University of Windsor

Scholarship at UWindsor

Electronic Theses and Dissertations Theses, Dissertations, and Major Papers

1972

Air-water turbulent mixing in simulated rod bundle geometries.

Kuldip. Singh
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation

Singh, Kuldip., "Air-water turbulent mixing in simulated rod bundle geometries." (1972). Electronic Theses
and Dissertations. 921.

https://scholar.uwindsor.ca/etd/921

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.


https://scholar.uwindsor.ca/
https://scholar.uwindsor.ca/etd
https://scholar.uwindsor.ca/theses-dissertations-major-papers
https://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F921&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.uwindsor.ca/etd/921?utm_source=scholar.uwindsor.ca%2Fetd%2F921&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarship@uwindsor.ca




ATR-WATER TURBULENT MIXING IN SIMULATED
ROD BUNDLE GEOMETRIES

A Dissertation
Submitted to the Faculty of Graduate Studies through the
Department of Chemical Engineering in Partial Fulfilment
of the Reguirements for the Degree of
Doctor of Philosophy at the
University of Windsor

by
Kuldip Singh

Windsor, Ontario
1972 -



@ Kuldip Singh 1972



to Bhole
for love and patience



ABSTRACT

In recent years, there has been increased interest
generated in the fundamentals of nuclear reactor coolant
mixing which affect the thermal and hydraulic characteris-
tics of the subchannel flow in order to improve reactor
performance. Single-phase air, single-phase water and two-
phase air-water mixing experiments have been carried out in
simulated square-square and square-triangular rod bundle
geometries at 50 psia, using methane and potassium nitrate
as the air and water tracers respectively. The variation
of turbulent mixing rates with mass flux and quality (for
two-phase flow) was investigated over a gap spacing range
of 15~80 mils.

For single-phase air and water runs, turbulent mixing
rates were found to be a function of Reynolds number, gap
spacing and subchannel geometry. Secondary flows are believed
to exert considerable influence on the mixing rates,

For two-phase air-water runs, turbulent mixing rates
were quality dependent, exhibiting a maximum in the slug-
flow regime. The mixing results for the square-square
and triangular-triangular geometries were correlated over
a limited parameter range using a Stanton number type mixing
parameter. The air and water fractional mixing rates
increased with gap spacing but not in the same proportion.
Enhanced liquid interchange occurred in the bubble and
annular flow regimes while enhanced gas interchange occurred
in the slug and slug-annular flow regimes. The results
obtained here are in qualitative agreement with the high
pressure steam-water mixing experiments in similar geometries.
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I. INTRODUCTION

Many nuclear reactors have fuel elements which constitute
a cluster of parallel fuel rods forming subchannels inter-
connected by the gaps between the rods. The reactor coolant
absorbs the heat of fission as it flows along the subchannels.
Two typical fuel rod bundle arrays are shown in Figure 1.1.
In recent years, there has been an increased interest gene-
rated in the fundamentals of coolant mixing, which affect the
therhal and hydraulic characteristics of the subchannel flow,
in order to improve reactor performance. For parallel flow
in rod bundle coolant assemblies with an open matrix, similar
to those encountered in the Canadian designed CANDU Pressuri-
zed Heavy Water Reactor (CANDU-PHW), a knowledge of the local
flows and enthalpies is of importance in predicting the onset
of boiling and the critical heat flux. When operating
conditions of the reactor result in appreciable boiling heat
transfer, as in the CANDU Boiling Light Water Reactor, then
mixing rates must be predicted for two-phase flowing mixtures.

Since detailed information on the structure of two-
phase flows is not available, most current analyses use a
"subchannel approach".. Boundaries of subchannels are defined
by appropriate fuel element and pressure tube surfaces and

by imaginary lines drawn between rod element centres as



NS =16
elolok.
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9-ELEMENT BUNDLE

19-ELEMENT BUNDLE

NS = NUMBER OF SUBCHANNELS
NDS = NUMBER OF DISTINCT SUBCHANNELS

FIGURE 1.1 Subchannel Arrangements for Typical Fuel
Rod Bundles



j1lustrated in Figure 1.1.

In the subchannel analysis approach, radial and circum-
ferential variations of preésure, coolant velocity, quality
and physical properties within a subchannel are neglected.
Each subchannel is divided into axial nodes. Then finite
difference forms of the macroscopic conservation equations
are solved stepwise over the whole axial length using computer
codes (1-4) which account for mass, energy and momentum
transport between interconnected subchannels. This analysis,
which allows simple geometry Critical Heat Flux (CHF) correla-
tions to be applied, also provides useful information for
reactor designers to account for local pheﬁomena related to
rod bowing, rod spacer effects and heat flux peaking ~ even
though detailed differential flow information is not obtained.
Thus, subchannel analysis of this type will help provide
codes that could be used for basic reactor design purposes.

