayer

Wy = 3 0¢ Y, <5

{2) Buffer Layer

- 30
w, = 5.00dny, -305 (2‘ 30)

5C Y (30

(3) Logarithmic ﬁayer

Ly = 205 ﬂn Ye + 55
Yy > 30
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Tbg;?xpression pfesented for the bﬁffer layer is due to von
Karmag; several alternative relations have been sugge;ted
for the buffer layer by Rannie, Diessler, Reichardt, Hanna
and van Driest. The constants (2.5, 5.5) cof the logarithmic.
layer expression are those determined by Nikuradse from his
experiments in pipe flow (e.g. Reynolds, 1%7%; Hinz;, 1875).

From a practical engineering point o2f view, the
logarithmic' vélocity profile representg fairly accurately
the actual velocity profile, even when applied near the core
region of a pipe flow. The exact veleccity near the cegfre
cf the pipe, however, is slightly higher than the predicted
velocity. Improved estimatesl Kknown as 'velocity defect
laws, can be obtained by . adding a correctién function to
the logarithmic profile. For example, the velocity defect
law, based on Coles' (1956) wake function, 1s written as .

(e.qg. Tennekes and Lumley, 1972)

— " Y _“31)

- w [_2-5 gn 22 - | Z

‘U"‘ UC+ d.P - (

fL (s (2 o) e1)]

2 dp z
] i .
=

CL' in the above expression represents the centreline”
velocity in a circular  pipe. Emp{}ﬁcal expressions

approximating the mean velocity distribution in the entire
pipe are also available. The power law profilq_{e.g. Hinze,

1975), among the common ones, is written as

AR - RN O
G£ ‘ dp '
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where n = 6 at KRey, = 4000, n =7 at Re, = 100000, n.= 9
at R%P = 1000000 and ﬂ = 10 at Rebp ==3000QOO, according
to the measurements by Nikuradse. A

Tﬁe bulk velocity through the pipe can be theoretically
determined by integrating respective velocity profiles from
wall surf;ce to the centre of the pipe. A widely used rough

estimate of the bulk velocity is (e.g. Tennekes and Lumley,

1872)

-

Ls (2-33)

o*
P _ 2.5 In L%
LL‘ . 7‘2_1)

A more accurate estimate, relating the bulk velocitf to the
centreline mean velocity, 1s due to Karman and Nikurédse
{e.g. Reynolds, 1974). This expression, which accounts for
the velocity defect as well as for the variation of some of

the conéjants with Reynolds number, is given as

where A = 2.46, when Rebp is in the range of about
3000-3000000, and A = 2.5, when Rch Tis higher than
10C0000.

The circular pipe velocity preofile equations (exgept the
power law) and the rgsulting bulk velgcity egquations are
based on the concept of universality of law of the wall and
should be, in principle, applicable also to the sqguare rod

subchaqgel. However, a few important poiﬁts must be
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considered before using the velocity profile egquations in

_the subchannel.

In a pipe flow, the scaling parameter, i.e{ the friction
velocity, is constant around the periphery.\ﬁgerefore, it is
sufficient to determine the velocity prokile along any one
radius. In the square subchannel, however, the friction
velocity wvaries around the periphery, and therefore,
separate velocity profiles must be computed along each
radial axis, at le;Et for one flow-cell. The velocity field
evaluated for one flow-cell can be used for all the other

flow-cells of the subchannel, but only under the assumption
~

that the sybchannel 1is part of an 1infinite array of
identicgf//jtgthannels; in practice, of courseh\ this
condition is not satisfied.

In a circular pipe flow, all lines normal to the wall
surface meet at the centre of the pipe, so that there is a
unique centreline velocity. But in the sguare subchannel,
the lines normal to the rod surface intersect the line of
symmetry at different points. Therefore, the concept of
unigque centreline velocity is no longer valid for a
subchannel flow, since individual centreline velocities
corresponding to Y=Y, (Figure 4) have to be considered for
each elementarf area dA . Furthermore, since‘Ehe hydraulic
diameter of each elementary area varies, the parametrization

of the problem also varies for each one of them.




29

The determination of the enfirg flow field in the sguare.
subchannel is clearly beyond the scope of the current
‘undertaiing. However, an overall estimate of the subchannel
ﬁulk velocity, pr ., can be obtained by applying éhe
equivalent-pipe principie to the entire subchannel. From
the mean velocity at the geometrical centre of- the

subchannel, 'Uc ,and the average value of the friction

velocity, u;v , the bulk velocity can be evaluated aS
—— 3A »
; Ubk = UC. - —i" Yoy (2 '35)

where the value of A can be taken egual to that in equation

(2-34).

2.5 TWO-POINT CORRELATIONS
The components of a general two-point correlation tensor
in the Cartesian coordinate system (%,, X, Z3) can be

defined as

Ri.j (<,g %1y %35 T) = Wi (xyjt) Wj(x, + <m} £+T)

(2-3¢)

u"i. {(xe) - u-j' (x, + =)
Ly jy kym = 1,72, 3

Spatial_ correlations are obtained when T 15 fixed,
temporal correlations when «,, «; and «4 are fixed, and
Space-time correlations when T as well aS <, €, and e
vary. RH is called autocorrelation coefficient when & =)

and cross-correlation coefficient when 4% #j-
N
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Since in the current investigation only a few components

of the correlation‘ coefficient tensor were evaluated, a

simpler notation will be used for them, as

R (=) = R, (=, 0, 05 0)
R, (=} = Ry1 (%, 0, 05 0)
(1-37)
Ry (TY = Ry (0, 0005 1)
R, (T) = Ry (050,05 7T)

where W and Vv are the axial and radial fluctuating
velocity componénts of the test*section.
. SN

In practice, Ry (%} and R,(«) are often estimated, for.
convenience, from ka(t) and Rv(t) respectively, employing
Taylor's "frozen flow" approximation, namely the assumptiog'
tﬁat the flow structure remains unchanged, while beiﬁd.
conducted by the mean speed past the measuring probe.
Taylor's approximation is accurate only when the turbulence
intensity W/U is relatively low (typically below 10%), a
’ &

condition satisfied in the fuily developed bundle flow.

Therefore, R, () and R, (%) can be determined a¥

Rw bq :.Ru,(t) 4

| 2r- 3%
R, (x) = Ry (T] ( ] )
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with & = I} T.

2.6 *LENGTH SCALES OF TURBULENCE

Any turbulent flow can be perceived to be consisting of a
large number of eddies of different sizes, and the toﬁal
turbulent Kkinetic¢ energy o¢f the -flow as the éum of
individual gnergies of all eddies. The maximum pecssible
size any eddy c¢an have 1is determined by the physical
dimensions of the flow, while the size of the smallest
eddies lis determined by the mechanism of dissipation -of
kinetic energy into heat by molecular motions. There is a
continucus energy transfer between these eddies.‘ The
prevailing theory of energy cascade postulates that in a
l4rge Reynolds number turbulent shear flows, the large
eddies extract energy from the mean field and trarsfer it to
smaller and smaller eddies, where it 1is dis;ipated into

heat. The following subsections introduce the length scales

that are“commqnly used in the description of turbulence.

2.6.1 Integral Length Scale -
The integral length scale is a measure of the typical
size of the most energetic eddies in the flow. Although

several distinct Lagrangian and Eulerian integrgl length

- scales have been defined, the easiest to measure and most

*

commonly reported scale is the Eulerian integral length

ot

scale of the streamwise velocity component, along thé
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streamwise direction, defined as (e.g. Tennekes and Lumley,
1972)

w0
Ly = j Ry () dux (2-39)
o
Using Taylor's hypothesis, the Eulerian integral leng:tn
scale, [, , can be determined from the Eulerian integra.

time scale, as

Tu

j Ru o) ar (2-40)

as

Le = U Tu . (2-+I)

Following a similar approach, the Eulerian integral
~1ength scale of. the transverse fluctuating vglocity,l.vl,

along the streamwlse direction can be computed as

-

— ‘

’ L, = UL f2-42)
where

RyCel dt o (243

Ea
i
QO N
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2.6.2 Taylor Microscale
The curvature of the two-point-corfela;ion coefficien; at
RX=0 1is determined. by the small scales of turbulence.
Since R, (%) is an even function (e.g. Tennekes and Lqﬂley,
1972), it can‘approximated, at small « , -by a parébola;

Then, one can define a relevant characteristic length ‘Au

known as Taylor's microscale, as

i _ 2
- o .
e ) C(2-44)
. ZAU- a_t ol =@ I'
so that Au_ corresponds to fhe intersection between the

osculating parabola and the -axis.
Alfernatively, A, can be estimated from the variance and

spatial derivative of W, as (Hinze, 1975)
23

Ao = :t/(ﬁ_‘t)z (‘;—95')'.

gz

Using Taylor's approximation, ekpressed as
i& :_|_ o U : (2_-4_@)
>% U ot | _—
the microscale can be estimated ‘as
- 3
z .
. - w f— :
Ao = U /?au . (2-47)
' ..at) |
Following a similar procedure, the transverse microscale,

Av} can be estimated as
V4

i ‘ A
—— V —---——z .
o= U [ /(‘L)] (2-48)

u%
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Taylor's microscales are larger than the scales where the

-dissipation of Kkinetic energy. intoe heat mostly occurs:

however, they are useful among others, in the estimation of
the turbulent kinetic energy dissipation rate, € , since in
isotropic turbulence,

———
—

1 . b
€ = 15 (.‘3_“_) z I5Y — (2-49)
P A

{

rAlthough the bundle flow is not isotropic, expression (2-49)

represents a reasonable approximation of.€ verified in a

variety of other shear flows at comparable Reynolds numbers.

»

2.6.3 Local Isotropy and Kolmogoroff's Hypotheses

The practical applicationxaf isetropic turbulence theory,
i.e. the assumption that | turbulence _statistics are
independent of the orientation of the coordinate system,
aépears to be quite limited, since most turbulent flo;s are
not. even approximately isotropic. On the othef hand,
tﬁrbulent flows are very diverse and do not permit a single
univer;alldescription of turbulént phenomena. However, at

large enough Reynolds numbers,' the larger eddies break down

toe smaller and smaller eddies, until thé&. local Reynolds

number of the smaller eddies decreases ow the critical
value and these eddies become stable. At this small

Reynolds number, viscous forces “become dominant and they

- continuously dissipate kinetic energy into heat.

Kolmeogoroff (1938), postulating that the motion of such
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small eddies (fine turbulent structd&e) is essentially
> . e

ind;pendent of the mean flow and the large-scale turbulence,

has originated the locally isotropic t;rbulence theory, also
known as the universal equilibrium theory, in thg”form of
fwo hypctheses:. )

'(A) At Larée Reynolds ﬁumbers, the characteristic length,

velocity and time scales can be uniquely determined by €

and VY ; by dimensicnal énalysis, these scales c¢an be
expressed as pe.g. Tennekes and Lumley, }972) "
Kolmogoroff's length scale : T« = (vi/E)
: i
Kolmogoroff's velocity scale : Y, = (3J€ )/+ (Z-Sb)
. i "
Kolmogoroff's Figg,;cale : Ty = ()J/e)

4

It has been found by several investigators that a
requirement for the approximate validity of locdl isotropy
is

Ry > 100 (2-51)

where

€

{B) At large Reynolds numbers, if - there is an
intermediate range of scales which are much smaller than the

physical scales and alse much larger than the Kolmogoroff's
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rsc§les, then, in that range, all statistical quantities.
depend only on € and are independent of V . This rahge
later came * to be known as the: inertial subrange. A
condition £for the existence of an inertial ,sybrange is

N <¢ Lu » typically, e /Ltw < O-0I.

2/ TURBULENT VISCOSITY
2.7.1 Closure Prob[em ,
It is generally accepted that the agtion of fluids such

as air.and water is governed by the continuity and mementum

! equatioﬂs, also knbwn—aé Navier-Stokes equations, and that '
these eguations apply to both laminar-and turbulent flow.
Although this set oflequations is\closed, if one considers
the instantaneous ‘velocity compokents and pressure as

uﬁknowns, fhe equations are ipconvenient t?‘use in turbulent
flows, due ‘to‘ the time-dependence of a}l parameteré.
Following the proccedure suggested by Osborne . Reynolds
(1898), it has been a common bractice, to decompose all

e

instantaneous values_ in thsﬁ equations 1into mean and
fluctuating quantities and %o éerive.separate‘equations.for
each compbnéht. Omitting intermediate sﬁeps, thé mean . flow
continuity and momentum equations in stationafy {i.e. with
statistics independent of time), incompressible flow can be
written in cylindrical coordinates as (x, ¥ and Yllrepresent
the axial, radial and péripheral coordinates respectively.
£

U, V and W the correéponding ingtantaneous velocity

pompdnents; e.g. Hinze, 1975)
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/r r_rv Fﬁghv Pg}, +fr_
-DE+VE):-_:E + (VLE—E-;-_ZT._Q_!)
P r roy F , rr r*avy
_ 3:_‘_ _B_qu_Q_Q_JLL_—Z_T
PFS? Q eBT' ox r
-_ P 1= 1 wv
(J.DU = “é_..;.,uv U"Pg_Li —E/r%.rw
o 0%
_pd uw (2-53)
ray
where ' : ‘
D ._._\/-_3__ +E_‘j_3__+ S
or Yo L
and
1 1 1
2 b\ %) o -
V = a:.+—_ + 7 ?_‘f'—"I
or ror r oy ox

The above set of four equations for the mean flow contains

31X unknowns, the so called Reynolds stresses (Pu.", PP',

. b

and ?_w"' represent normal stresses; - Pav, -PVvdd and -P3u
represent shefar stresses), in  addition to the three
components. of Yean velocity (U, YV and W ) and the mean

pressure, P . To resolve this closure problem, it is
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necessary ‘to introauce a model of turbulence, namely to
‘establish’;ddipional relations betwéen the Reynolds Stresses
and the mé%n fields. "Gradient transport"” models are among .
the siﬁﬁlest ar.d most utilized turbulence models; they are.
formulatéd by analegy to the.proportionality between tﬂe
viscous stre;s and ‘the mean véloéity gradient in Newtonian
fiuids. 1In thé simplest case of nearly parallel flows, 1t
is possiSle to introduce proportiong&k;y constants, called
eddy-viscosities, by assuming linear relations bciween the

dominant Reynolds shear stresses and the corresponding mean

velocity gradients as

R L R (2-5¢)
agd |
_pTm = f vy (_'?_i_%) (2-55;

W

where vTr' is the radial eddy viscosity of axial momentum
e

and TUT; is p?e. peripheral eddy viscosity of axial

momentum. More sophisticated turbulence models have been
developed by many investigators, but their covérage is

beyond the scope of the present study.

<r
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2.7.‘2 Prandtl's Mixing Léégth Model

Prahdtl'SJ-mixing length model attempts to justify

-—
-

'eqﬁations (2-54) and (2-55) by physical -arguments. It

‘proposes that in a shear flow, fluid “elements moving from~

-

regions of low mean velocity te Tregions .of higher mean

Gelo;ity,fpreserve theit'initial momentemf'and therefore,
appear to have a nmomentum deficit.‘Similarly, flued elements
moving from highef meaq véiocity‘ regioes‘ to ,lower mean
velocity regions, appear.to have a n@mentum surpius. ‘The
average distance a fluid element trawels before losing its
identity has been termed the mlxlng length ﬂ ..Pranqtl s
thecory relates the average turbulent momentum flex to the

mixing length as (e.g. Tennekes and‘Lumley,>l97é)

_ - ‘ :
_puv = Copvh Vs - (2-5¢)
) ‘ & ar
where Q' is the. rocot mean squared vdlocity in 'tﬂe ﬁ
direction. Then the eddy viscogity can be expressed in
terms of the mixing length as ’ |
Vry © C v K - (2-57)
. ~

where C, is a eonstant, presumably of an order of magnitdde
of 1. Egquation (2-56) was based on the assumption that the

. J
mean velocity gradient is nearly constant over distances

much larger than the mixing length. This condition is

violated in many situations, especially in flows with
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asymmetric maxima in their mea;\ velocity Jprofiles; the
fa%lure' of gradient <transport models in such cases has
. - clearly been documented (see, for _éxample Eskinazi and
Erién, 1960) . Nevertheless, due to 1its ‘simplicity aﬁd
reascnable success in many situations, gradient tran;port
and, in particular: the mixing iength model is widaly used,
2.7.3 ',ther,Estimates of Eddy Viscosity
Certain theoretiéal expressions are available to estimate
eddy viscosity in rod tundle subchannels from the local
frictien veiocity and *he normal distance from the wall
) surface. Although developed forl particular subchannels,

some of these theoretical predictions are based on universal

velocity distribution, and therefore, could, in principle,

[ P

be used in other subchannel geometries.
. (A) Radial Eddy Viscosity of Axial Momentum (Eigure 5)
Rapier and Redman (1964) assumed universal velocity

distributions to postulate that

Uy - -
¥ 1y ]
2L B D] (2-58)
90\-\.. 2-'5 . ga ’
0 (Y < Jofy
« and

p_

T2 = O.f y > %h

Y, W’

*The nomenclature used for cylindrica r-c:wc:»rciina‘c:es':'Ln this
section 1is different from the one used in sections £.7.1 and
2.7.2. The difference is intentional for reasons explalned
in Chapters VI and VII : -
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(B) Peripheral Eddy Viscosity of  Axial  Momentum
{(Figure 5)

An approximation for pe;ipherél eddy viscosity of axial

momentum has been derived by Rapierk1964) as

ut u.z [}
vT = (vT a ) = u ’
. i -— q
. r_..ﬂ\\ ¢ mak 10 (2 5 )
\ ‘ :
Nijsing et al. (1966) have derived two theoretical

. 3 3

expressions for vTP based on different assumptions.
Assuming that the peripheral eddy viscosity of axial
momentum is uniquely determined by local flow conditions and

‘varies around the rod periphery, they predict that

LU Yn /% )
v = Y 0.ons =~ Re 2 -60
T¢ ( dh bh < ( )

. a
while assuming that v7¢= does not vary around the rod
periphery but sis determined by the average flow conditions,

they propose that

<

W _ 7/2
VT? = )) (O-OHS' _Rebh ) (2-—6[)

Kjellstrom (1971) proposes the following expression for
the variation of peripheral eddy viscosity of axial momentum
along the radial axis, derived by least-square fittgng on

his measurements in a triangqular arfay with s/d = 1.22.

. Vi
¢ 0-51 - 042 (2-62)

w” Ye 30

"
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He also proposes a relation for the ratio between peripheral

and radial eddy viscosities of axial momentum as

.
V1 .99 (0-40 ~ 9/Y)
¢ = 4_-79 eo o (2-63)

v, b
Since these two expressicns are based on expleriments in a
triangular . subc¢hannel, they can only be used as rough basés
for comparisen with measurements in the sguare surchannel.

A general expression for the computation of eddy

viscosity of axial momentum, based on universal velocity

egquations, due to Kattchee and Reynolds (1962), 1is
. -
§ Vp . LA ‘ (2-64)
Sy - Y )

The authofs do not specify whether this expression applies

to peripheral direction or te radial direction.
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¥ AN OVERVIEW _OF EXPERIMENTAL TECHNIQUES

3.1 _PROBLEMS ASSOCIATED WITH BUNDLE FLOW MEASUdEMENT :

In any heat exchanger system, the amount of heat transfer
can be enhanced by in;reasing the contadt area between the
heaterhand the coolant. Reactor bundles, aimed at increasing
the heat transfer between the fuel and the coolant, are
designed witﬂ a dense packing of fuéf rods; consequently,
the physical access to 'interior subchannels of reactor

: -

bundle models becomes difficult. Also, the narrow gap$
between rods necessitate the use of non-intrusive techniques
and, if they are not available, the use of probes with
extremely slim yet rigid stems. Additional problems
encountereq in the present closed circuit water tunnel were
a continuous rise of EBP water temperature of the fluid with
operation ‘time and a continuous build-up of rust and other
impurities ié the system between cleaﬁups. Furthermore,
"slight water leakage through flanges and other joints in the
system at low flow rates and air suction at higher flow
rates was extremely difficult to eliminate, although thgs
problem was somewhat reduced by installing a mobile

pressurizing tank. All such problems as well as financial

and time limitations were taken into consideration in
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selecting appropriate experimental techniques fof the
measurement of pressuré, velocity and wall sheér stress 1in
the test=-section. The following settions provide a brief
review .of instruments and technigques which are available for
the measurement of such quahEities, with emphasis on those
used in the present investigation. They included pressure
tubes,y 6fifices, hot-film anemometers and Preston tubes.

Justification for their selectieon over other suitable

technigues and devices has been provided in later chapters.

3.2 THE MEASUREMENT OF PRESSURé

Commen simple devices for monitering mean wall statié
pressure and -mean in-flow static pressure are, fespectively*h‘
surface orifices and static pressure tubes. Local static
pressure is transmitted through hollow tubing to a manometé;
or pressure transducer for its measurement. Details about

static pressure measurement procedures can be found in the

book by Benedict (1977).

3.3 THE MEASUREMENT OF VELOCITY
3.3.1 Pressure Tubes

Total and static p;;ssure tubes, because of their simple
Cénstruction and operaticon, are among the most widely used
instruments for measuring méan flow velocity. With the use
of incompressible momentum ecuation, the flow veleocity can

be readily computed from the difference between total and

static pressure tube readings.
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Bechwith and Buck (1961;, and Chue (1975} have provided

-
exhaustive studies of vafjous available configurations of
[

pressure tubes and errors associated with their
measurements.
3.3.2 Flow Tracing -

By introducing small gquantities of tracer particles ihto
flow streams and fellowing their Ai:tion.'}}sually; it 1is
possible to identify the " flow pattern evgn 1in complex
geometries. In addition to obta;ning a glébal picture of
the flow, such téchniques can be used in conjunction with
chronobhotography, to provide quanﬁitative measurements. The
capabilities of these techniques have been greatly enhanced
with the introduction of digital image ﬁrocessing of
visualization records.

Substance§ used to visualize the flow of air include
smoke, helium bubbles and aerosols. Dyes, soclid spheres and
hydrogen bubbles are common tracers for water flow. Flow
visualization has a significant advantage over -transducer
technigques, that it 1is essentially non-intrusive. Reviews
cof flow visualization techniques can be found in the books

by Merzkirch (1974) and Mueller (1983).

’w
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.
3.3.3 Laser-Doppler Anemometry

Laser-Doppler anemometry operétes on-the principle that
laser beam l{ght scattered by moving particles has a
frequency shifted from the'}hcident frequency by an amount
proporticonal to the partifle velocity. This technigque 1is
non-intrusive and has been used for a variety of fluid
compoéitions and flow geometries. Its disadvantages ccmpared
to.thermal énemometry {see the ensuing sectipn) are higher
cost and complication of operaﬁion. -A detailed review of

this technique can be fcund, among others, in the book by

Durst et al. (1981).
\

3.3.4 Thermal A‘nemometars

Thermal (hot-wire and hot-film) anemometers measure flow
veiocity through its relationship to the heat transfer rate
from a heated body 'iﬁmersed in the flowing fluid. An
expression, relating the heat transfer to the fluid v?locity
and the temperature difference termed cohmonly as King's law

(its early version was proposed by King, 1915) is

G- n
—_ - A +8U (3-1)
L |
3 N -~ L]
where &L is the heat <transfer rate, TBP‘T; , %s “he

difference between the operating temperature of the sensor
and the fluid temperature, U is the velocity normal tc the

sensor and A, B and M are empirical constants.
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Thermal anemometérs can be ‘operated either in éonstant
temperature mode or in c¢onstant current ‘mode. In the
prevailing constant Itemperature mode, éhe cperating
resisfhnbe and, as 'a result, the operating temppfaturé'of
the sensor 1is kept cohstant utilizing a feedback controlled
bridge circuit. This technique provides good £frequency
response, minim;l ‘chance for sensor burnout and permits
relatively simple correction for temperature . sensitivity.
ﬁct-wire sensérs are suitable for <clean, non-c¢onductive
éluids. The need fér turbulence measurementgAin water and
ot?er electrically conducti&e liquids led-to the development
of hot-film probes 'in the late 1950s. These usually consist
of & thin platinum 'or ni;kel film deposited on a gquartz or
mica substraﬁe fh the forq of a cylinder: wedge or cone and
insulatédwwith a thin guartz cecating.

Theories and opefational p;obedures that were originally
developed for hot-wire anemometry have also been applied to
hot-£film ,dgemometry, despite the general knowledge that
hot-film response is complicated by heat conduction to the -
substrate,'significant flow obstruction and possibility of
dirt accumulation. | <

Ling (1955) designgd -conical, wedge and cylindrical
shaped hot-films, and compared the dynamic response of
'hot-film probés wigh that of hot-wire probes at identical
flow conditions. Bankoff and Rosler (1962) found that

. . ' - - .
non-cylindrical sensors measured lower velocity fluctuations
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than did laﬂ pot-wiré, and attributed. this to <the heat
conductiqn.into thé substrate. Bellhouse and Schultz (1966)
developed one-dimensional theoretical’mo 1 to account for:
hot-£film sensitivity ‘agpendence upon frequency. Their
classical mocdel ‘assumed a flat substrate with a sensor
placed only'én one.side, but with,heaF convection occurring
‘at both sides of the mcdel. Briston et al. (1979) develoged
a two-dimensionall model wiph .heat convection as well as
axial  Theat conduﬁtion using -finitk-element analysié.
Freymuth (1978,1981) éktended his dynamic theory for
constant temperature hot-wire anemcmeters to constant
temperature hot-film anemometers and further showed that
non-linear effects of large velocity fluctuations were
similar for both anemometers. A detailed bibliography on

+

thermal anemometry has been;compiled by Freymuth (1878).
X

3.4 THE MEASUREMENT OF WALL SHEAR STRESS

The exact determination of wall shear stress plays a
significant role in the design and performance-analysis of
any fluid mechanical system. A brief survey of methods which
are available for the measurement of the local wall shghr
stress, directly ér‘indirectly, is given in the following

sections.
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3.4.1 Direct Measurement |
.In most $kin friction balances, a flbéting element with
its face aliéﬁed‘with‘the test surface is used to measur?
the local-.wall shear stress directly as a force pef unit
area, although, in some cases, the wall shear stress is
estimated indirectly from the displacement of thé floating
element. The first skin friction Dbalance wés due to

Schultz-Grunow (1940). Fenter - and Lyons (1857) wused

balances in rockets. MacArthur (1963) suppor%;d the floating

element in a piezoelectric crystal and was able to determine
very §méli‘ forces by detecting[ the ‘displacement- of the
float%ng element. The popular Kistler probe (Patos, 1970),
osée available commercially, was able to measure wall shear
" stress under linear acceleration. In most cases the floating
elements wefe supported on mechanical linkades,.aithough air
bea;ings have alsé been used (Czarapoglu, 3973).

Cne important. constraint in the use of skin friction
balances is the need for perfect alignment of the flecating
element surface with the contour of the test section, since
any -protrusion or depression would lead to significant

errors, (O'Donnell, 1964; O'Donnell and Westkaemper, 1965;

Allen, 1978) -




SO
3.4.2 The Preston Tube Technique . :

. .
Preston (1954F developed a simple method for determining™

the local turbulent wall shear stress utilizing a pitot tube
restiné on the surface. ~This method was based on the
assumption of'universaiity of 'law of the wall’ in turbulent
boundary layers. Preston tested circular pftot tubes with
different sizes and inner to outer diameter ratio of 0.6 and

proposed a universal relationship as

Ab d, Todp\ . 7
P P = F (-————-i ) (3’1)
40 v* 40 v |

where AP_ is the difference between the pitot pressure and
the wall static pressure, dp is the outer diameter of the

pitot tube and TQ is the 'local wall shear stress. The

function o

" can, presumébly, be determined from
measurements in a- flow where the wall sheér stress is known,
for example in fully developed pipe flow. Svon after
Preston's _method was published, many researchers questioned

its universalify {e.g. Hsu, .1855). 4 Some independent test

(Staff. of the, Aerodynémics Division, National Physical

# o
Laboratory, 1958) iﬂgfgated that Preston's method
underestimated the skin friction by nearly 14%. Patel
3 .
(1965) used fourteen different size pitot tubes with ﬁarying
. . —— -~
internal to external diameter ratios, and” “produced a
calibration that has been accepted widely. Defining two

L T
parameters as - . = log (AP d'P/trev’) and y* = log (twd%r’v‘)
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he roposed thaf

. Yy* '-% x" + 0.037 _ §™  I-5
' 2 .3
Y™ = 0-8287 - 0-1381 X0 + 0.1437 &7 - 0-0060°% .
L5 < y™ ¢35
- (3-3)
¥ = y* 4 2 lg (119597 + k-io)

These equationshroughly-co;respond to the wviscous sublavyer,
the buffer l%yer and the logarithmic region of a turbulénf
boundary- layer respectively. The equation for the outer
layer is somewhat cumbersome to use because of its implicit
{orm. Furthermore, Patel's éxpressions are discontinuous at
interfaces between regions. To overcome such drawbacks, Head
and Vasanta Ram (1971) presented a simple chart with
ap dv/pvl and Ap /¢, as the variables. Bradshaw and
Unsworth.(1974) proposed a single equation for Preston tube

calibration as

AP qg 4 6o log %" L 227 (Lo éL“fL
< - ) (3-4)

50 ¢ %Y ¢ 1oco
>

-
z

which was also of an the implicit form.
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In the current investigation Preston tubes ﬁhve been used

in the developing flow region as well as in the fully
developed region. Since aimost all Pr?ston‘tube calibration
equations have been deveIOped‘baspd.on experiments cg%ducfg;
in fully developed regions, the uSe_of such equations in a
developing region 1s often questi;ned. ‘Head and Recﬁenberg
(1962) have showed that for a given wall;sheér stress value,
the Preston tube readirng was the same in the developing and
the fully, developed regions;(tig éorollary is that 1f one
could use standard .;alibration equ;tions for determining
wall shear stress from a particular Preston tube reading in
the fully developed region, the same coculd be done in the

developing region also.

In the current study Preston tubes afé used in leocations
Qhere there 1s a favourable pressure gradient, esﬁecialif in
the developing region. Patel (1965) has studied the effects
of both adverse and favourable pressure gradients on Preston
tube readings. Defining A 5 WV%Lc’ (aﬁ@z), he concluded
that in élows with favourable pressure gradient, the maximum

S . -
ervor in 4, was 3% for

\

6 > &> -0.005, 4P " £ 200, 28 (o
P ox

(3-5)
and 6% for

X |
0 >4 >-0.007, P 200, 3% ¢o
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Thé' use of tubes with different shapes for °the_
measurement ot wall shéar'stress has'geen investigated by
‘Quarmby and Das (1969), who studied .the response of
rectangular tubes with f£flat elliptical front shape .and
Préhla& (1872), who analyzed the vyaw characteristics of

Preston tubes with cpenings cut off obliquely at as"

3.4.3 Obstacles in the Flow

*Wall sheér stress can be estiﬁated by measuring pressure
droﬁ past a small obstacle pr&%ruding fﬂsmfthe wall. Such
obstacles are normally confined within the viscous sublayer
(sublayer fence). Thig technique regquires calibration in a
flow with known wéll éhear_stress. Tests of this technique
havé been reported by Konstantinov (1955), Head ~and

Rechenberg (1962) and Vagt and Fernholz (1973).

3.4.4 Heat Transfer Techniques

Fage and Falkner (1930) first investigated the relationf

!
between the local skin friction coefficient and the heat \

transfer from thin platinum strips embedded on the wall

o ¢
surface. Ludwid&”(l949) confirmed <that the heat £flux was

[ .8

proporticnal to 1/3rd power of local wall shear stress,

o

provided that the heated length was sﬁ%ficiently small and
that its thermal layef was c¢onfined within the viscous

sublayer of the wall.

—

.
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A variation -of this method is the"pulsedi heated f£film
technique. Two films are kept perpendicular to the flow
.direction and the upstream one is:hsated by a short electric
pulse. The local wall shear stress, according to Ginder and
Bradbury (1573), can be measured <from Egg__gime interyal
between the electric pulse and the changéJof‘resistance of
the downstream £film. These authors used two sensor £ilms,
located on either side of, the pulsed film, in order to

r

measure shear stress in separating and reattaching flows.