It is of interest to consider fhe form of the energy
equation used in the available steady-state computer codes.
For any two interconnected subchannels "i" and "j", the
energy balance over an axial length [Sz for subchannel *j" is

written ast

. ’
Az (Wj H3) = a3 P35 * Wsj Hiz + Wij (Hy - Hi)

Here Wjj is defined as the mass crossflow rate transported from

subchannel "i" to "Jj" with an effective enthalpy Hijs while



the final term is the energy exchange contribution due ¥o
turbulent mixing. Diversion crossflows are the net rates of
mass transfer between'subchannels in order to satisfy the
conservation equations., Crossflows are directed by radial
pressure gradients which may result from large differences
in subchannel heat flux distributions, ro. bowing, changes
in flow area etc. Turbulent mixing is a semi-fictitious
fluctuating mass flow and is used only to express the turbu-
lent energy transport between subchannels due to pressure and
flow fluctuations. Turbulent mixing is normally assumed to be
jndependent of crossflow, although one code gakes provision
for mixing suppression (1), and does not involve a net mass
transfer between subchannels. |

In practice, turbulent mixing rates are determined from
measurements of subchannel enthalpy or tracer distribution,
ag the amount of lateral flow which, according to some model,
would have caused the observed cénditions. This semi-ficti-
tious fluctuating mass flow, termed the turbulent interchange

rate, can be related to the classical mixing length theory

for single phase flows. However, for two-phase flowing systems

at saturated conditions it becomes more difficult to link
mixing rates obtained with tracer data to an energy exchange
mechanism. % '
The present project was formulated to conduct a fundamen-
tal study of mixing rates in simulated reactor rod bundle
 geometries. This study was designed to obtain qualitative and

quantitative data on the parameters that influence mixing

P




between adjacent subchannels. Data of this kind are very
difficult and expensive to obtain for a steam-water system on
prototype coolant assemblies operating atlelevated pressures
(400-2000 psia). Therefore, a two-component, two-phase air-
water system operating at low pressure was used to model a
steam-water system with mixing rates being obtained from
trﬁcer analysis. This common bractice of modélling steam-
water systems with air and water yields valuable qualitative
information and in some instances, useful quantitative data
when proper scaling factors are employed.

This work is divided into two parts. In the first part,
turbulent interchanée rates between adjacent flow channels
have been measured for air-water systems at 50 psia in the
absence of diversion crossflow and any forced mixing effects.
The test section was designed to simulate two identical square
array subchannels in a typical BLW fuel bundle with three
different gap spacings: 80, 35 and 15 mils, Single phése air,
single phase water and two-phase air-water turbulent mixing
rates were obtained. Under two-phase flow conditions, mixing
rates of each component were determined simultaneously from
tracer analysis. Void fraction data were also obtained for
fhe geometry with a 35-mil gap spacing.

In the second par£ of this study, the test section was
designed to simulate the subchannel arrahgement formed by rods
'in a square pitch array located next to rods in a triangular

‘pitch array. Mixing rates were obtained for single phase air,



single phase water and two-phase air-water mixtures under
conditions of negligible radial pressure difference between

the two subchannels having a gap spacing of 35 mils.



II. LITERATURE REVIEW

In recent years there has been an increasing interest
in an evaluation of mixing rates in rod bundle geometries.
Figure 2.1, reproduced from Reference (5), vividly demon-

strates the increasing interest in this subject. This interest
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FIGURE 2.1 Single Phase Mixing Publications

js largely motivated by the need in reactor design to
predict, as closely as possible, enthalpy and flow conditions
in the various subchannels of a fuel rod bundle. The mixing

experiments have been performed either in two subchannel



geometries or in rod clusters with essentially two experi-
mental techniques: by injection of tracers (salfs. dyes,
radioactive . fluids etc.) in one of the subchannels at the
jnlet of the test section or by heating one or more of the
channels with electrically heated elements. The mixing

rates are calculated from tracer concentration or temperature
measurement at the exit of ‘the subchannels.

A. Single Phase Mixing

A comprehensive review of single phase mixing experi-
ments and predictive correlations has been given by Rogers
and Todreas (6). Turbulent energy transporf between adjacent
subchannels "i" and "j" expressed in terms of a hypothetical
turbulent mass interchange rate per unit length, Wij, is
re;ated to the heat transfer by transverse'eddy diffusivity

ast
ng (Hy - Hj; ) =D e}{ij (%Hf . (2.1) -
J

This equation is, in fact, the defining equation for the
turbulent mixing rate, W&j.

As an approximation,

Hi- Hj
_c_l_H_‘) ~ _-——-—1_ - J (2.2)
day ij Yij
where Yij i the "effective mixing distance". From
equations (2.1) and (2.2) is obtained:
Ty D b €Hij

Yij



Then equation (2.3) is divided by (Gib) to yield:s

L
Wij _ P el{ij (2.4)
Gy b © TG4 Yij

The dimensionless parameter Wij/(Gi b) is the ratio of
the mixing mass flux to the axial mass flux in one of the
subchannels and by analogy with'turbulent convective heat
transfer is called the mixing Stanton number.'