-

3.4.5 Other Techniques
. N

Stanton et al. (1920) used a rectangular pitot tube with
the test wall fqrming the inner surface of thé tube to
~ determine the shear stress. Later, -this‘ became known as
Stanteon tube. Hool (1955{ mecdified the system by att7phing a
piece of a razor blade over a static pregsure hole.
Calibration procedures for this technique are, given in the
study by East (1966), who also introduced magnetic support
of the razor blades.

Wall shear, stress has 'aiso been estimated from the
pressure difference between two static pressure holes with
different diameters. Mass transfer technigues, similar to
heat transfer technique, relate lcocal wall shear stress to
the'mass flux rate from a finite region on the test surface
to the outer region. Detailqd reviews of all’ methoas'
avaiiable foélmeasuring wall shear stgess have been compiled

by Winter (1977) and Hanratty and Campbell (1983).



Chapter IV ' -

EXPERIMENTAL FACILITIES AND INSTRUMENTATION

4.1 THE WATER TUNNEL

The flow field was generated in a closed return water
tunnel, sho;n in Figure 6. Briefly, it consists of a water
pﬁmp (Berkeley B2TPM 10 BHF), a 3-phase industrial electric
motor driving the pump (Baldor 10 HP), a working section in
3 pieces of equél length made from transparent acrylic
material, and th% contraction and expansion sections from
fibreglass. Other features of the channel include a mobile
pressurizing tank, a plenum chamber, a by-pass branch with
two butterfly valves for the accurate control of the flow
rate through fhe test section, twé steel bellows for
isolation from vibrations and thermal expansion, an orifice
plate for the measurement of the flow rate, wvarious valves
and a water filtering system.

The plenum chamber wasladded to the circuit in order to

—

reduce the recirépl;ting water temperature rise; it was
equipped with a honeycomb and a screen which helped
straighten the Swirly flow‘from the upstfeam elbow before
entering the test-section. Finally, the relativaly long

water residence time in the plenum chamber helped deaeration

of some of the air bubbles and pockets present in the
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' system. The addition of the pressurizing tank also improved

the system operation. The range o¢f pressures within the
water tunnel varied relatively widely,' depending onh the ‘
operating Fonditions. At low flow rates,'some water leakage
was observed, while at high flow rates, _the substantial
pressure drop in the bundle resulted in slicht air suction
threough flanges and probe insertion ports. Furthermore, the
design and materials of the test-section (see the following
section) would not withstand high pressure differences, and
for this purpose, the mobile pressurizing tank was
introduced to adjust the tunnel pressure and maintain it
nea::atﬁospheric dgr&ng#tunnel operations. The tank coq}d pé
slided along a vertical track of about 5m height, using a
manual ratchet and cable mechanism. A floating device
indicated the water level in the tank. Besides reducing air
suction, pressurization of the tunnel acted favourably
against cavitation risk, especially at the pump irlet and

-
also behind the bundle endplates and probe stems.

4.2 THE TEST-SECTION

’

The test-section (Figure 7) was a double scaled model of

the 37-rod fuel bundle ¢of the CANDU-P ctor. fn crder to

avoid excessively large pump and .economize on

materials, only a symmetrical, 0 circular sector of the

bundle was constructed; the study/was focused mainly on the

1

.central sguare subchannel, where side wall effects were
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expected to be negligible. The walls as well as most of 'the
rods were made of clear perspex (except for rods A and B
which_ Qere, made o¢f aluminium), thus permiéting opticai
access to the entire flow. Thg rods were firmly supported at
both ends on endplates (Eigu?? B), which were geometrically
similar to those in the reactor bundle (Figure 9)*, except
for the location of the radial ribs: in the model, end plate
radial ribs were poSitioned symmetrically, adjaéent to the
side wallks, while in the actual bundle they were positioned
in asymmetric positions; symmefr& was consiéered beneficial
at this stage, where the flow conditiggs were simplified as
much as possible. Most measureménts were conducted with a
singie bundle model inserted in the middle section of the
water tunnel. Inlet ports for probe insertion were
available at three streamwise locations (x/L =.0.08, 0.50
and 0.91; x is the distance of the port from the entry to
the bundle apd L i1s the length of the bundle; this also can
be ekpressed as x/dh = 3, 20 and 35) along the test-section.

Table 1 compares flow‘conditioﬁs‘énd physical diménsions

of the test-section with-those of the reactor bundle. The

value provided for s/d in Table 1 was an average over the

values corresponding to the four full rods, which formed an
approximate but not exact square subchannel; the maximum

variation of s/d was less than 1%. The reported value of

* CANDU reactor fuel rods are currently supported on this
endplate, which has  symmetrically located radial ribs:;
Figure 2 represents an earlier version.
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hydraulic diameter, d, ., was based on trapezoidal
approximation of the square subchannel. -

In the second stage of the fésearch, another 60 sector
bundle (Figure 10), but rotated 35nclockwise with respect to
the test-section bundle, was insertéd in the empty urstrean
secticn. The bare afuminium rods of the new bunile were
supported at both ends on two more endplates. Figure 11 :s a

rojection of both the bundle cross-secticns superimposed on
each other; it d;monstrates that.the amount of resulting
subchannel interference was relatively large for .the 30"
rotaticn. This choice was the first step in a series of
exﬁeriments to be conducted in the future with vafious other
relative orilentations (e.g. at Oaand 15.)

The adjoining endplates between upstream bundle and
test-section bundle were equipped with radial ri?s (Eigu:es
l2a and 12b), in the same arrangement as that in the actual
fuel bundle (Figure 9). When Figures 12(a) and 12(b) are
kept facing each other, the azimuthal angle between the

radial ribs is 30, equal to the angle of rotation.

—_

4.3- THE TRAVERSING SYSTEM AND THE MOUNT

A rigid, horizontal steel railing built parallel %o the

flow axis of the test-section was used ta support and guide

the traversing. system axially. The traversing system with

-

the probe mount (Figure 13 ) could be traversed manually

through the railing and positicned against any ‘inlet port on
.

A
]
L3
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the_test section. Probes (ﬁressure tubes and hot-films) held
by the mount were traversed along the test-section radial
axis'through the inlet port; the design of the mount ensured
‘proper alignment of the probe axis with the flow direetion
and also a smooth traversing. The radial traversing system
(Mitutoyo Height gage=) had a resolution of 0.01 mmn.

4.4 THE CALIBRATION FACILITY

A %eparate calibration nezzle was designed and
:constructed for the calibration of hot-film probes. The jet
was capable of providing a stable, laminar vertical celumn
cf water with centreline speeds in the range of 2 to 12 m/s

{Figures }4 and 15)_The jet speed was monitored from the
" pressure drop between two points upstream and downstream of
the contraction, and‘was checked using a total head tube,
There were provisions aﬁ the exit of neozzle for mounting the
hot-£film probe with its tip near the centre of the jet and
abdut 5 mm o;téide the nozzle (Figure 16a).

At a later stage of 'the preject, a cylindrical .piece
(ﬁigure lgeb), equipped with an inlet port similar to those
iﬂlthe test-section, was attached to the exit of the nozzle.
This £acilitated the use of the same probe mount describeg\
in th; previous section, thus avoiding the need for-removal‘
of the probe from the mount between calibrations and

measurements.
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4.5 PRESSURE INSTRUMENTATION

The flow rate <through the testgsection was measured by
means o¢f pressure dfop through-a standard orifice plate,
inserted in the straight, returning— pipe ¢f the water

tunnel.. Figure 17 presents the calibration of the orifice

b

plate. Figures 18 and 19 show the corresponding range of

.
the test-section bulk velocity and the test-section Reynolds

number respectively.

In-flow static pressure was measured using homeZmade
sﬁainless steel-static tubes with a tip outer diameter of
1.2 mm (Figure 20a) and rounded ¢tip £front. Four static
pressure holes with diameter c¢f about C.3 mm wére drilled
radially around the c¢ircumference, near the center of the
tip, where nose effects and stem effects were expected to
nearly cancel each other (see section 5.1.2).

The total pressure tubes, shown in Figure 20(b), had the
same shape and size as the static tubes. The tube tip had a
sguare-cut nose and én iQner to outer diémeter ratio roughly
egual to 0.6.

A Validyne DP 108: variable reluctance, diaphragm-type,
pressure transducer was used fof measuring all the
pressures. &t was cbnnected.to a Validyne CD 23 demcdulato;
" and then to a TSI 10786 Integratiqg voltmeter or thrcugh the
analog-to-digital converter td the microcomputer. The D.C.
ranges of the voltmeter weré 10 and 100 volts wifh 0.05%

full-scale accuracy. The integrating time could be set to’
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0.1, 1.0, 10 or 100 seconds. The choice of transducer
diaphragm that would provide the optimum accuracy for the
entire measurement £ange was based on preliminary tests
using a mercury manometer under the desired expériﬁental
conditions. The.-tfénsduqer installed with thus selected
diaphfagm was calibrated using a seguence of water coiumns,
measured within + 0.01 mm with the height gage. A linear
relation between the water head AH and the(i;voltmeter'

reading £ . was found valid for the entire diaphragm range

(Figure 21).

4.6 PRESTON TUBE INSTRUMENTATION

The two aluminium rods, A and B, located diagonally with
respect to the central square subchéghel, were e@uipged with
a total of 10 sets of Preston tube and wall stéticlpressure
hole combinations {inner rod with 6 sets and.ou;er with 4;
30 peripheral sébaration between seté) as shown~in Figures
22 and 23. Each set constituted 4 straight stainless steel
tubes of 1.2 mﬁ outside diameter glued into a long axial
slot milled on the rodé two tubes per set were used for
upstream wall shear stress measurement, while the other two
for downstream measurement. Surface; pressure holes with
diameter 0.3 mm were drilled aboﬁt 15 mm directly upstream
cf the Preston tube mouthq\in order to minimize the effect

of Preston tubes on surface pressure readings. The upstream

and downstream Preston tube-pressure hole combinations were

-
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at about 20% and 60% of +the bundle 1length. The
ci;tumferential position of the hoie an& Preston tubes was
such as to provide the static pressure and wall shear stress
distribution mainly within the central subchannel region.
‘The downstream ends of the steel tubes were led out of :the
‘test section following mostly end-plate ribs in order =o

cause minimum possible flow blockage (Figure 1) én@ wore
' f
connected through <c¢lear plastic tubing to a spec:ially
designed . pregsure manifold for selective pressure
measurement, uéiég the pressure transducer.
4.7 HOT-FHA&INéTRUMENTATWON
All turbulénce quantities were measured with hot-film
anemometers. Conical hot-film probes (TSI 1246 BJIW; g}gure
25a) were selected initially, since tﬁey were co;si?éred
sturdy and less sensitive to flow impurities. Two. conical
p;ﬁbes were purchased and calibrated successfully in the
" water jet. Unfortunately, no useful results wére collected
with these probes because the first one was mechanically
damaged during preliminary tests in the waternfdnnel, and
the ’'second was  apparently burnt, while conductiné
measurements a¢ water speeds of about 6 m/s. Burnout was
verified by microscopic examinatién of the sensog surfaig.
Considering the manufacturers' specifications énd the fact
.

that the probes operated without problems in the calibratisn

jet for water speeds between 2 and 12 m/s, we specula%e that
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the bu_r_nout was ‘enhanced by thé\ reduced pressure in the

test-cection, which facilitated cavitation with resulting

ygrge temperature variations across the sensor surface.
Because conical prcbes were not répairable, and aléo because
they could resoclve dnly the streamwise velocity compénent,
cross-£film probes were used in subsequent experiments.

The cross-film probes (1249 AC-ZOW; Figures 25b and 25c¢),

capable of resolving simultaneously two orthogonal velocity

components, were constructed to our specifications by TSI,
Minnesota, U. S. A. Each probelconsisted of two c&lindrical
hot=-film sensors (diameter 0.0ZS mm), at right angles with
each other and ét 45" with the probe axis. ;

‘Two TSI 1050 éonétant temperature anemometer modules,
powered by a TSI 1051 2D4 Monjitor and Power Supply, were
used for operating cross-films. The anemomete;'imcdules

contained built-in gquare wave generators with frequencies 1

D S .
kHz or 20 KkHz fdr checking the frequency raébonséxof the

r
\\senso;s and alsc high’ frequency low pass filters to cut off

L / !
frequencies above 100 .kHz or 400 kHz. They had provisions

for operating in constant current mode -or in constahf
temperaﬁure hﬁde. The 4 l/z:digig panel meter of the Monitor
and Power Supply unit had aHFJIge of 0-20 V Withlan accuracy
of 0.01% of full scale, reading f lpdigit. Two TSI 1052
_linearizers were glso av%ilabie‘ in&ﬂ?3§.same housiqg for

linearizing the anemometer outputs, but they were used only

"in preliminary stages of the current sStude. -

2

v/
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Anemometer output signals .were monitored in the D-13 CRT

éisplay unit of a Tektronix 5113 dual beam storage
oscilloscope. The two 5A22N differentiai amplifiers in the

-~ -"-oscitloscope were used to amplify and condition the signals.
The amplifiers were equipped with a low pass filter
(selectable from 0.1 kHz to 1 MHz ‘iq a 7 step, 1-3-10
sequence) and a high pass filter (selectable from.DC to 10

kHz in a 7 step,r1-10-100 sequence), both with 3 db off per
octave. The available émplifier gains ranged from- 0.1 to

50000 in an 18 step, 1-2-5 sequence. The DC offset range

could be set betﬁeen * O.S‘V(;r + 50 V, depending on the

gains used. The 5B1ON time base of the amplifier, used to
change the width of the display,. had sweep'rates from 1

s/div to & 's/div in a 21 step, 1-2-5 sequence.

et

. - o .y



. Chapter V-
EXPERIMENTAL PROCEDURES AND ACCURACIES

i
5.1 METHODOLOGY FOR PRESSURE TUBE MEASUREMENTS
5.1.1 Measuriné'Procedure

Pressure tL:bes were used to measure mea41 pressure and
mean velocity.fiélds in the ‘test-section. This datﬁ was
particularly useful for the selection of hot-film probes,
and also, served as a basis for comparisons with results

obtained from Preston tubes and het-film probes.

/
In oré?r to eliminate the need for par%ially emptying and
fefilling the tunnel, and in order to carry out the

measurements at the different downstream ports under, as

much as possible, identical operating conditions, it was

decided to manufacture sets of several /Adentical static and
total pressure tubes. First, identical static pressure tubes

were simultaneously inserted at all three inlet ports

Jwas filled and'opefated'until a steady state was reached;
then the in-flow static pressure was measured against a
;ef%rence wall static pressure tap in the upséream 'egp$y
section, "y traversing one -tube at a time aléng the
test-section radial axis ‘at SImm intervals. Wﬁen ane tube

was in operation, the other idle tubes fere.traversgd to

) - e
(x/L = 0.08, 0.5 and 0.91) of the test-section. The tunnel’

~
~

Y

{

b

]

L

-
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their outmost position, in contac. with the curved channel

wall, in J6rder +to eliminate anv probe . interference.
Observation of the flow behind probe stems- did not reveal
any apparent cavitation even at tﬁe ﬁighest flow rate.