1. Predictive Mixing Correlations

Several correlations (1,2,7-11) have been proposed

for the prediction of single phase turbulent mixing rates

between adjacent subchannels of a fuel rod bundle. A majority

of the correlations use the now conventional approach that
mixing is governed by the mechanism of eddy diffusion alone
and then use equation (2.3) or (2;4) in the development of
the correlation. Eddy diffusivity data for the core of a
duct is assumed to apply for various shaped subchannels;
and some intefchannel "effective mixing distance"” ié defined.
In prder to account for imperfections in this formulation,
some of the correlations use a corrective mixing factor. A
summary of available predictive correlations is given in
Table 2.1. The detailed descriptions are available in
Reference (6). |

2. Turbulent Mixing Experiments

A summary of the experimental programs (11-19)
concerned with single phase natural turbulent mixing is

given in Table 2,2, Those experiments in which some forced:

-




TABLE 2.1

Turbulent MixigggCorrelations

Investigator
and
Reference

Assumption for €hij

Assumption for Yj j

Bowring (1)

St. Pierre (2)

Moyer (7)

Ingesson (8)

Rapier (9)

" Rosehart and
Rogers (10)

Rowe and
Angle (11)

5 = VE

Correlation from
available single
channel data in the
form of Peclet
number-Reynolds
number plot

Eddy diffusivity in

the central region
of a circular pipe

€ . Re. [f
vV - 20 2
€ - Re_‘/ f
Vv 20 2
corrected by intro-

ducing a mixing
factor

£ . Eeq[

tlm
1]
~
=
[4:]
38

where Sy is a geometr-
ically defined sub-
channel shape factor

One-half the average
equivalent diameter
of the subchannels

‘Centroidal distance

between subchannel
axes

Centroidal distance
between subchannel
axes

Centroidal distance
Effective clearance
gap, larger than
actual, is used

Yij -—l-—
_ . 0(1'
— = Kg (b/d) *J

Equal to clearance
gap




11

stauueyoqng yoztd-asgndusiay g
gTeuueyoqng yojjd-axenbs g

I98I} °hgq 2'6-L2 938N © 4705°0
200811 0Ag €°€-9°1 938N eue’o 3018 axenbg
Je0way oAg 9°C~h'2 838 84°0 (61'01)
Je0ely afg 0E4'1 938N ghe'o 2'1 3073 punoy uozeTIulsg
(BI9TTIF ON)
22t 03 89 80°0 Uo0Y3098-88010 (81)
andur 3wy 0£-S jeTur J938y L7 4#0°0 azenbg 80y J8p UBp
(L1)
8220°0 uaspnuy
(g eugwepoyy) 03 s-s pus
J00813 0AQ 0°'€-8°0 09 J038y 91 1T0°'0 0°'T 9 yigeaqres
1)
00833 .mw T
opTX0 BNOJTN 8-2 L34 951 10 s€'1 A JIUUTHS
Jave1y unyssejog | L5°0-2°0 L0T-8€ ALY wooy | IejEp 81'6 040°0 8.0 T
39081} JUBIIY 0°8-5°0 L2-9'1 0'08 ooy Iy 816 040°0 8L°0 teuusyoqns omy  |(S5T) uortem
01°'0
J90WI3 unysselog 0°€-60 002-02 L4t wooy 93BN H1-4 =-0t0°0
(8I3TTTF ON)
01°0 Jeindue}oal (41)
J908a3 IUBYIOK S1-5°1 0°01-0°1 0'0§ wooy Iy #1-2 ‘o40°0 -asTndueloay jrunagsg
J908I} WNTWRTT o€-4 00€-00% 054 ‘oon Je3upn 09 $80°0 S-S (€1) e13uy
J99813 WNTWRITT 0€E-4 00€-007 054 ‘00% as3u)y 09 020°0 £95°0 TOUUBYIQNS OM], pus amoy
souvyeq Adyeyzue 14~49 PTOD S-S (21)
uotjoefuy JejEA 30H 2'4-6°1 222-€S1 95168 3OH | X938y 8t 10 #°0 9 TuUoIs1 8y
J90%d3 UNiYR g §*2-L°0 MO 0l J038)4 09 820°0
(37 “TouUUByOqNs) of=41 00€-00T 006 ae3uy 09 #80°0 I-S (11) @13uy
anduy 3eay of-4T 00€-00T 006 J938y 09 020°'0 495°0 T2UUBLOqNE OM] PUB amoYy
:noan :noaﬁvu bs-ay)/qt vysd do (UT) ugduet (uy) {ur) uotpdiaoseg A13euwodn
enbyuyoey oy XNT4 88el eangsalg | sanyeladway | pInTg | uotloouued w:wounm Jojowetq Jo0/puv spoy ELUERCR S
7 ~3jug By poy Jo Iequny

sxejewmeIng TejuemiIedxg Jo eduey

sjuomIadxg Juixyy osuyg 9TSujs Jo AJsumng

2°'c Z1aVL




12

.

mixing effects are present (dﬁe to grid spacers, wart type
spacers, axial or circumferential fins etec,) are not
considered here. .

Hetsroni et. al. (12) determined an expression for the

overall effective diffusivity for heat:
€4 = 0.0061 Y Re0:98

for mixing between two square-square array subchannels. This
expression is similar to those suggested by Elder (20) and
Nijsing (21).

Rowe and Angle (11) determined mixing rates between
two adjacent subchannels formed by rods on a square pitch
array located next to rods on a triangular pitch array.
The turbulent mixing rate was determined by comparing the
enthalpy values at the test section exit with the predictions
from a computer code COBRA (22); thus mixing rate data
depended upon the assumptions in the mathematical modei.
Mixing rates, W: were nearly independent of the gap spacing,
(in fact, reducing the gap spacing from 0,084-in to 0,020-in
seemed to increase W?W by a small amount), and nearly
proportional to the hydraulic diameter and mass velocity.

The results were-corre%ated in the form:

i

! — "001
w = 0.0062 G De (Re) . (2.5)
In a subsequent report (13), Rowe and Angle directly

calculated mixing rates in a square-square array from tracer
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analysis. Mixing rates were again found to be nearly
independent of gap spacing and pressure and flow rates
did not significantly affect the fractional mixing rate,
w7w. Fractional mixing rates between square-square
subchannel arraysweresignificantly lower than those obtained
in the square-triangular array So that an additional corre-
lation parameter was required in equation (2.5) to account
for the subchannel shape. Rowe and Angle also suggested that
an additional phenomenon was responsible for the experimentally
observed effect of gap spacing on mixing rates as eddy
diffusion alone could not provide a satisfactory explanation.

Single phase air and water mixfhg experiments were
carried out in two adjacent rectangular-rectangular sub-
channels by Petrunik (14) and in a triangular-triangular
geometry by Walton (15) at the University of Windsor.

Their results were correlated on a Stanton number versus

=0.13, petrunik also

Reynolds number plot as: St X Re
demonstrated that entrance effects at the interconnection
length were negligible after an entrance length of approxi-
mately 15 equivalent diameters.

Skinner et. g;;(lé),who employed a cluster of
six rods and a central tie tube concluded that the air
mixing rates through the gaps could not be explained by
turbulent diffusion alone. The very high mixing rates were

attributed to the existence of secondary flows in the gap

region. For a smooth rod cluster, the mixing Stanton
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number decreased with Reynolds number while for the rough
rod cluster, the converse was found in the range of Reynolds
number investigated (20,000-80,000).

Galbraith and Knudsen (17) determined single phase
(water) mixing rates between adjacent subchannels in a |
simulated rod bundle made by placing six 1-in diameter rods
in a square-square array. Five different gap spacings were
used. Empirical correlations of the type W71L==A ReB,
where A and B are functions of the gap spacing, were proposed.
They concluded that i. the turbulent mixing rate, W: increases
with rod spacing and Reynolds number and ii. the flow
conditions in the immediate vicinity of the rod spacing are
important,especially for the small gap spacing.

No single turbulent mixing model predicts mixing
rates accurately for the range of flow conditions and
geometries normally encountered. Proof that the theoretical
prediction of mixing rates is very.complicated is presented
by the failure of different investigators to agree even
on the question of the effect of gép spacing on the single
phase mixing rates. Mixing is a result of intepsity and
scale of turbulence and of the local temperature and velocity
distribution, esrecially near the gap region. There is
growing evidence now (16,23) to suggest that in addition
to eddy diffusion, éecondary flows have considerable

influence on the mechanism of inter-subchannel mixing.

Advanced turbulence models, such as those suggested by



15

Launder and Spalding (24) are needed to predict the occurence
and effect of these secondary flows on convective transport.

B. Two-Phase Mixing

Rogers and Todreas (6), in their summary paper on singie
phase mixing, also reviewed some of the two-phase mixing
data. In a following paper, Lahey and Schraub (25) examined
and summarized available data on two-phase mixing, void
fraction and flow regimes in rod bundle geometries. Two-
phase mixing data have been obtained in two subchannel
geometries using air-water flows (5,14,15,26,27) or boiling
steam-water systems (11,13). Mixing rates have also been
measured for steam-water (28,29), boiling freon (30) and
air-water (31) flows in multirod bundles. Some of these
investigations measured the diversion crossflow component
of mixing only (5,27), others considered only turbulent
mixing (13-15,26) while still others studied the combined
effect of the two modes of mixing (11,28-30).

Rowe and Angle (11), from their mixing measurements
with square-triangular array subchannels, concluded that
mixing is a strong function of subchannel quality, peaking
at qualities just before the slug-annular transition. Mixing
during boiling improved by about a factor of two for the
0,084-in gap but there was no significant improvement for
the 0.020-in spacing. However, the values of turbulent
mixing parameter, /3 , were calculated using the computer code

COBRA (22) and therefore, depended on the assumptions of
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the mathematical model, The dependence of turbulent mixing
on the subchannel quality was confirmed by their tests on
a square-square geometry (13). Mixing quality equalled
subchannel quality and mixing increased noticeably with -
increased gap spacing.

The effect of flow regime on mixing was also obse:ved
by Spigt et. al. (27), Van der Ros (5), Petrunik (14) .and
Rudzinski (26) in two subchannel air-water tests.

Van der Ros (5) determined diversion crossflow rates
in a two channel geometry using air-water at low pressure.
The measurements covered the bubble flow regime only.

Gas mixing occured through diffusion mechanism whereas the
exchange of liquid resulted from the balancing of the axial
pressure gradients in the two interacting channels. Liquid
crossflow was superimposed on the gas diffusion without
Interference although the direction of exchange was often
opposite. The gas diffusion rate between the two subchannels
increased with gap spacing.