After the completion'of all static pressure measurements,
the tunnel had to be partially empﬁiéd, and after replaéing
stétic pressure tubes by total pressure tubes, refilled.
Total pressure distribution was measured at the same
locations and undér the same flow conditiéns, as the static
pressure. The flow rate (indicated by the'orifice plate)
and the gage preséure of the reference wall pressure tap,

were adjusted teo values, which were as close as possible to

those during static tube measurements. The mean axial
1Y

velocity was then estimated from the difference between the -

total pressure and the static pressure, using the steady

state Bernoulli's equation

~

5.1.2 ' _Error Analysis for in-Flow Static Pressure Measurements
{1) Nose and Stem Effects
In the home made static head probes, pressure holes were

located near the centre of the tip, about 4 diameters away
- . A

' from the nose as well as—from the stem. At this location

¢ i

nose effects on static”pressure readings were expected to be

1N
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less than 0.5% of the dynamic presSure'(Ower and Jchansen,
1925; Merriam and Spaﬁlding, 1935). Stem effects were
expected to be more significant, ané as a'result, the static
pressure ﬁguid have been overestimated by.nearly 2% of the
dynamic pxessure (Owar‘ and .Johansen, 1925; _Mefriam and
Spaulding, 1935). \ } . ¢

(2) Yaw Effects

- Yaw (misalignment of the probe axis with the flow
direction) effects have generally been found significant on
.static tube measurements. With the }Jse of the Ccarefully
designed traversing system and mount, it wés-poséible Ep
align the probe axis with the f;ow direction within + 23 the
_corréspsnding maximum error wés estimated to be 6.7% éf.ﬁhbﬁ_
actual, static ?ressurer(Ower and Pankhurkt, 1977).

(3} Other Effects

The effects of turbulence and of the size of the -tube

relative- to the typicai .eddy 'size havel not yet. been
completely understood. For'exgmple, according to- Goldstein
{1936}, in a turbulent flow, the static head tube would reads®
by an émountr equal to',iif (+ (VL + :ﬁ))' higher than the
actual ‘static pressure (:ﬁ, wh ére mean‘sqgare transverse—
‘turbulent velocities). Such errérs-areAnormally less ﬁhan

1%, when the turb lent intensity is less than 15%.

2

»
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5.1.3 Error Analysis for Total Pressure Megsurements

hY —
(1) Wall Proximity Effects | —

Total head tubes tend to overestimate the impact pressure .

in the wvicinity of the wall; this effect is quite
significant when the distance of the tube centre from the
wall i5 less than about 3 tube diameters (MacMillan, 1957).
In the test-section, the rod gaps were 3.4-3.6 mm wide,
and the pressure tube diameter was 1.2 mm.' Wheh réadings
were taken along the centreline in rod gaps, the tube was,
in effect, only about 1.5 diameters away from either rod
sarface. * Eifler and Nijsing (1967) have modified
MacMillan's (1957) nuﬁerical results, and have estimated

such dual wall effects in bundle flow. Theée .results

-previde a maximum error 2.2% of mean axial velocit for
P ] a

impact tube measurements in the minimum rod gaps.

{(2) Effect of Shear

In a shear flow, pressure tubes generally read a total
pressure corresponding .to an effective pressure centre

displaced by ea'distance,s P from the geometrical centre

“toward the higher velocity side. 'For circular tubes with

inner to outer diameﬁdr ratio of 0.6, the displgcemént is

approximately equal to 0.15 tube outer d;émeter (Young and

Maas, 1936). In the maxiﬁum shear region between’ the rod

"gap and the maximum flow area of the subchannel, the

*;Moﬁt of the‘avaiLable stydies have determined single walf‘
proximity errors; it is not obvious how to apply these

results in a rod gap geometry.

.

L4

4



A

"

%

69
displacement would then amount to 0.2 mm for the 1.2 mm

diameter tube; this means that the measured wvelocity at

points between rod gaps and subchannel centres would more

=

likely correspond to.a point 0.2 mm displéced from the point
of measurement toward the subchannel centre.
(3)_Yaq Effects
‘ Yaw efﬁq;ts on total Head tubes are somewhat less severe
;omparea io those on static head tubes. For square-ended
total head tubes with inner.to cuter diamzter ratioc of about
0.6, this error, according to bavies (1957), is negligible
for yaw angles upto +* 10.
(4) Turbulence Effects

As said before, the effects of turﬁulence and the size of
the tube relative to typical eddy'éiée have not yet keen
completely understood. For examﬁle, according to Goléstein
(1936), in incompressible ‘turbulent flow, an impact pressure
tube would read P + 4 PU" « < P ¥ Ve wt) rather than
i; + %-?IJ: . Therefore, the mean axial velocity evalua;ed

from the difference between the total and static pressgjes

>

using equation (5-1), would in fact, <contain turbulent’

compeonents also, and corrections should “be introduced for

the effect of turbulence,.
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5.2 METHODOLOGY FOR THE MEASUAREMENT OF WALL SHEAR
STRESS

Qf the various technigques available to measure local wall
~ shear stress, the Preston tube method was chosen in the
current investigetion‘to determine wall shear stress arocund
the convex periphery of the bundle rodsl\Preston tubes are
relatively simple to instali and operate and have been used
almost exclusively for wall‘ shear stress measurements ih
bundle flow studies (e.g. Kjellstrom, 1?71; Trupp and Azad,
1975). These studies contend that Preston tube calibration
equations developed in a pipe flow (or -any eencave surfece)
would lae applicable to a convex isurface also, since the
Preston tube technique is based on the assumed universality
of the 'Law of the wall' for.turbuleht boundary layere over
any. smooth wall'surface.. In the current iﬁ&éstigatibn,-it
was, thereforc, decided ‘to use a standard calibration
eguation, rathee than constructing 'a separate vcalibration

: : :
.facility and then calibrating the Preston ﬁube on a ;og
surface with wail shear sﬁress known by cther ana;ytical or
experimental preeedures. Preston tube meesuréﬁents Qere
checked against the wall shear stress e%timated from the
measured pressure drop data and also,from'various.empirical
equations outlined in Chapé%r-ll

A constraint in the use of Preston tubes is that tht
rradlus of curvature of tﬁe test surface should ' be at least
10 ;imes the radius of the Prestonituge (e.g. Patel, 1965).

" For the present test—secfion rods, this ratio wae slightly
-, : -

more than 21.

S
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The local wall shear st%ess distribution arcund the
periphery of -reds A and B at two streamwise locations

(x/L = 0.20 end 0e60 )} was estimated from the difference

between the impact pressure read by the Preston tube and the

correspondihg surface pressure hole, using equation (3-3).

The surface pressure holes were . also used separately
against the reference pressure tap to provide the peripheral
wall static pressure distribetion around the same rods.

5.2.1 - Error Analysis for Surface Preesure Measurements

The egact wall static pressure can be measured, in
brinciple, only by an . infinitesimally small, clean,
burr-free, sguare-edged surface pressuré hole with its axis
perpendicular to the flow direction, Since such a hole is
extremely difficult to machine, and\kgpce its response to
sudden preseure changes would be very slow, some relaxation
of the above conditiOns bécomes necessary. *

In the present research eﬁrfece pressd%e holes were
drilled on thln steel\gﬁbes, glued in flush with the rod
surfe;e to measure the sta ic pressure distribution around
the red periphery Extreme care was taken to ensure that the

tubes did nit have any protrusion or depression, and that

the holes were burr-free with their axes normal to the rod

~surface.

Estimates of corrections that may ha#émto be applied on

wall static pressure measurements are given below.
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ﬁl) Effect of Hole Size
///// It has beeé- shown that bressure overestimation error
increases wiéh increasing hole size (Franklin and Wallace,
1970). For slightiy oversized holes this error generally
tends to be insignificant. An upper limitﬂéor pressure error
measured with ithe _ cﬁrrent * surface pressure " holes
(co;respcnding tc a maxXximum £friction Reynolds number of a0;
Re' = u dusle/ » i Giete = 0.3 mm; W = 0.3 m/s max.) is about
0.37% of the local wall shdar stress. | |
-
5.2.2 Error Analysis for Preston Tube Data
(l) Errors due to- Separation between Preston " Tubes and

Surface Pressure Holes “\\\N\

. A small error was introdqﬁed in AF due to the fact that
N TN s

——

the wdfi static holes weré\hot_;mmégioned exactly at the
Preston tube‘mouths,Abut slightly upstré;m of them, in order-
to reduce flow distortion near the pressure holes. To
account for this, the static pressure at the Preston tube
mouth was estimated from the measurement by interpolation or
extrapblation using the measured axial mean pressurel
gradient.
{2) Wall Proximity Effects’

S&milarly to total head tubes, Presteon tubes stationed in
bundieq;od gaps might also‘overestimate the impact pressuré,:
duel to presé of the opposite wall surface, which tends fq

~

prodige de tions from the 'law of the wall', which is the

" ‘ ’\

~ | .
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‘basis for various calibration equations. Howeveé, there is
some evidence (Tahir ana Rogefs,1986) that the law of the
wall, in fact, apply to rod Qaps, at least for y+ < 100. A
very crude estimate of this error could be obtained from the
cne uséd»for total head tubes in section 5.1.3; sincg in the
preéent setup the Preston tube centre was slightly more than
2 diaméters away from +the opposite rcd. surface, a 2.8%
overestimation in AP might be expected. |
(3) Pressure Gradient Effects
Pressure gradient effects on the Preston tube readings
were estimated using Patel's (1965) approximate expression
(equation 3-5). The vaiue of was estimated to e -0.0006
(negative sign 1is 11§ed for favourable- pressure gradient,-
i.e. pregsure drop‘ETUng-tﬁE stfeamwisé direction) at the
developing region and -0.0003 at the fully develcped region
for Rebh= 50000; al-é&:-'-- ™ dP/v '\;rag found to be 17'5, and
therefore, tﬁe maximum possible error in Preston ﬁube

reading due to pressure gradient is about 3% of T, .

5.3 METHOdOLOGY FOR TURBULENCE MEASUREMENTS
5.3.1 Calibration Equations for Cross-Films

The modified King's law (equation 2-1) ‘is a relation
between the' heat tranéfer frgh a single heated sensor and
the velocity of'the surroundiﬁg fluid.‘ Fér a slanted film{
an effective cooling”velocity, thaf wpula perﬁce the same

‘'heat loss as the velocity normal to the sensor, must be

o
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.considered. For simplicity,” one may neglect heat canvection

parallel to the sensor axis.

Then, Uegfy , the effective cooling velocity, normal to

film 1, can be written as {Figure 26)

Uess = (U-+u+v)Cos' 45" (5-2)
. | | - (

and Ugﬁz, the effective cdolihg velocity normal to film 2,
|

|
as 1

Uesse = (U-Q-LL—V ) Cos 45° (5-3)

Then King's law for films 1 and 2 can be written as

E:.. ‘ ny n, .
- A+ G (Trurv) (cos $5°)  (s5-¢)
Topr ~ T} .' ) )
and
1 . ™ Ng ._
_ B o A+ G (DY) (coses) (505)
To}:z'-ri | ' ' ‘
Decomposing instantanébus- _ﬁuqﬁéities-_}into " medn  and

fluctuating parts, eguations (5-41 and (5-5) can be modified

-

as ) 4

\ 2 . h'\\_:g,’
(E,vreg)\l = A1 +B1 (Ufuf\l)‘ ' (5-'6)
ToPT - Tf : ) .
and : | ' ‘ -
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' 2

e : n

(Ear &) 4, v 8, (Tra )™ (5-7)
TBpi-'T} R _ f_;

L]
-

. ] . n' . Ay
where 51 = C, (COS 4(5) and 52. = C,_,_ (cosq.S_)_

Expandihg eguation j%-G) binomially and neglecting higher

order terms, one can show that

(Efl-’.zae’) = Ay + 51‘-—):]‘[ #1(-—§+:v:)J .
Topr - Ty LT NT D

On time averaging, equation (5-7) simplifies to

—n
..,El___ = A, + 84U ‘ (5-9) .
Tep1 = Tg

— —

since time averaged fluctuating quantities‘ (E:, L and V)
vanish by definition.
Following the same approach, egquation '(5-7) can be

simplified to

¢
-2 ' .
EQ_ — N2 .
— = A?_ + 81_ v . . (5_[0)
lorz‘ T} '

The purpose of calibra;ion is, to determine optimum values
of the empirical constants, Ay, 8, & ny and A;, 82 & n,, in

equations: {(5-9) and.;Siso) using measured sets of values of

~ . i

E-‘, -E—l ,'.TJ_ and T-{ . 1

\
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5.3.2 The Cross-Film Calibration
Initial calibrations were pérformed in the open watér jet
of the éalibration nozzle. The quality of hot-film sidﬁal
'in the calibration jet wés found satisfActory (extremely low
turbulence and electronic noise levels) by observation on
the oscilloscope and with the use of a power spectrum

>

analyzer. A typical calibration for a conical hot-ff1lm

probe, calibrated in the calibration jet, is shewn in Figure

27. . ..

Although the calibrationfjet waélfound'sat%sfactory, an
alternate - calibration procedure was followed for most
single~bundle measurements. - This procedure} facilitaéed
' calibration of the hot-films under conditions nearly
identicai to those during measurements; in p;rticular, 1f;
accounted for errors due to temperature variation and dirt.
accumulation on sensors. The cross-film probe was inse:ééd
in the empty, upstream section of 'the water th@nel and its
outputs were calibrated with -reference to a total tube
inserted in the saﬁe section. ‘The mean ;axial' vélocity
preofiles in the empty.secfion were found similar to that in
a 'fully' developed channel flﬁw, and also, were >nearly
identical at the <two. streamwise loéaiions,' where the
_crgfgﬁfilm probe and the pressure tube were inserted (Fiqure
28)? A siénificaqt, ste;dy. increase in“tﬁe _recirculatinq

—

water temperature was .observed - (Figure 29) during

calibration as well as during measurements; for this reason,



' _ 77
the mean water temperature was continuously monitored and
accounted for in the hot-£film response equationsr

A typical calibration in <the upstream empty section
consigted of following general steps.

(1) Mean axial velocity profiles along the radial axi

s of
W

the upstream empty section at <two adjacent stream$Lse
positions (8 cm apart) were detérﬁined by inserting two
identical tqtal head tubes (ohe in each) and measuring the
impact pressure against a corresponding wall static pressure
tap, located at the bottom flat surface: in the same plane
as the inlet po}t.‘ A correction‘for the small différenée
between the wall static pressure and the in-£low static
_pressure was applied. As seen from Figure 28, ‘the mean
vglocity preofiles at these adjacent streamwisé lo¢ations
were not only practitally identical, but alsoc had a-f;at
region near the geometric centre of the ‘channel.

(2) The‘(unheated) sensor resistances of the cross-film-
pfobés werﬁ estimated at different temperatures by immersing

the probe tip in a hot-water bath. Linear relations of the

form
S

W R1(T) = Rey (14 diT)
. (5-1)
. 51(1—) = Ror (I'+ "(17-)‘
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with T in % , were fitted through each set of experilhental
points (Figure '30). The measured coefricient of resistance,’

« , and the operatind resistance at ﬂ?==66.7'c were very,

-

close to the manufacturer-suppliégﬁ;alues.

.

(3) THe hot-£film probe was inserted, with great care, in
~he downstream port and a total head *uke in *he upsfream
port. The respective operating resistances of the sensors’
were set in the two resistance decades of the anemometer
units, and the  frequency fesponse of ‘the sensors was
optimised usihg the standard square wave test, under typical

:
flow conditions.

(4) Each calibration. point consisted of the reference
mean- axial velocity,.o (measured by the total head tube),

—

the mean anemometer output vocltages, E, and Ei(time—averaged

directly by the micro—coméuter[through the A/D to conver<-er;
see the following section) and ~ the fluid temperature,
T},measured by a mercury thermometer with 0.5°C resolution.
The flow velocity was varied using the various valves in the
system, and at legst ten calibration points were used to
determine the optimug exponents, n’ and n, , of equationsl
(5;8) and (5-9). |

Two sample calibration eguations, temperature corrected,

are given below

-3
E — 0.
' . 02487 + 03824V ¥
To’t_.rf-
_2
E,y

= 02351+ 0-3674 U
Thpz"Tf |
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An indica;ioh of the aécuracy.and rgprcddcibility af the
céiibratign equatisﬁs ié given in Fiéufe 31, which compares
the veloci}y calculétéd psing *tﬁese eq@atiqns?:with the
velocity measﬁged.usinq_the pressure tube..The amount of
scattér s significant, yet expected in view of the
relatively large hot-film sensitivity <o temperature 2hances

and to dirt accumulation. .

Despite filtering andffreguent replacing of the water,

rust -and other ‘impurities. were found to accumulate, in the

o4
-

system, with the. result that the hot-£ilm response was
affected by the deposits on the film surface. To reduce
such effects, the filfm surfaces were cleaned before each set

of measurements, -and the calibration was repeated as often

asjpésgible.