Casterline et. zl. (28),who eﬁployed a sixteen rod
square array, postulated a non-homogeneous diversion of flow
and/or different rates of turbulent traﬁsport in the gas
and liquid phases.

Bowring (30),who used a 7-rod cluster concluded that
mixing rates for a bbiling freon system were less than the
single phase values when averaged over the entire channel

length. Also the average interchannel mixing rates were
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independent of quality and the mixing parameter, G7G. was
inversely proportibnal to mass flux.

With the possible exception of Rowe and Angle's
and Van der Ros's data, no systemetic investigation is -
available in literature to jndicate the effect of gap
spacing on the turbulent mixing rates over the whole range
of system parametefs. Lahey and Schraub (25) pointed out
that in order to better understand the mixing phenomena,
more work is needed in the following areas:!

1. The correct effect of gap spacing on single and
two-phase turbalent energy exchange, '

2., The effect of subchannel geometry on turbulent
mixing, \

3, The extent of mass transfer associated with two-
phase turbulent energy transfer and

ik, The precise nature of the flow regime enhancement
of turbulent mixing.

The purpose of the pfesent investigation was to

expand our knowledge of the fundamentals of mixing

mechanism in single and two-phase flowing mixtures;

especially the effect of gap spacing and geometry on turbulent

mixing rates.




III. EXPERIMENTAL EQUIPMENT AND PROCEDURE

A. Air-Water Test Loop

The air-water test loop and associated eguipment used
in this study were located in the Chemical Engineering
Research Laboratories of the University of Windsor. The test
rig consisted essentially of a high pressure (95 psig) air
source, a centrifugal pump for water supply, a bank of rota-
meters to cover the whole range of air and water flow rates,
two small rotameters to measure tracer flow rates, two air-
water separators and a number of bressure and temperature
measuring devices. The loop is shown schematically in Figure
3.1,

Compressed air at 95 psig pressure was filtered, passed
through a pressure regulating valve (PRV) and a 1/2-in
flexible hose before being split into two parts. Each part
was then fed to a matched pair of rotameters for flow measure-
ment. Water was similarly supplied through a Goulds (Model
3775) centrifugal pump with a capacity of 125 IGPM at a head
of 130 psia.

In order to achieve natural flow split conditions, two
valves were installed in parallel in each of the exit lines
from the test section to permit fine and coarse control of

the downstream resistances in the two flow channels. The

18
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two-phase air-water mixture from the exit of the subchannels
was passed through air-water separators made of plexiglas,
each with a capacity of 125 1b/hr of air and 390 1lb/hr of
water. Air samples were fed directly from each separator to
an on~line gas chromatograph for analysis and the remaining
air was discharged to the atmosphere. A representative water
sample was collected for later analysis. All effluent from
the separators was dumped in order to avoid contamination.

For the square-triangular array test section, air from
each of the separators was passed through a large oil drum
(which acted as a capacitor to dampen fluc?uations) before
being fed to a rotameter of appropriate caﬁacity for flow
measurement. Flow rates of water from the cyclone-separators
were determined by direct weighing technique,

The air and water tracers (methane and potassium nitrate
solution respectively) were introduced in the flow streams
. as shown in Figure 3.1. |

B, Test Section Assemblies

1. Material of Construction

In the previous mixing experiments of this series
(14,15), acrylic was used as the material of construction of
the test sections, While this allowed visual identification
of the flow regimes, the test section often developed cracks
and leaks during operation. It was decided, therefore, to
machine this test section out of free cutting brass. The

advantages of using this metal were its excellent machina-
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bility, good mechanical and corrosion resistant propérties
and its suitability for joining by soft soldering. The
disadvantages were its weight and the consequent difficulty
in handling. The whole test section assembly was flash
plated with nickel to prevent corrosion by the potassium
nitrate solution which was used as the water tracer,

2. Test Section Dimensions

a. Square-Square Array Subchannel Arrangement

A square channel, 0.86-in x 0.86-in in cross-
section was milled out of a brass bar. Fillers (quarter rods)
were machined out of brass bars of 1/2-in cr9ss-section.

The rods were mounted in the square channels to form a
simulated square-square subchannel array of a typical fuél
bundle. The milling machine in the Central Machine Shop at
the University of Windsor could handle a maximum length of
four feet only. Three such lengths formed the test section,
giving a total lehgth of approxiﬁately 12 feet. One entrance
section, about 4-in long, provided a transition from the loop
riping to the subchannei cross-sectional flow area. Another
jdentical transitional piece was constructed as the exit
section. Flow development was allowed over 150 equivalent
diameters in the’sepapated region. The three machined lengths
and two transition secﬁions were joined together using brass
flanges. "LocTite Plaétic Casket" was used as the sealant

‘between the flanges.