5.3.3 Signal Discretization and Processing System
The signal discretization and processing system consisted

of an-LSI -11/23 microcomputer witn 64K byte memory as the

main. unit and an ADAC 1610 GPT 16-bit programmable timer

and a 12-bit analog to digital converter (ADAC model 1012)
. . ' | : ) A
as peripheral units. . -

The multiplexer of the A/C converter had 16 input
channels which operated in a sequential mode. It was capable
of accepting current-fbop inputs. as well as voltage :inputs.

In the current investigation, 'the A/D converter was used to

discretize only voltage éignals. The input voltage range of

v

o
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the A/D converter could be édjusted using the software
programmable gain amplifier, but it was normally set as -10

to 10 Volts. The digital output, Y, ranged from O teo 4095,

and was linearly related to the input voltage, X, as -
X = 10¥/2048 . for 0 < X < 10 Volts -
X = 10(¥Y-4095),/2048 for -10 < X < 0 Volts

The discretization had an accuracy of 5 mV, and the minimum
A/D conversion time was 40 ., using the diréct memory
access. |
Othe: peripheral units were an RX02 single disk drive -
unitf a Winchester drive, an LASO printer and a VT100 CRT
display monitor. Sampling was done using }commgrciaf

subroutines in assembly language, while all cohputations

- were performed in FORTRAN IV

5.3.4 'Hot-FHé Measurements

Following .a fresh calibfation, the hot-film probe was
c%refully inserted into one of the three inlet ports of the
test;section. using the -traversing system . and mount, and
measurements 'were taken at 5 mm intervals traversing the
probe along thé test-section radial axis. The flow rate and
the gage pressure of the reference wall pressure tap were
monitored to ensure that they remained constant throughout'

the experiment. After completing measurements at one axial

‘'station, the tunnel was shut off and partially emptied; the

' prcbe was then taken out and the sensors were cleaned. The

&
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entire calibration procedure -was éhen ‘repeated in the
upstream empty section to Eféﬁaluate new calibration
constants. In most instances, the-neixéonstants were almost
the same as the previous ones, ai%hough in some cases the
difference between corresponding éonstants.was As‘much as
5-10 ¥%. For the next set of measurements at another axial
locatibn, the ntey determined constants were always used.
The problem of increasing fluid temperature, éﬁéﬁented with
the possibility of contahinations getting entaﬁgled with' the
sensors, reéuired to conduct data acquisition as quickly as

possible, ' and for this ~ reason, raw signals  were

instantﬁneously recorded in floppy diskettes to be processed

at a later convi?}éht time. ' :
Figure 32 shows the data acquisition circuitry. As

shown, the instantaneous anemometer outputs were directly

fed to the A/D converter to determine and record the time

dveraged voltages‘g1-and £, . The same voltages, with the

' second one being delayed by 40 g% by a home-made analog

delay ;ine, ‘were fed to the dual beam ﬁscilloscope,
amﬁlified with a gain ©¢f 5 and low pass filtered at a
frequency of 10 kHz (sliébtly less than ‘the
'Nyéuist-freéuency', 12.5 kHz). “The ﬁdo os¢illosccpe
outputs, AC coupled, were fed- to the A}D converter. Using

an interactive sampling‘program, it was possible to insert

data such as the temperature of fluid at regular intervals.-
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" The  second éig\;:'xal was, delayea by 40 ms, i‘ri order *to
ﬁermit simultaneéus;sampifng of the two fluctuating signals
by the. sequential mpltipleker. Thus, each set of flugtuating
voltages, C{'-and gy . recorded por~the diskefte, essentially
6riginated at the same time f;ph the:'rwé-.sepsors. The
electronic circuif of ghéA déia; line and— its frééuéncy
response are shown-in Figures 33 and 34. The signals had to
be amplified at least 5 times to enhance the level of
conversion accuracy, since the minimum pdss;ble résolution
was only 5 mv for the -10 to 10. V range & the :A)D
convérte;.

For each position 5f £he érébe, typically 18 ‘recofdg
(interspaegd_by a‘few seconds) of 1660 sets of data points
were collected. The requifement for a larqe'computé} memo£y\A
space, especially while computing autocorrelation -and
probability‘dens;ty fdnétigns, wég tﬁe decidiné-factor:;n
limiting thé'data écquisition to 18+*1600 points. | Inépite of
having four channel 'inpgts, it was pos$ible té ﬁave' a
:sambling fregueﬁcy of 12.5 kHz (equivalenth to a samﬁling

time, At , of BOfLS) using special software. v

5.3.5 The Computational Procedure

(A) Evaluation of Turbulence -Parameters

The procedure of" cpmputati@n_ of wvarious 'turbulgnt,‘

parameters from the data stored- on diskettes. consisted of

" the following general steps.

-
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(1) FBr each record, | REE _ -

(a) U was'c§1¢uiated from Ey ' Eq and T¢ using, -

o - =1 h 1 7y

iz & |4 |t - AL\
T2\ T !

e AR
. - %4 S Vg,

PRI S - VAR 5-11)
- . - 52(%’1‘7‘;_ (
(b) W+VY. and u-Y¥ , and thus w and ¥ , were estimated

from the first set of €y and ¢, using equations (5-6)
;nd (5-5). - o |
(ci Step gbj was repeated for all 1600 sets of €, and
e, to breéte arrays of u and v (which were written on
the same floppy disk replacing €, and € )
(d)'dne'point-mdments such as u*,. W, @, ;35{E?“>nd:§;'
~and tﬁe'éfoss-conrelaﬁion'Gﬁ\khere:}hen computed f?om
'theée velocity afrays.

(2) Steps (a) to (d) were repeated for élL 18 records and

'ayéraqed to determiné ensemble means. = . _ —
5 . - : - ‘_ﬁ\/—\/
(B) Evaluatidn og Autocorrelation Functions . 
From the disc¢rete time history, gi , i = },2ﬂ3.;1 m.fm,
the number of records = le and kK =-1,2,3... n (n, nhmbe of <
lpoints _pef record = 16003, the autocdrr;lation .function

; . . .
: RQ(I) for each record was computed as

) T k. k+d ‘YL - _
(v = K (5-13)

. J i 'y‘__i_, )
- ) TR s
. kst ,
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B4

where the separation time,T = L Xat,

I

As -before, the'proceduEe was repeated for all m records,

-

to evaluate the ensemble averaged autocorrelation funcb@bn:

& & (T) (5-14)

Following a similar analysis, the autocorrelation for the

-

trahsverse‘velocity component, V , was determined as

p ,/\&(m = —:; & R, (T) (5-15)

J21

' Using Taylor's hypothesis described in section 2.5, Ry and

QV were represented as a function of separation distance,

« , as
and
(5-16)
Ry (=) = R, (T)
.‘Qhere x=UT '
o~
(C) Probability Density Calculations
A From each discrete time history, for example, Uy
k =1,2,3 ... N (N = 18%1600), a normalized time history was
‘obtained’ as ’
Wi
bk R—— (5-17)
Tu

PY

-
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"~ where <, was the standard deviatiﬁn of ;hé ensemble. '
The probability density of the normalized random variable

was then computed as, ' ) o

Pb.(ﬁj o P(R-w b ¢pees)

Wy

(5-1¢)

where the numerator is the ratio between the number of
points falling in the .interval (fi—&ﬁ y B +WwW, ') and the
. ] T
total’ number of points, N. The window, Wy , was chosen
_ .

between 0.25 and 1" depending on the value of P‘ (windows

were narrower for lower vgﬁues of-P ). By definition of

-

ﬁrobability, . . .
o) S Pb(ﬁ’) $ 1 and also,

BRI (5-19)

For the 'bivariate probapility of W and V , two

normalized time histories were obtained as

and
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-

Then the joint probablity, density, Fl L(P,*), " was

computed as

. “"ﬁ(P"?{b(bk(,.Pq-%) )\-u—;‘.-" <‘,£k\<)\+l£;_")

ca

¢

FL,[ (P:A) =

By definition,

L -]

Uub w,

(5-21)

[{ ng oy gpar =1 ()

It is interesting to note that

I P, (g, ») dr = B (p)

b, 8
and (5'13)
b}
f%,l (P1 k) dF’ = Ji (A)
5.3.6 Error' Analysis for Hot-Film Measurements -

(1) Yaw Effects

As described previously,

L1}

7~

using the traversing system and

mount, it was possible to align the probe axis with the flow

L3
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direction within :’f. The angular sensitivity of the probe
was studied in an air jet by Vvarying the angle’between the
probe axis ?nd the flow direction usiné a swivelling arm,
equippeq with a micrometer-caliper that could read angles as

small as 2°'.

Figure 35 presents the wariation of time averaged
anemometer.éutput volt#gejE1, of cone of the sensors of the
cross-film probe with the mean velocity of the air jet for
different yaw angles; 8 represents the angle between the
axis of the sensor and that of the jet. Feor a particular

—

velocity, E, increases monotonically with & and reaches a
maximum value at e = 96; where the axis of the sensor lst
normal to the axis of the jet. Figure 36 shows the regponse
-df_the other sensor, where the output voltage,E&, presents:
a monotonic decrease with inﬁreasihg value of and reaches
the minimum v;lue- at 9-= 90ﬁ where the sensor axis is
parallel to.the jet axis. ‘Figure 37 sths the sensitivity
of the first seﬂsor response wiﬁh respect'to-U} as well as
to @ at a velocity of 22 m/s. The angular sensitivity of
the sensor response decreases with increasing 8 and
suggests that small yaw might- not affect the response
significantly, when 6 = 90. The velocity sensitivity,
however, demonstrates that the response of the sensor might
vary significantly with velocity changes at 6 = 9Q‘, . and
very mildly atn 9 = 0. Our interest, however, li;s at
g = 45, where both angular and. velocity sensitivities are

L]

significant and equal to 0.038 V/Fq;



88
-y : :
Figure 37 was obtained by fitting a least-square King's$

equation to each curve in Figure 35 as™

t

-1 .
- E — ﬂ,'
— = Ay 4 B, (U 5m B ) (5—24)
I*!'Tf -
and then evaluating the velocity sensitivity, by

differentiating the above eguation with respect to U , as

—

- . : —_ st Taony _
35 nle(ﬂ?L—-&) U . (mne) (D-ZS)
3 U 1E,

and the angular sensitivity yith respect to © as

Y3 Ny 8 — e ! 5-26)
» L. — (Tops -T)U " (sn8)  cos® (
u 9 2 E, . '

\;&}his method (based on King's law) is only approximate, since
@tgassumés that the output voltage does. not depend on the.
velocity parallel to the sensor. Corrections for parallel

velocity have been developed (e.g. Champagne et al., 1967),

but have not been considered-at this stage.

\

(2) Temporal Resolution

The temporal resolution of the measuring system can be
determined by comparing the characteristic times of thé hop-
film and the ana;og-tédigital conversion system with the
characteristic times of the flow. In the current flow
field, a typical convection time (Corrsin, 1969) of the

smallest relative motions {corresponding to viscous

dissipation phenomenon) was

[ Ké)&.’ﬁ)"‘*; 135 us (5-27),'

v €
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while a typical convection time of the energy containing

eddies was

e 213 ms (5-28)
U - . .

N

Oon the other h nd, a characteristic time for the hot-film
can be found as _
f.

d.’ﬂ\s.r . : ) - ’ i

_Sener = 7.0 s (5-2.9)

¥ :
while that for the data acquisition system (sampling time)
was 80 jus - Therefore, it may be concluded that phenomena

. ,

associated with energy production and transfer within the

inertial subrange of the spéct;um would be detected by the

system; however, phenomena associated with energy

3
dissipation, for example quantities $uch as {0w/at)  and

3

. L 8
“7 (@¥/se) . will be poorly estimated by thetfeasurements.

{3) Spatial Resolution -

The spatial resolution of cylindrical hot-film is
limited by their fimite length and also by the distance
between sensors in the c¢ase of a‘r cross-,f“ilfh probe. The
length and spacing of the sensors can be compared with the
charactériétie’: length sca\i\es of the flow. In tﬁé present
flow, the Eulerian integral length scale, L, °, was 4.71 mm, N
the- Taylor microscale, A, , was 1.26 mm aﬁd the Kolmogoroff
microscale, W, , was 0.047 mm. For a probe with sensor;s-
hav.ing length Q_, % 1.75 mm and spacing § = 05 mx;. “one_can

determine
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_J:S__ = 037 , s = 1.39, _f.‘_’ = 37.0
bu w X

. (5-30)
&s by $ -
—_— = Ol 2205 040, 2 = 106
Lu_ g I\u. ’h

The resulting errdrs in turbulence characteristics can be
estimated from the above ratios and assuming a 1likely
turbulence structure. For example, the measurement error in

—

u'  can be estimated as (Corrsin, 1963)

1 3
- - =) d=
—men.au.ud- =' z _2 (25 ")2R ( ( 5-3 1)
u? : ES

Using equatioh (2-44} one can simplify the above integral as

- o 0"
= W = Weqasured - s ~ 0.06 (5_32)
o - 24 Ny
-
The 'spacial resolution of cyliffdrical cross-film sensors

can be estimated in more detail using Wyngaard's (1968)
spectral Falculatiohs. He provides the dependence of the
ratio of measured and actual wave number spectra for cross-
wire probes with 5&/25 = 0.5 and various M« /Ul upon the
dimensionless number K;Rs.The“corresponding attenuation for

typical conditions for® the present experiments ‘are as

follows
K . Streamwise Spectrum Lateral Spectrﬁm
i 7% : 2%
VoW 30% . ' 20%

ar ~ 1007 . : ~ 100%
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It can be concluded that the spatial resolution of the hot-

film probe is adequate for measuring phenomena in the energy
P .

containing range of the spectrum but totally improper for

those in the viscous range,

(4) End Conduction Effects

For a cylindrical hot-film sensor with an aspect ratio
ES/dS: 70, conduction losses to supports can be neglected

(Fingerson and Freymuth, 1983),



Chapter VI
THE MEASUREMENTS

PART A: MEASUREMENTS IN A SINGLE BUNDLE

6.1 AN OUTLINE OF MEASURING CONDITIONS

The majority of measuremehts with a single bundle were.
carried out at two flow rates with Reynolds numbezl's roughly
equal to 62000 and 50000, based on the/subchannel hydraulic
diameter, the equ1valent -pipe bulk velocity and an average
wr;ltz;r temperature (Table 2). Although some early
measu-rements were perfor}ned at Ré'ynolds numba=rs of about
100000, it was cbserved %hat at high Reynolds numbers, the
long-time continuocus operat;ion of the water tunnel was
hampered by thg increasing.rate of air suction.\into the
system and also, due to the significant pressure drop a‘long
the bundle, the pressure inside the system was close to tﬁe
vapour .pressure of water, thus increasing the risk of water
boiling near hot~films and sensor burn-out. Furthermore,
ou.r tests as well a:s those by several other investigatofs
(e.g. Levchenko et al., 1967, and uRowe et al., 1974) have’
’confirmed that in a fully developed turbul‘ent flow, the

friction factor and wvarious  turbulent parameters were

relatively insensitive to Reynolds number. Therefore, there
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was no apparent need for Eollecting data at highé;‘R;ynoldsa
numseqs. According ;p- Ibragimov et al. (1966),
statistically stable turbulgnt flow can be achieved in a.
nen-circular channel at a Reynélds number typically of
about 10000, which is far below our exper%menéal range. |

Ansther concern during the experiments was whather =<he
flow was £fully developed atuthe measuring locations. The
measuring stations were located at distances of Bdh,'édkf
20d55‘23dt and 35d, from the entrance to the bundlé. In a-’
tdrbu;ent flow thrcugh a smooth circhlar pipe, in general,
fully developed conditions are reached at an eﬁtrance'lehgth
of 50-80 pipe diameters aepending on the Reynolds‘number.
According to Laufer(1954), fully developed c&nditions can be
achieved after a distance of about 30 diameteré, if the
wallé are rough enough to accelerate the bounda:? layer
growth. Davies (1972) predicts that for pipes with sharp
edges or bends, the entrance length cﬁn be as low as 30
diameters, or even less. Reynolds (1974) contends that the
wall friction attains a fully developed value, after a
distange of about 10-20 diameters. In the present geometrvy,
the presence of endplates :and- Preston tubes enhances an
earlier attainment of fully developed conditions. Therefore,
it seems plausible that fully ‘déveloped conditions would
prevail at X/d, = 35 and possibly at X[d,= 20-23. The
measured downstream aevelopment of mean pressﬁre and mean
velocity, presented in the following sections, has confirmed

the‘validity of such an assumption.



| c N : o1

6.2  MEAN STATIC PRESSURE

6.2.1  Wall Static Pressure N . : - \ \
-Figufe 38 shows the wall static pressure distribution

éround the periphefy of rod B, at x/L = 0.20 and 0.60. The

pressure coefficient, Cp, was estimated using

ﬁ" ref

Co = .
t =
?_Pubh

(6-1)

—

where Pref is the static pressure at the reference wall
pressure tap located in the upstream empty section.
A systematic variation of the wall static pressure was

observed with theé maxima approximately corresponding to the

largest flow area and the minima to the rod. gaps. The -

maximum variétion in wall static pressure was about 8~10%
for the upstream as wellhas for the downstream location.
Within the central subchanﬁgl, the distributions appeareﬁ’to
be roughly symmetrié about the central  radial %;ég of
‘symmetry (¢ = 45°), consistent with the :expectatfén' that

b?VbF = 0, along the line of symmetry dividing idénti;a;,
adjacent flow-cells. These distributions, howéver, must bé
treated with some reservation, since they are based on very
few experimental points jéined by a gqooth ‘cubic spline

curve.,

)
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6.2.2 In-Flow Static Pressure

~

Figure 39 presents the distribption of mean static

pressure along the test-section radial axis at x,/L = 0.08,

w7

0.50 and 0.91. The in-flow static pressure generally
pfesented a low amplitude variation at all three locations,
indiéating thatrthere was no significant pressure difference
between the - rod gap centre and <he subchannel centre. It
alsé indicated that blockage errors due to the presence of
the pressuréftubes were not significant.

The downstream evolution of mean static pressure at

"1
‘selective locations on the test-section radial axis and also

the average mean static pressure at R%k= 50000 are sheown in
Figure 40 and only the average mean static pressure at
Re,, = 62000 in Figure 41. The broken vertical lines
represeﬁt;the entry andlthe exit planes of the test bundle.
The mean static pressure of the reference wall pressdre tap
is represented at x/L = -0.08. Also shown on Figursg 40, for
comparison, are the corresponding wall static pressure
values estimated from d surfa;e pressure distributions at
x/L = 0.20 and 0.60.;¥£z>static pressufe loss at the bundlé
entry was equal to 10.8 KPa for Rem‘= 62000 and 7.85 kPa fo?
Rebhz SOOOO: The streamwise pressure gradient 1in the
upstream half of the bundL? was found %o be about 21.58

kPas/m and 12.75 KkPa/m length of the bundle, respectively

for the two flow rates; -At ﬁhe downstream half of thg

bundle, the pressure gradients were found to .decrease to
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approximately constant asymptotic values of 8.34 kPa/m and

5.59 kPa/m, respectively.

6.3 WALL SHEAR STRESS

Figure 42 shows the varjation of local.wall shear stress,
tu(f), around the periphery of red B, normali:gd'with Tway ,
the average wall shear stress, computed from the asymptotic
value of -the average streamwise pressure dgradient uéing
eguation (2~-14).

The wall shear stfess exhipited similar syétematic
variations at the developing region K (x/L = 0.20) and at the
berderline developed region (x/

the rod gaps and maxima near

.60), having minima near

qylargest flow area. The

dyigﬁ\gégﬂfnggo and 32% at
o

x/L = 0.60. The shown cubic spline)curve/ through <he few

variation was about 15% of To

experimental poihts is included gjgﬁ“ﬁfdwto the eye, but
shﬁuld not be interpreted as exacz( The measured wail shear
stress distribution was compatibl? with the computational
predictions of Bender and Switicﬁ\ (1968), derived using
universal ‘velocity distributions nd neglécting secondary
flows. Fakory and Todreas (1979) pgve'alSO'reported that in
a triangular array of rods wi s/d = 1.1 (close to our

1.14), the measured wall sheaﬁ stress peaked at the largest

flow "area. On the other hand, many inVestigatoré, including

‘Subbotin et al. (1971; s/d = 1.0 to 1.2), Hall and

Swenningsson (1%71; s/d = 1.217} and .Trupp and Azad (1975;

\
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s/d = 1.2 to 1'.5)',\tl;av'e cbserved a shift in peak'gf the
local wall shear stress ‘away from ,the liargest flbw afea;.
slightly ;owards the rod gaps, and attribuie fhis *o the
action of secSndary flows. Aécording to Kacker (1§73), the
effect of- secondary flows ~on shear stresses can be
neglected,ronly when the secondary velocities are less than
0.1 percent of the priﬁary velocity. Kjellstrom (1278},
among othérs, hés. measured secondary velocities in
triangular arrays with s/d = 1.22 to be as much as 1% of the
axial bulk veloci%y: For the present. sgquare subchannel with
;4 smaller s/d .of 1.14, the secondary velocities will
probably be greater, and therefore, should not be ignored.
In any case, the rather distant spacing and the relatively
low accuracy of the Preston tubes do not permit an exact
mapping of wall shear stress in our present setup.

Tﬂe wall shear stress dépendence on Reynolds number was
studied -separately using the same Preston tube
instrumentation. ' This was done by measuring the wall shear
stress at répresentative locations anant varying Reynolds

numbers. The results of this brief study are presented in

Figure 43. More discussion is included in section 7.1.
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6.4  VELOCITY PROFILE i
6.4.1 * Mean Axial Velocity o -\
Mean axial vélocity distributionslalong the test-section
radiii;?xis afe shown in Figures 44*, 45, 46 and 47.-Uc is
the meén axial velocity at the subchannel centre; The two
vertical broken lines at r/R =10.54 and 0.827 represent the
;entral square subchannel - boundaries. = In all cases, as
expected, the maximum axial héan velocity waé.found in the

W

neighbourhood of'the sﬁbchannel_centré and the miﬁimum near
" the rod gap centres. h
At x/L = 0.5 . and 0.91, the mean éxial velocity
distributions were roughly identical and the wvariation
betweeh the veiocity in the rod gaps and that in the
subchannel centre was acout 20%.of Uc . At x/L = 0.08,
closely behind the endplate, this“variaﬁion was much larger,
abéut 40% of tk , as exbected considering fhat rS& gaps were
located in the wake of endplate peripheral‘ribs. Although
ithe velocity profiles obtained using the hot-film p;obe as
well ;s the_pressure tubes look almost similar ) the pressure

R ) . ' .
tube measutements of mean velocity are more reliable; for a

hot-film,‘the.valug of mean velocity is primarily determined

* Distributions of mean axial velocity and various turbulent
" parameters for two Reynolds numbers are presented almost
throughout this chapter. Since most of these parameters
were normalized, they appear to have approximately the same
values at both Reynolds numbers. Often,a general and common
discussion has been given without referring to any one
particular Reynolds number. Nonetheless, wherever it was

- thought necessary, separate discussion (for each Reynolds
number) has been provided.



96
'By the value of A in the calibration eQuationSﬁié-g) and
(5—10), which, in turn, depends on the quality of the .film
-surface,-and in a slightly contaminated fluid‘flow as the
present one, there is the possibility during cperation that
the value of A could change from time to time, thus
resulting in an inaccu;ate estimate af the mean velocity. On
the other hand, it should be added here that the slope of
the calibration equation, B , however, would not be affected
significantly (maximum variation of about 2-3%, observed
from calibrations conducted at two consecutive days) by
surface coating on the film, and therefore, reliable values
for turbulence parameters might be expected, even when the
mean velocity measurements are in error.

Figufes 48, 49, 50 and 51 (correspond to Figqures 44, 45,
46 and 47 resﬁectively) show the downstream mean velocity
development along selected lines parallel' to the bundle
axis. The mean axial velocity a£ the rod gaps increased
gradually before reaching a nearly asymptotic value in the
downstream half* of the bundle; the velocity at the
subchannel centre and its neighboring locations, however,

/fgs nearly constant in the entire bundle.

Tﬁe downstream evolutions of mean pressure and mean axial
velocity have shoén that both quantities apparently reached
asymptotic'values in the downstream half of the bundle; thus
it may be concluded that the flow was fully developea at

é/L = 0.91 and probably so at x/L = 0.50.
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6‘.4_.2 . Axial Turbulence lptens-ity

The variation of axial turbulence intensity W /0, (v is
defined as the root mean‘square value of u) along the radial

axis is shown in Figures 52 and 53. At x/L = 0.91, W was
about 5:3% of Ek at the s&bchannel centre and hﬁé an average
value of about 4.0% along the radial' axis; these Qaiues are
comparéble to the 3.6% level in a fully developed pipe flow
(Laufer,1974). The prgsent distribution of axial turbulent
intensity %s in general agreement with that by Rowe et al.
(1975; s/d = 1.12§ and Re = 100000). At x/L =-0.5, the
average value of W was about S.I%qof U , which is nearly
25% highef Ehan the average intensity at x/L = 0.91. At
x/L = 0.68, w/ Ue “showed siéq?ficant variation along the
radial axis, from_l.4% at the subchannel’ centre to more than
10%, close to rod gap centres. ‘ ‘ ..

An interesting feature is the presence of retlative minima
of turbulegce intensity generally at locations where the
mean axial velocity gfadient,éU/N', was near =zero and of

relative maxima at locations between rod gap centres and the

subchannel centre, where the shear rate was maximum.

6.4.3 Radial Turbulence Intensity ' : ’
The distribution of radial turbulence intensity, v'/U. ,

along the test-section radial axis is shown in Figures 54

and 55. In ali three axial locations it can be observed

that the radial turbulence intensity was minimum near the



98

subchannel centre and maximum near the rod gap centres. At

x/L = 0.91, the average wvalue of V was about 2.5% of Uc ;

at x/L = 0.5, the typical v' was around 3.2% of E%. At

x/L = 0.08, v'/U. wvaried from a minimum of 2% at the
subchannel centre to more than 10% near the inner rod gap
centre. .

Figures 56 and 57 present the variation of the ratio

" between radial and axial turbulence intensities, V'/ui

along the test-section radial afis. At the fully developed

r

regions (%x/L = 0.91 and 0.50), the ratio was typically 0.6

as 1s found in many other turbulent shear flows {(Tavoularis,

1978).

6.5 MOMENTS AND CORRELATIONS
6.5.1 Skewness Factofs

Skewness factor (defined as the third moment of a random
variable, normalized by the c¢ubic power of its standard
deviation) is a measure of asymmetry of a.random variable
distribution. It is réminded that random variable with
symmet}ic'Lrobability density functions, such as normal {or
Gaussian) variables, have zero skewness.

?&gures SB and 5§ show the variation of one point axial
velocity skewﬂ;ss factor,_3§ fu? , along the test-section
radial axis. At =x¥YL = 0.08, the axial skewness factorg

demonstrated a significant variation, with near zero values

in the rbd gaps and negative values of about -2 at the
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subchannel centre. At x/L = 0.507 and 0.91, the skewness
factors are small, never exceeding. 0.5 in magni.tude.‘__r
Nevertheless, they also  presented negative extrema at the
subchannel centre and its adjacent locations. A negative
skewness factor indicates that neéative values of
fluctuati\hg/vfelocity component, on. the average, have higher
amplitude than positive ones; since, by éefinition, the mean
o}:‘ a fluctuating quantity must wvanish, the durations of
typicaJ;. events with negative fluctudtions must Be shorter
than those with positive fluctua;cions. Stated differently,
it also infers that hig}a1 -amplitude negative fluctuating
velocity components occur fmore frequently than positive
ones.

Figures 60 and 61 present the distribution of radial
velocity skewness factor, T"'/\r's , along thé test-section
radial axis. At x/L = 0.08, the radial skewness factor has
positive values (makimum of 2.1) in the inner half of the
cer:tral square subchaﬁnel (C.54 < r/R < 0.68), indicating,
of course, that high amplitﬁde radial velocities occur more
commonly in the direction of incfeasing r/R; the radial
skewness factor in the outer half of the central square
subchannel (0.68 < i:/R < 0.83), however, has high negative
values (minimum of -2.1) signifying that the high ampli{:ude
radial velocities are oriented more ‘often in the reverse

direction. - The radial skewness factors at x/I..--\"—"- 0.50 and

0.91, present a.relatively low amplitude variation, however
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maintaining approximately, if not exactly, a similar type of
variation as at x/L = 0.08.. ' ~

-From the aistribution‘ of the two skewhess factors
(pfimarily from the data at x/L = 0.08), certain preliminary
conclusions can be reached on the mechanism of momemtum
transport at the entrance region —of .the' bﬁndle. At the

inner half of the central subchannel, the dominant positive

values of radial velocity component continuously carry fluid

2 . - . t .
elements with negative momentum {corresponding to negative. .

values of U§/m’ ) towards the subchannel centre and its

adjacent locations, where the mean axial velocity is high.

/
Similarly, at the outer half of the central subchannel,

negative radial velocities, also, appear to transfer

" momentum deficit to the subchannel core, in an attempt to

even out the shear, aé' postulated by phenomenological-

momentum transport theories.

6.5.2 Flatness Factors

. . .
Kurtosis or flatness factor of a random variable {(defined

’ , ’
as the fourth moment of a random variable normalized by the
square of its variance) is a measure of the shape of the

random variable probability density function. Results are

often compared with the normal (Gaussian) random variable’

which has a flatness factor of 3; any value lower than 3
would ind§ca§g a flatter probability density distribution

{pdf) énd vice versa.

Y
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-

. Typical Qalues'of flatness factors of axial and radial
“turbulent velocities are presented in Téble 3. At x/L = 0.50
~and 0.91, the measured flatness féctors were clo;e to 3.
However, at x/L = 0.08,. at sonme locations, the flatness
factors were as high as 20 indicating a peaky pdf with., leng

tails on one or either side.

P
4 By

6.5.3 Reynolds She'ar-kStress and Correlatioﬁ Coeff‘icientr
Figures 62 aﬁd-63 pfesent the variation @f Reynolds shear
stress, - Puwv, normalized by the average wall _.shear
stress, Tyay (= Puﬁj, along the test-secfion radial axis. At
x/L = 0.91, typical lvalues of Réynolds shear stress were
less than iS% ‘of the average wall, shear 'stress. The
measured values yere, generally, in agreement with the data
prgsentea by 'Irupp'légd Azad (1975). At x/L = 0.50, the
ma#imum value pf Reynolds shear stress was about 40% of
Tway - At x/L = 0.08, the Reynolds stress showed significant
variations with a-pdéitive maximumlof 500% and a negative
maximum of about 150-200% of Tw,, .The Reynolds shear stress
-at X/L = 0.50 and x/L ; 0.91 was found.comparable teo the
avera&e wall shear‘;tress compﬁted from the asymptdtic value
of the average meaﬁ pressure gradient,(aﬁ/az)ay. At the
~entrance region; however, waav apparently was not the
appropriate scaling p#rameter, sincé the turbulence was
dominated by the "effects of 'su&den acceleration and

obsﬁr@ction by the  endplate ribs.

T
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Alternatively, Reynolds shear stress could be presented

as 'correlation coefficient', by normalizing with the‘.
product of .corresponding‘ local standard deviations. The
variafion of correlation coefficient, Wv/W v, along the
-tést-section radial axis is shown in Figures 64 and 65. At

x/L"= 0.50 and ©.91, the maximgm value of the correlatioﬁ
coeffiéient_was about 0&3-0.5, which is comparable to the
typical value 0.4 in fully developed pipe flow and. other
shear flows. ' * |

In all cases, there was a.systematic variation of the
correlation coefficient with negative values in regions
where =~ the shear’ gradient, aU/BF, was - positive
(0:74 < r/R ? 6?68) and positive valueé in regions where the.
mea shear was negative {0.68 < r/R < 0.83). The, .
corrélation' coefficient curves, in general, changed sign

near points where the mean shear was zero, in confirmity

»

0
with the gradient transport hypothesis.
6.5.4 Autocorrelation Cocefficients -
Autocorrelation coefficients, Ru_(“) and R, (=) , at

various locations along the test-section radial axis at

x/L = Q.so and x/L = 0.08 are presentéd in Figures 66 and
S

67. respectively. In all cases, the autocorrelation

.coefficients generally satisfied the relation

Ru (<) > R, (%) (e-2)
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eﬁceﬁt perhaps at large.geparations, where both curves had
small amplitudes. .