A 6-mil thick, 13-feet long stainless steel
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strip was used to physically separate the two sﬁbchannels,
except in the mixing region. A 86-mil cut was made in the
middle of the stainless steel strip for a total length of
8 feet, This formed the interconnection length where the
mixing between the two subchannels was allowed to take place.
'In order to allow variations in the gap width,
rods of various diameters were used. Only the rods near the
gap were changed. A cross-sectional view of the test section
is given in Figure 3.2. The machine tolerances in the test
section dimensions, rod diameters etc. were * 0,003-in., A
summary of the relevant test section parameters is given in
Table 3.1. The average gap width reported along the inter-
connection length was always within % 0,002-in of the actual
measured values,

b. Square-Triangular Array Subchannel Arrangement

A procedure similar to the one described
previously was followed for the construction of the square-
triangular subchannel arrangement. One half of the square
pitch array test section with 35-mil gap was used for this
arrangement, For the triangular pitch array half, the flow
area was machined from two solid brass bars as shown in

Figure 3.2,

3. Pressure Taps
' A total of 19 pressure taps were drilled along
each of the two subchannels to measure the axial pressure

drop and radial pressure differential between the two
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TABLE 3.1

Details of Test Section Dimensions

Square-Square Array Geometry

Gap Width, in

Rod Diameter, 1in
Hydraulic Diameter, De, ft
Cross-sectional Area, sq ft
Wetted Perimeter, £t
Pitch/Diameter

Gap/Diameter

Interconnection Length, L, ft

Length/Hydraulic Diameter,L/Dg

Square-Triangular Array Geometry

Hydraulic Diameter, ft
Cross-sectional Area, sq ft
Gap Width, in

Rod Diameter, in
Pitch/Diaﬁeter

Gap/Diameter

Interconnection Length, ft

2L

0.015 0.035 0.080
0.84 0.82 0.78
0.0272 0.0287 0.0315
0.00155 0.00164 0.00182
0.231 0.229 0.228
.1.,0178 1.0426 1,102
0.0178 0.0427 0.103
5.0 5.0 5.0
184, (175. 159.
Geometrical Array
Square Triangular
0.0287 0.0134
0.00164 0,00039
0.035
0.82
1.043
0.0427
5.0
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éubchannels at the same axial position. The burrs from the
inside of the 1/16-in diameter static pressure taps were
carefully removed to avoid an& errors in the pressure
measurement, The location of the pressure taps is shown
in Figure 3.3.

L, Observation Window

In order to facilitate viewing of the flows in
the test section for identification of the flow regimes, an
observation window (2-in x 0.080~in), made of plexiglass was
installed near the exit of the test section. Two high
intensity (300-ma, 2.5 volts) Welch Allyn No. 2 miniature
bulbs were used for illumination of the test section,

C. Measurement of Experimental Variables

1. Operating Pressure

The pressure at the middle of the interconnection
length was measured with a 0-125 psig Heise pressure gauge
graduated in Q.5 psi increments. This pressure gauge and
all those used for recording exit pressures at the air rota-
meters were calibrated against a standard dead weight tester
and the corrections applied where necessary.

2, Differential Pressure

The differential pressure between subchannels was

" one of the more important experimental parameters of interest
in this investigation. A precise measurement of radial
pressure difference between the two subchannels at exactly
the same axial position was essential to insure natural flow

split conditions and to minimize any diversion cross flow
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effects. : ‘ . é
Each preséure tap line, made from 1/4-in poly- |
ethylene tubing was horizontal before entering a small plexi
glass accumulator of 1-in diameter by 3-in long. The poly~ E
ethylene line from the top of the accumulator was connected, !
through a large capacitor of h-in diameter by 6-in long, to
the differential préssure measuring device. This was done in
order to keep the manometer lines free of any water droplets
for two-phase flow runs, to prevent accidental flooding of
the manometer and to dampen the pressure oscillations., The
arrangement is shown schematically in the following sketch.

. o To

i Manometer

——

A variety of pressure measuring devices were used,
depending on the range of differential pressure to be
measured and the accuracy desired.

a, Radial Pressure Differential

The radial pressure differential for all
single phase air and two-phase air-water runs was measured
with Meriam inclined manometers, graduated in hundreths of -

an inch. All the two-phase runs with gap spacings of 35
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and 15 mils were taken using damped differential pressure

transducers (ITT Eﬁrton. Model 300), with a range of + 0-10
inches of water and graduated to one-tenth of an inch. A

CP51 pressure transducer with a range of + 2.5 psid was uéed
to measure radial pressure fluctuations at the centre of the
interconnection length. Unfortunately, a mechanical failure
occured in the traﬁsducer before a majority of the data were

obtained.

b. Axial Pressure Differential

The axial pressure drop for the single phase
air mixing runs was measured using a 60-in vertical Meriam
manometer. Part of the data was taken with the differential
pressure transducer mentioned previously. When the pressure
drop was very low, an inclined ménometer was used. For the
two-phase flow runs, the pressure drop was measured by using
either a 60-in vertical mercury manometer or a differential
pressure transducer (ITT Barton, Model 300) with a range of
0-300 inches of water.

3. Flow Measurement

Air and water flow rates were controlled manually
over the whole range using calibrated rotametérs of suitable
range. The air rotameters were calibrated at 50 psia and
800F and temperatureland pressure corrections were applied
when necessary. The air rotameters were factory calibrated
and guaranteed to be accurate within #1% of full scale.