At x/L = 0.50, the autocorrela::gh coefficiénts decreased
with separation ﬁime and - presented no significant negative
peak. This suggests that there were no épparent periodic
pulsations in the flow. This differs from the f£indings of
Rowe et al, (1975), whc have feported that perio@ic
pulsations were.present at locations between rod gaps and
the subchannel centre in a square array with s/d = 1.125 at
Re,, = 10000. Their conclusions were based on the
relatively large amplitude of the first negative peak, Qﬁich
alone doeas not indicate conclusively the presence of such
periodic pulsations.

At x/L = 0.08, the éutocorrelation coefficlents near the
subchannel centre (r/R = 0.67 'and 0.72) présented a'decay
which could be approximated. as exponential (exponential
vanish asymptotically at infini?y and do not have any
negative region;. tﬁé presént results, however, had a small
negatiQe region .with a maximum - amplitude of about
0.05-0.09),‘ conéistent with the fact that the flow was
essentially isotropic near the gubchannel centre. At
r/R = 0.57 (see also Figure _68),{_ behind the eendplate
peripheral rib, the autocorrelation coeﬁficient presented a
periodic oscillationé,’suggesting the possibility of vortex
shedding from the endplate. nibs. This possibility was
confirmed by calcul;ting the Strouhal number {(e.g. Reynolds,

1974) as S$1 = $4 /[T
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where f was the fréquency_ of oscillation of the

autocorrelation function in c¢/s, d was the nominal width of
the rib and U was a typical velocity. Since the mean

velocity upstream of the;rib (2.85 m/s) was different from

calculated using each velocity; the values were equal to

0.13 and 0.18 respectively, which are in the same range as

the Strouhal number for rectangular cylinders in uniform

flows (= 0.15).

6.6 SCALES "’
6.6.1 Integral Length Scales

The longitudinal Eulerian ifitegral .length ’'scale was
evaluated as the proauct of the local mean axial velocity
and the longitudinal integral time scalé, as explained in
section'B.é?Ifﬂ%

Ideally, the time, scale, T, , should be estimated by
integrating R, (t} from zero to infinity. As is the common
practice, howeyer, it was calculated by inteqfating R (T),

until it first crossed the time akis, as
T, : .
Tw = 5 Ry (%) 4T (6-3)

o

where Us corresponds to the first occurrence of Ru(1)= Q

In a similar way, Ty was estimated using
T ' : :
T, - 5 R, (t) 47 (6-4)

[+}

1Y

L8

" the downstream velodity {2.15 mys), Strouhal number was-
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This procedure provides an unambiguous estimate of the
integral length scale, when thé autocorrelation function
does not have a significant negative region.

At rlocatioﬁs between the rod gap centre and the
subchannel centre, where - the autocorrelation function
rexhibits alternating regions with relatively large negative
and positive peaks, this procedure results in scales larger
{by as much as 10%) than scales computed by long time
integration. This is a consequence of the fact th;t although
negative and po;itive regions succeed each other, the peak
magnitudes decrease monotdnically: so that the contribution
of the firét negative region to the integral is stronger
than the contribUtion_of the. subsequent positive region and
so on. For such cases it would be preferable to integrate
the autpcorrelation functicn over a long interval, namely
upto 25-30 integral scales or upto a point where the peaks
have negligible amplitude (for.examplel0.01).

In the current invéstigatioﬂ, since most of the
autocorrelation functions did not show a strong negative
peak, the integral length scales were computed using
equations (6-3) and (6-4) and faylor's . hypothesis.
Figqure 69 presents the variation of integral leﬁgth scales
along the test-section radial axis. "'At the inner half of
the central square subchannel, the average value of L, was
about O.SS(ih, while at the outer half it was generally

about 0.27d,, ; The present scales do not compare very well

-

e
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with the results of Rowe et al. (1975), who have reported
that the typical L. was about 0.6d, for s/d = 1.125 and’
about 0.35d; for s/d.- = 1.25 in a square spbchgnnel.'The
difference is primarily attributed to the method of
determining the lénqth scale.. Rowe et al. have estimated
the integial scale Dby fitting ?n exponentially décaying”
sinusoidgl curve to the first eleven measured peints of the
aufocorrelation function and then integrating the area under
the fitted curve to infinity.

The Eulerian integral length scale for the radial

component, Ly . shows syé%ematic\variation with high values
(C.284d,) corresponding. to the rod gaps and low values
(C.144,) to tKe neighbourhood of the subchannel centre. The
fact that L, and Cv in rod gaps are larger than fhe gaps 1is
noE necessar;ly contradictory, since these scales correspond

to velocity components and separation in directions other

thén the line of minimum distance between rods.

6.6.2 Microscales

The variation of microscales, Aw and Ay, along the
test-section radial axis, is shown in Figure 70. They were
computed using equations (2-47) and (2-48).

The typical A, was about 0.084d, , which was .nearly 23%

©of the corresponding integral length scale Lu . At
x/L = 0.50, AV was about 0.05d, , which was also
approximately 24% of the corresponding L, . It is reminded
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that the ratio of Taylor's microscale to integr{1 length
scale decreaseS\with increasing keynolds number, folld;Ihg
the increasing separation between energy containing eddies
and dissipation eddies. Two alternatiﬁe ways of evaluating
microscales have been discussed and éompared with the

current estimate in the next chapter.

6.7 ~ PROBABILITY FUNCTIONS | -
6.7.1 Single Variate Probability Density Functions

The prob;bility dengity functions (pdf) of axial and
radial velocity components at representétive locations are
shown in Figures 71 and 72. The presented pdf, estimated
from normalized time histories, have a standard deviation of
unity; also shown oﬁ these figures, is the pdf of a normal
random variable with a unity standard deviation.

The pdf at x/L = 0.50 show minor departure from the
normal pdf, consistent with the small values of their
skewness factors; also, their maxima are close *to 0.4, the
maximum of a normal pdf,lconsistent with the fact thét their
flatness factors have a value of approximately 3. In
contrast, at x/L = 0.08 the non-Gaussian character of the
sigﬁal is demonstrated in tﬁe pdf, as also has been seen in

skewness and flatness factors.
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6.7.2 One-Point Bivariate Probability Density Functions

Isoprcbability contours of the joint pdf, cbtained from
normalized time histories of w and Vv , are shown in Figure
73. ~ Also shown, are the. isoprobability contours- of a
jointly normal pdf, with the same value of the correlation

coefficient, generated using

27 f1- ¢t 2 (1-¢%)

P:L(F’ﬂ 2l ewp _;‘__(P"_lfs)\mx‘)} (6-5)

where P = L. Fer the case presented, the twe random
variables appear nearly jointly normal. The small departure
is ‘partly due to experimental scatter and partiy due to
systematic deviations from normality.

From the isoprcbability contours of the joint pdf, 1t is

possible to evaluate, approximately, the correlation

coefficdient using

—ta 1 1 1
WV o' - b
el (e-¢)

where & is the length of the axis of the ellipse, passing
.through the quadrants where uv is positive, and b 1is the
length of the other (perpendicular) axis. Besides, the
joint pdf could also be used to evaluate marginal
probability (by integrating one of the two variables) and
conditional probability ( by hkeeping the Qalue of one of

the variables constant).
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Joint pdf could be alternatively plotﬁed on
three-dimgnsional = graphs with the horizontal. axe;
representing .the two~random&§ariables and the vertical a;is
the joint probability density. Figures 74(a) and 74(b) sho:
sample jointly normal pdf corresponding to selected measuréd
correlation coefficients. By rotating and tilting these

solid figures using software, it is possible to have clear

view of details in joint pdf.

PART B: MEASUREMENTS WITH AN UPSTREAM BUNDLE

-

6.8 DESCRIPTION OF MEASUREMENT CONDITIONS

After the upstream bundle was inserted, preliminary tests
were conducted to determine the total pressure drop across
the two bundles at ;arious flow rates. Also, the air
suction rate through flanges and ports into the system was
visually monitored for different flow rates and elevations
of the pressurizing tank. Following these preliminary
investigations, a flow rate, at which the air suction rate
would be insignificant, and also, the Reynolds number would
be sufficiently high (about 45000), was choseﬁ to conduct-
the initial set éf mean flow measurements, reported in this
chapter (see Table I4). Substantial modifications of the

system would be required in order to produce suction-free,

higher Reynolds number flow. Furthermore, although some
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.hot-film-measurements were attempted, it was realized that
safe, stable operation of hot-films would not be possible
without a complete disassembly and thorough cleaning of the
water tunnel. For lack of time and funds for hot-film
repairs, turbulence measurements in twb-bundle settings were
postponed. It was asseséed, though, fhat mean wall shear
" Stress and mean velocity measurements would be sufficient to

demonstrate the gross effects of the upstream bundle
orientation.
I

6.9 STATIC PRESSURE
6.9.1 Wall Static Pressure

The distribution of wall static pressure arcund the
peripﬁery of rod B is shown 1in Figure 75. The static
pressure exhibited low-ampiitude variation ﬁround the rod
periphery, with the downstream holes having Cp values 17%
higher than those o©of -the upstream holes. Although the
variation of mean static pressure around the rod periphery
at x/L = 0.20 was roughly similar to that 1in the single
bundle experiments, the variation at x/L = 0.60.showed minor
deviation near the rod gap ( Q = d) from the single bundle
discributioh. Siﬁce the mean static bressure variatisn was
obéerved to be essentially uniform around, the rod boundary,

this could be attributed to experimental error.
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6.9.2 In-Flow Static Pressure

The in-flow static pressure, measured at the- threea
streamwise locations of the test bundle, did not reveal any
apparent systematic variation along the test-section radial
axis; therefore, the measurements are not presented here.

Figure 76 shows the downstream variakion cf average mean
static pressure. As in the single bundle case, thé
streamwise pressure gradient reached_an asymptotic wvalue at
the downstream half of the test bundle’' and was equal to 4.81
KPa/m, It might be interesting to note that‘in the upstream
half of the bundle, the prgssure gradient was about 7.50
kPa/m, only 1.6 times the downstream asymptotic value. This
ratiq wag appreciably smaller than that in the single bundle

experiments at identical conditions. This 1s consistent

with the fact that the flow exiting from the upstream bundle

was a fully developed turbulent flow, and therefore, it

would take a much shorter length (about 15-20dj ) to Tegain

fully developed conditions in the test bundle.

6.10 MEAN AXIAL VELOCITY

Figure 77 presents the mean axial velocity distribution
along the test-section radial éxis. In all cases, the
general systematic-variation was consistent with the single
bundle measurements, with minima corresponding to the £od

gaps and maxima to the largest flow areas. As before, the

velocity distributions at x/L = 0.50 and 0.91 were roughly

W
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identical, and the difference between the maximum and the
minimum velocities was about 20% of tk. At x/L = 0.08, the
mean axial velocity presented a sudden drop at r/R = 0.42,

close to the centre of the inner sguare subchannel, adjacent

‘to the central sguare subchannél. This, is due to the

presence of Ehe upstream bundle rod, positioned at the first
peripherél rib, which interferes with the flow through the
inner square subchannel (see Figure 11). Howéver, after
about’r/R =-0.55, the veLocity profile was almost‘the same
as that in the single bundle setting ‘with the maximum
variation about 40% of Uﬁ. This could be expected, since the
two upstream rods in the second peripheral rib coincide
exactly with the corresponding test bundle rods, and also,
the influence of the upstream central rod in the third
peripheral rib would be 1less persistent because of the
relatively iarge_flow area near the outer wall surface.

- The downstream devélopment of mean velocity along
selected .lines parallel- to the bundle axis is shown 1in
Figure 78. As observed in single bundle flow measurements,
the mean axial velocity. increases gradually in the rod gaps
before reaching a nearly constant asympfotié value in the
downstream half of the test-bundle, and also the velocity at

the subchannel centre is essentially constant.
. ‘
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6.11  WALL SHEAR STRESS
The wvariation of locél wall shear stress around the
periphery of rod B is shown in Figure 79. The locai wall
shear dtress at Xx/L = 0.80, exhibited the same type of
variation, as before, with the maxima corresponding to the
largest flow area and the minima roughly to the rod gaps.
Al;o at x/L = 0.20, the wall shear stress variation was
consistent with the .é;ngle bundle measurements at all
locations around the rod periphery, except at ? = —601 where
the néw value was about 20% smaller than‘that in the single
bundle. This decrease in wall shear stress is consistent
with the suddéh drop in the local mean axial velocity at
r/R = 0.42 (explained 1in the previous section), which
roughly corresponds to ¢ = -éoﬂ Assuming that the friction
factor is almost constant around the rod periphery for a
given flow raée, the local wall shear stréss then becomes a
direct function of only the local bulk velocity (different
from subchannel bulk velocity; see chapter II ). Therefore,
any drop in the lbcal mean axial velocity ( and hence, the

local bulk velocity) would result in a decrease in ehe local

wall shear stress (see equation 2426).
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g : Chapter VII

ANALYSIS AND DISCUSSION OF RESULTS

-

7.1 ANALYSIS OF FRICTION FACTOR

Friction factor represents a dimensionless form of wall
shear stress and 1is ‘generally used %o’ comgare the flow
resistance of different /channel geOmetriés kht identigal'
Reynolds numbers or of é;«garticular channel geometry at
different Reynolds numbers. nce friction factor may vary
along the periphery of non-circular channels, it was decided
to present mainly the average friction factor for the
central square subchannel of the‘test-sgction, fax . which
was computed from £he measured average wall‘shear stress and
the equivalent-pipe bulk velocity, using equation (2-24).
Table 5 contains these;valueéifor three Reynolds numbers,
45000*, 50000 and: 62600. I£ can be obgérved that the
average friction factor decreases with increasing Reynolds
numﬁgr of the flow, as is normally theAcase in pipes and
chanﬁels. Also preéénted in Table 5 is the friction factor,
{P, of a circular pipe evaluated at the above three Reynolds
numbers using equation (2-22) (the values obtained from
equation (2-21) were almost the same). The average friction

o
factor of the central square subchannel was consistently

* Corresponds to two bundle measurements.

~
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/ . ¢
about 85) of the circular pipe frict?&i_factor for all three-~

.

flow rates. .

The present -measurements of average frictiip factor were
comparable to those by other investigatorsf As seen from
Table 5, the measured fay was within 5% fnam Trupp' aﬁd
Azad's (1975) results (equation 2-29{. Also, the measured
ratio ;fm/{} was between'thé“theoretical values 0.777 and
1.028, suggestea by'ibragimov (1967) and by Subbotin et al.
(1971) respectively (egquations.2-27 and 2-28). .

* The Reynoldﬁwnumber dependence of local friction factor
at selected  locations around the ‘periphery of rod B was
iﬁdependently evaluated from Preston tube measurements ﬁof
local wall shear étress, Ew(?% at different flow Reynolds
nunbers. The local friction factof was then computed from
#hé Socal wall shear stress, as

£(¢) - "(“‘“m | (1-1)

2
3
¢ U

and the results, presented in Figure 80. for ¢ = 60 at
x/L = 0.20 and for gﬁ = 60" at x/L = 0.60, ' show that/ the
friction facto;Mﬁdegreased with increasing Reynolds ‘number
and approached a constant asymptotic value when .the Reynclds
numbers larger than about GOQOO.