Calibration curves for a few of the rotameters were checked '
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against a specially constructed gasometer in the laboratory
and found to be within the accuracy limits indicated. All
the water rotameters were calibrated in situ by the direct
weighing technique.

4, Temperature Measurement

The temperature of air and water streams was
measured byvusing direct reading bimetallic tﬁermometers
(range 20-1200F) in the flow lines immediately before the
rotameters. The exit air temperature of the two-phase
mixture was measured by using mercury thermometérs suspended
in the air-water separators. |

5, Tracer Concentration

The analysis for methane tracer concentration in
the exit air streams from both subchannels was made using an
on-line Varian gas chromatograph, Model 1800 with Porapak Q
column and a hydrogen flame detector. The instrument was
calibrated daily and analyses were reproducible to within +1%.
Potassium nitrate solutions werelanalyzed using a Jarrel Ash
atomic absorption analyzer with a hollow cathode potassium
lamp. The instrument was calibrated p. ior to each set of
analysis with standard solutions. Analyses were reproducible
to within +2%,

6, Void Fraction

The volumetric fraction or "in situ" air hold up
for the square-square geometry with a 35-mil gap spacing was

measured employing the quick closing valve technique.
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D. Range of Experimental Parameters

1. Square-Square Array Subchannel Arrangement

All the single phase air and two-phase air-water
mixing runs were taken with a pressure of 50 ﬁéia maintained
at the middle of the interconnection length. The maximum
flow rates achieved were normally limited by the allowable
axial pressure drop. A summary of experimental data is given

in Table 3.2,

TABLE 3.2

Summary of Experimental Data

Square-Square Array Geometry

Gap Spacing Number of Runs
mils Single Phase Single Pnase Iwo-Phase
Air Water Air-Water
80 19 23 26
35 24 18 | 62
15 29 23 26

For all runs, the interconnection length was 5 feet. .
The range of experimental parameters is shown in Table 3. 3.
In addition to the two-phase air-water runs shown in Table 3.3,
mixing data were taken over an extended quality range at a
mass flux of 0.1, 0.5 and 0.8 x 10% 1b/(nr.sq £1). Out of all

these runs, air mixing data could not be obtained at a mass



Range of Experimental Parameters

TABLE 3.3

Square-Square Array Geometry

Sing}e Phase Air

Air Flow Rate, 1lb/hr
Mass Flux, 1b/(hr.sq ft)
Reynolds number

Temperature, OF

Single Phase Water

Water Flow Rate, 1lb/hr
Mass Flux, 1b/(hr.sq ft)
Reynolds number

Temperature, OF

' Two~Phase Air-Water

Quality

Mass Flux, 1b/(hr.sq ft)
Air Flow Rate, 1lb/hr
Water Flow Rate, 1b/hr

Temperature, OF

31

4100 -

2000
71

200
110,000
1,300
51

0.2
0.3
16
10
55

97
53,000
38,000
86

1,500
835,000
9,900
60

0.8

1.0 x 105
100

225

81

===
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" fiux of 0.5 and 0.8 x 106 1b/(hr.sq ft) because either the

air mixing rates were too low or the gas chromatograph was

malfunctioning during this phase of the investigation.

2. Square-Triangular Array Subchannel Arrangement
All the single phase air and two-phase air-water
data were taken with a pressure of 50 psia maintained at
+he middle of the subchannel interconnection length. The
jnterconnection length was 5 feet'and the gap spacing 35 mils.
A summary of the number of experimental runs is given in

Table 3.4,

TABLE 3.4. .

Number of Experimental Runs

Square-Triangular Array Geometry

Single Phase Air - 23
Single Phase Water 25
Two-Phase Air-Water 29

The range of experimental parameters is shown
in Table 3.5.

E. Experimental Procedure

1., Method of Tracer Injection

The methane tracer used for determination of gas
phase mixing was injected directly from a Research Grade

methane cylinder. The tracer flow rate could be regulated

to obtain concentration values within the range of the gas



Range of Experimental Parameters

TABLE 3.5

Square-Triangular Array Geometry

Single Phase Air

Air Flow Rate, 1lb/hr
Mass Flux, 1b/(hr.sq ft)

Reynolds Number

Single Phase Water

Water Flow Rate, lb/hr
Mass Flux, 1b/(hr.sq ft)

Reynolds Number

Two-Phase Air-Water

Quality

Mass Flux, 1b/(hr.sq ft)
Air Flow Rate, lb/hr
Water Flow Rate, lb/hr

Geometrical Array

Square
8.4 - 75
5100 - 46,000
3300, - 30,000
210 - 1500

128400 - 910,000
1370 - 8700

0.025 - 0.11
57,000 - 200,000

8.0 - 37.3
300 .~ 328

Overall Average Mass Flux,

1b/(hr.sq ft)

0.18 x 10

33

Triangular

1-25 - 1112
3200 - 29,000
1000 - 8700

28 - 200
71,000 - 510,000
350 -~ 2250

0.04 - 0,41
51,000 - 150,000
2.1 - 9.7
12 - 58
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chromatograph. The water phase tracer.(a dilute solution of
potassium nitrate) was stored in a reservoir and injected
into tﬁe system under pressure. To insure thorough mixing
of the tracers with the flow streams, both the tracers were
injected upstream of the rotameters aé shown in Figure 3.1.