Equétion (7-i), of course, does not provide an exact
estimate of local friction facter, since the local friction

factor requires knowledge of the local bulk velocity, UbL

(equation 2-26). However, the local bulk velocity of an
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félementary area should be roughly proportional ‘to the bulk
velocity of the subchannel, and therefore, the shape of
curves 1in Figure 80 should not be affected by the use of

subchannel bulk velocity in equation (7-1).
-

-

7.2 EXPERIMENTAL AND THEORETICAL ESTIMATES OF EDDY
VISCOSITY

As a first step in evaluating test-section radial eddy

[* N
viscosity of axial momentum, va ., the mean axial velocity

—_———

_graQiént,BG/Ny along- the test-section radial axis was
computed by fitting a cuﬁic " spline curve through the
pressure tube velocity measurements, since as explained
before, mean velocity profiles obtained using pressure tubes
were more reliable than those obtained using hot-films. The
other parameter required té estimate eddy viscosity, the
Reynelds shear stress, was, however, mgasu;ed using the
hot-£films. It should be reminded that turbulence parameﬁers
measured by the hot-film would be more accurate than tine
hean velocity because of their dep;ndence primarily on the
slope of the calibration equation, which did not change
considerably during the op%ration of the hot-£film, as
discussed bgfore. Since the Reynolds stress and the mean
velocity gradient belonged to two- different ensembles, the
computed mean velocity gradient was-multiplied by the ratio
between the subchannel centreline velocity measured using

the hot-film and that measured using the pressure tubes to

‘compute the mean velocity gradient that would correspond to
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the hot-film ensemble.  The normalized wvalue of mean
velocity gradient, dh/gc- atvar, was typically about
0.16-0.24 at the high ~shear regions, at =x/L = 0.50 and
x/L = 0.91. At x/L = 0.08, the corresponding maximum wvalue
was 0.44-0.58.
From the velocity gr;dient,data and the measured Reynolds
shear stress, )%.: at vari;us_ locations along ‘the
test-section radial axis was computed using equation (2-54).
In almost all cases, the meaﬁ velocity gradient and the
Reynolds stress- had ﬁhe same sign, which resulted in
positive‘eddy viscosity v;lueé. The computed eddy viscésit;r
was generally one or twolﬁrdefs of magnitude higher: than
kinematic viscosity of the fluid, demonstrating the
0

dominance of Reynoldﬁtstresses over viscous stresses along
the tentreplané of the test-section; the’ ratio heitwaen the
average eddy viscosity and the kinematic viscosity was. about
150 at x/L = 0.91, 400 at x/L = 0.50 and 550 at x/L.=0.08.
FigurgJel shows the variation of v&t along the test-section
/ ‘ A

radial axis at x/L = 0%91. There was a considerable scatter
in thg- presented data, reflecting the relatively low
accuracy of this procedure but also deviations from gradient
transport. The accuracy - of the above*aprécedure was
particularly poor near' the rod gap centres and the

subchannel centre where both the Reynolds shear stress and

the velocity gradient were close to zero.
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' making ]er and Vg ¢ almost the same (where @ =0
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Déspite the above reservations, it is assessed that a
constant eddy viscosity across the subchannel might be
sufficient as crude model of the flow, except near the rod
surfaces. The vwvalues of eddy viscoéity at the - fully
developed region (x/L = Olglt are cempared with results of
other investigators in Table 6. Before comparing the
results, an important point must be cohsidered. Theoretical
predictions, outlined in section 5.6.3, refer to flow-cell
radialland peripheral eddy viscositig;;zf axial momentum.
Cur results, however; wou}d correspond to test-section

radial eddy wviscosity of axial momentum. Although the axial

directions of both the test-section as well as the flow-cell

are the same, their radial and peripheral directions -are

-~

different.

Figure 82(a) corresponds to rod gap centre. (and its
adjacent“locations), where the test-section radial direction

coincides with the flow-cell peripheral direction, thus

and Y =Y). Figure B2(c) corresponds to the subchannel
centre (and its adjacent locations), where it can be assumed
Ly

78 Ux ¥
that VT,-h; "vfp = ng s since near the subchannel

! . .
centre (as near a pipe flow axis) the mean velocity gradient

and the Reynolds shear stress are axisymmetric. Figure
B2(b) corresponds to locations between the subchannel cen;:;
‘and the‘fod gap centre, where th -is not egquivalent to
vf?r or )%:i At these locations, the measured valueslof
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w
Vry should however have the same order of magnitude ‘as the

. . Yx Uy '
theoretical estimates of UT? and Vq, .
“ .

Table 6 presents Yy, normalized by local values of u'
and Y, , at three representative locations along the
test-section radial axis. For each yalue cof r/R, the
corresponding angle, ¢ , Wwas computed and then Yo was
evaluated using equation (2-7), while u' was computed from
the measured local wall shear stress using equation (2-25).

LSS
As seen from Table 6, the wvariation of ‘va/B.u: along the
test-section radial axis was similar to the ones proposed by
Nijsing et al. (1966) (equation 2-61) ahd Kattchee and
Reynolds (1962) (equation 2-64). For r/R = 0.57 and 0.62

( ¢ = 11.84" and 22.2f), the measured value of eddy

. ) ) Un. Ur
viscosity, in general, was closer to v79 rather than to Vra

and for r/R = 0.67 (near subchannel centre; Q = 42.25), as
w Uy Ux
expected, vTr was almost the same as 14’ and Vy o, . Some
reservation would be necessary in drawing such conclusions,
since the computed values of eddy viscbsity were only
approximate due to the procedure of computation of mean

velocity gradient.

7.3 LOCAL ISOTROPY AND KOLMOGOROFF'S SCALES
7.3.1 Tests for Local.lsotropy

(A) A minimum condition for the approximate applicability
of local isotreopy, as expléined in section 3.5.3, 1is that

RA‘> 100, althoughdRA > 1000 has been suggested as a safer
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crite;ion. This condition was tested at a " few
represgntative locations o©f the test-section, and it was
found that R?\ .was typically about 250 at the fully
developed region and about 350 at the entrance region.
Therefore, deviations from local isgtropy are expected to be
Tather small at nearly all locations in the test-secticn,
except near the entrance, where the turbulence night be
interm;ttent.

(B) Another condition due to Corrsin (1958) for. the
applicability of  local  isotropy  in  the  mixed
inertial-viscous range 1is

"

ol v

where £ is the  turbulent kinetic energy dissipation rate

—

(evaluated in the feollowing section*). At the sﬁbchannel
centres of the fully developed regions as well as <the
entratce regions, where the shear gradient was near zero,
this condition was well satisfied. Eowever, at high shear
locations &ﬁ/v)h’/(BU/ar) =~ 12.5 in fully developed regions
and ® 4.5 in the entrance region. Corrsin's condition was,

therefore, at best weakly satisfied at these locations.

D

* The dissipation rate, used in the local isotropy test, was
actually evaluated from isotropic relations.
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7.3.2 Turbulent Energy Dissipation Rate
The turbulent energy dissipation rate at various
locations along the test-section radial axis was estimated,
as an order ¢f magnitude, using egquation (2-49) under the
assumption of isotropic turbulence. Figure 83 presents the
variation of energy dissipation raté, along the test-section
radial axis, at R%A= 50000. The dissipation rate appeared
to be the lowest at the subchannel centre, where the shear
rate was minimum. This 1s to be expected, since preduction
of turbulent kinetic energy by mean shear would be small,
and turbulence would be maintained by diffusion from high
shear regions. ' Alsoc shown on Figu?e 83 is the dissipation
rate at a few locations in thg square subchannel for
Rebh = 62000; the dissipation rate was generally higher for

the higher flow rate at identical locations, as expected by

scaling all terms in the turbulent kinetic energy equation.

7.3.3 Kolmogoroff's Scales

The fine structure scales of turbulence were computed
from € and Y wusing Kolmogoroff's eguation .(2-50). Figure
B4 presents the variation of Kolmogoroff's length scales
along the ftest-section radial axis for Rebh= 50000. It is
observed that the fine structure scales were typically
larger at the subchannel centre, where the viscous

dissipation was minimal and smaller at high shear regions

where the viscous dissipation was higher. Also: the largest
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fine structure scales in the entire flow field, as expected,
were present at the subchanrnel centre of the entrance region
where the flow exiting from tSe upstream section was similar
to a fully' developed, core channel flow, and viscous
dissipation would be extremely smal}. Also presented in
Figuré 84 are the élmogoroff's length scales at
representative locations for RCM;= 62000, which were about
10% smaller than those for R“hk= S0000, in accordance with
the expected trend that the dissipation scales decrease in
size as Reynolds number increases. ' v

The Kolmogoroff's time scales were typically about 1.8 ms

to 2.5 ms at x = 0.50; at x/L = 0.08, th?-'were typically

about 1.0 ms at high shear regions an *%.6 ms at the

subchannel centre ?or Rebh = 50000.

7.4 ALTERNATIVE APPROACHES TO- MICROSCALE CdMPUTATION
7.4.1 ' Microscale from the Exact Time Derivative

 The mean sguared <time derivative of the fluctuating

-

veloéity components in equaticn (2-47) were computed, for

example, as g
J

e M- uj - WU,

2 ket ) .
(éﬁ)l = (ﬁ‘f_‘_) =5 ( at (7-3)
ot At ro (r\.-f)

where the minimum possible sampling time for cross-film

signals, &Y , was egual to 80 M5 (for notation see section

5.3.5); when the smaller time scales in the flow field are
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smaller than 80 PS5 ,. the accuracy of this procedure is
ligpited. An improved estimate of mean_ sgquare derivations
could, pe‘rhaps, be obtained by repeating the above
calculations for several 4t and extrapolating the values to

At = 0. In practice this was done by computing differences

between samples separated by 1, 2, 3, 4, 5, and & minimum

o\t
time steps of 80 )*5 . Figure 85(a) shows (Au‘/dh) as a
function of At ; as expected, LAu/ALY' decreased

monotonically with increasing time gap. A smooth polynomial

was fitted through the points, and the point of intersection

of this polynomial with the vertical axis was assumed to

represent the exact value of (au/at)l. The thué estimated
value was typically 15-20% higher than (AL'-/M:)LM:NP,, used
in section 6.6.2, which would result in a 7-9% decrease in
the value of Taylor's microscale of aﬁiai velocity
component. Folleowing the same procedure, the decrease in
Taylor's microscale of radial velocity component was

estimated(to be about 8-10% (Figure 85b).

7.4.2 Microscale from the C/u/r'vature of Autocorrelation Function

The Taylor's microscale of akial velocity component was -
computed as the curvature of autocorrelaticon coefficient,
R (=) at « = 0; this was done by fitting ‘a parabola
(equation‘ 2-44) to the first few points  of the
autocorrelation function and determining the point of first

intercept with the o -axis. Since the parabola fitting
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procedu}e is somewhat cumbersome, alternatively, in the,

"
current study, equation (2-44) was modified to a linear form

as

. ﬂéjoc- loj Ay =

_'i. 193 L(I- P\u.) (.7'[1‘)

and the experimental points were plotted with bj*- as the
vertical axis and + Log 2 (1-Ry) a5 the horizontal a#is
(Figure B86a). The 1intercept of the least square fiﬁted
straight line with the vertical axis should then represent
the value of Aw. The procedure was repeated for a few
other locations in the tést-section, and it was found that
the Tayleor's microscale of axial velocity component,
computed using this procedure was typically 10-12% smaller
than the one presented in section 6;6.2. Also, the typical
value of Taylor's microscale of radial velocity component,
estimated using a similar procedufé, was/ﬁQund to be about
9-12% smaller than that presented in section 6.6.2 (Figure
87b). This level of agreement is assessed as satisfactory
considering the large number of systématic and random error

sources in these results.



Chapter VIII
CONCLUSIONS

The‘present study was successful in accomplishing most of
its objectives. Although the pace of the research at the
initial stage was. hampered by certain operational probleqs,
ﬁhe progress was relatively faster at the later stage. it
proﬁed to be definitely advantageous to store raw turbulence
signals ard process them at a later time. This not only
reduced the operation time qf the water tunnel, but also
made it possible to compute as many parameters as needed
with the minimum number of experiments. Apart from tie
results presented in the study, the sitcred data will be also
used to compute power spectra by evaluating the Fourier
transform of the autocorrelation functidn. Furthermore,
computations of such quaﬁtitie§ as cross-correlation
coefficient and cross-spectra are -also planned.

Following a;e the main conclusions drawn from the results
of the study on roughly square subchannels with s/d < 1.14,

1. The mean pressure is essentially uniform across a

particular flow cross-section; the mean pressure
gradlent reaches a constant asymptotic wvalue at an
entrance length of about 20 hydraulic diameters in a
- single bundle and at a  shorter distance when ghe

\
bundle is preceded by a differently oriented bundle.
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"/7 ™. The local wall shear stress exhibits, a systematic

N

S

‘variation with maxima corresponding to largest flow

area and minima to rod gaps; the measured local wall
shear stress is comparable to the average wall shear

stress estimated from the average asymptotic pressure

gradient.

The subchannel average friction factor is about 859

of that in pipe flow; the subchannel average frict:ion

.factor as well as the local fricticn factor decrease

with increasing Reynolds number.

The mean velocity distribution is comparable to tﬁat
in a fully develcped pipe flow, having maxima
corresponding to subchannel centres and minima to rod
gaps.

The streamwise tﬁrbulent intensity at the fully
developed region is about 3.3-4.0% of the subchannel
centreline velocity, which is comparable %to the 3.6%
level in a fuli? developed pipe flow (Laufer, 1974).
The transverse turbulent intensity is about 60} of
the streamwise turbulence intensity as .qenerally
observed in turbulent shear flows.

The magnitude of the shear stress correlati%n
coefficient at the fully developed high shear }egion
is about 0.4 as is in a fully developed pipe flow.
It presents a systematic wvariation with negative

¢

values where the shear gradient is positive and
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positive values where shear gfagient-is negative; iz
changes sign, in general, nearrlocaﬁions where the
shear gradient wvanishes.

The eddy viscosity isrtypitally cne or two orders of
magni;ude largerhghan the kinematic wviscosity; thez
measured eddy viscosity distribution is compatible
with those predicted by Nijsing et al. (1966) and
Kattchee and Reynolds (1962).

The turbulent flow at the fully developed region, in
general, 1is compaf;hle to turbulent channel flow; at
the entrance region,, near the subchannel centre, it
preserves the upstream channel flow features, while
bepind endplate gibs vortex shedding 1s observed.
StreamwisF and radial integral length scales at fully
developed regions are roughly about 30% and 20% of
the subchannel hydraulic diameter réspéctively, while .
the correspondéng Taylor microscales are_about‘s% and
5% respectively. The Kblmogoroff scales are
typically about 0.3% of the hydraulic diameter)

The .turbulen;' kinetﬁc energy dissipation rat is
typically large at high shear regions and.lower-near
subehannql centres, where the production of turbuient

kinetic enefgy by mean shear is small.-

Current continuation of the present investigation

includes evaluation of the effects of realistic rod-spacers

4
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and wearpads on flow mixing and other mean flow quantities,
as well as further assessment of thé effects of upstream
bundle orient;tion. Another part of the study will be
concerned with cross-channel mixing by injection of heated

-water at different locations in fhe subchannels.

r
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Parameter Symbol| Units Reactor bundle Test
section
Operating fluid - -- Heaﬁy water Light
= water
Fluid 1} ‘c 220-240 20-35
* temperature .
Fluid pressure P MPa L 13.7% 0.10
Flow A mm? 3425 2217
cross-section
area
Bundle length L mm 500 610
Diameter of the d ¢ mm 12.6 25.4
rod
Pitch to s/d -~ 1.14 1.14
diameter ratio
Bundle hydraulic D, mm 7.42 13.18
diameter K
Square dh mm .85 15.70
subchannel -
hydraulic
diameter
Flow conditions - -- Single-phase, Single
diabatic -phase,
isothermal
Mass flow rate -- kg/s 17 5-14
Buncu{ Reynolds Rebt -- 450000 32000-
number 83000 -
Subchannel Re,, -- 452000 45000~
equivalent pipe 100000
Reynolds number
«

Table 1 Comparison between the reactor bundle and

and the test-section.
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* arrow-heads indicate the direction of
momentum transport

Figure 5 Representation of eddy viscosities.
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Figure 7 Cross-section of the bundle model.
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Figure 10 Cross-section of the 30 rotated

kigure 11 Relative subchannel interference between
bundles in tandem,

bundle model.
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Figure 24 Endplate with surface tube assembly.
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Figure 73 Isoprobability contours at r
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Figure 80 Reynolds number dependence of local friction factor,
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