The effect of tracer concentration on the mixing
rates was investigated by injecting various amounts of tracer
(typical values were 75-400 p.p.m.) and calculating the mixing
rates. It was found that the ratio of the tracer concentra-
tions at the exit of the two subchannels was independent of
the amount of tracer injected in one channel or the other.

In order to insure thatdiversion crossflows were
negligible, since this study was concerned with determination
of oscillating turbulent mixing rates, tracers were injected
alternately in each channel., If the turbulent mixing rates
calculated for right and left subchannel injection were
within 10% of each other and there was no consistent preferen-
tial mixing direction, diversion crossflows were assumed to
be negligible.

2. Square-Square Array Mixing Runs

For all single phase air, single phase water and
two-phase air-water mixing runs, each subchannel carried
jdentical flow rates of air and/or water. The flow control
valves for both subchannels were adjusted to obtain the
following conditions: i. identical flow rates of air and/or
water in the two subchannels ii. zero radial pressure diff-
erence (time-average) along the interconnection length and

iii, 50 psia pressure at the mid point of the mixing length.
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For the single phase air mixing runs, subchannels
were balanced to within one-hundreth of an inch of water.
For the two phase runs, it was usually possible to balance
the subchannels to within ih/lo-in of water. For single
phase water runs, radial pressure differential measurements
were not attempted. Instead, rotameters were used to measure
the exit flow rates from both subchannels and the manual
valves were adjusted to give equal flow rates.

3. Square-Triangular Array Mixing Runs

For all single phase air mixing runs the flow split
of the fluid between the two subchannels was adjusted to get
zero radial pressure difference (time-average) along the
interconnection length. The pressure at the mid point of
the interconnection length was maintained at 50 psia., For
single phase water mixing runs, no radial pressure measure-
ments were attempted. Instead theoretical flow split cal-
culations were made to obtain flows in each subchannel so as
to give equal axial pressure gradients. Rotameters were
used to measure the exit flow rates for both subchannels,
Tracers were injected alternately in each channel to insure
that diversion crossflows were negligible.

For the two-phase mixing runs, the flow rates of
air and water both into and out of the subchannels were adjus-
ted to achieve the conditions of zero radial pressure differ-
ence along the interconnection length and 50 psia pressure
at the mid point of the mixing length, One set of flow rates

was selected for the square channel and then various
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combinations of mass flux and quality were jntroduced in the
triangular channel so as to achieve the condition of equal

axial pressure 4drop in both subchannels. Flow rates of air
and water from the exit of each subchannel were measured by-

using rotameters and the direct weighing technique respectively.




IV, RESULTS AND DISCUSSION
SINGLE PHASE MIXING

All the turbulent mixing data illustrated here graphi-
cally are tabulated in Appendix IV.1 or in Reference (15).
The mixing rates were calculated from tracer concentrations

using the expressions

’ wl W2 1n [ (wl/wT) - Cle ] (l.l. 1)

wo= -
Wp L Wi/Wp
<
where C1, is the fraction of the total tracer at the exit of

the originally untraced subchannel, For the special case
of the square-square geometry (Wq = Wp = W), this expression

reduces toi

% W
- -2¢C .

These equations are derived in Appendix 1IV.Z2,

A, Square-Square Geometry Mixing Results

The variation of single phase air and water mixing rates
with Reynolds number and the interconnection gap spacing was
investigated.

The water and air mixing rates for all the three gap
widths are plotted as a function of Reynolds number in
Figure ﬁ.l. Over the range of Reynolds number and gap spac-
ings studied, there was no difference betweeh air and water

mixing rates within the scatter of data except for the 0.015-in

37
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gap at Reynolds number less than about 7000, Here water
mixing rates were lower than those for air which suggested
a difference in the mechanism of mixing at this small gap
spacing.

The Schmidt number for methane in air is approximately
unity and for potassium ions in water is approximately
1000 (14). Therefore, if diffusion is important, the mixing
rates for water would be lower than those obtained for air.
For this reason, molecular diffusion was negligible compared
to eddy diffusion for the 0.035-in and 0.080-in gap spacings.
However, for the 0,015-in gap spacing, i? appears that there
is an appreciablé area near the gap wheré laminar flow exists
so that mixing takes place by a combination of laminar and
turbulent diffusion. For this reason, water mixing rates
are expected to be less than the air mixing rates in the low
Reynolds number range. Galbraith et. al. (17) discussed this
phenomena in terms of a laminar sublayer'which constituted
a barrier to the penetration of turbulent eddies from one
subchannel to the other.

The thickness of the laminar sublayer in the gap.(s,

was calculated by using the relation (32):
yt o= ———Dde Re V£/2 (4.3)

where the laminar layer extends to a value of y*t = 5, This
relation yields a very approximate value of the laminar layer

thickness as it applies for fully developed pipe flow.
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It was found that for the 0,015-in gap geometry, the fraction
of the gap spacing filled with the laminar layer varied from
0.96 to 0.33 over the Reynolds number range of 3000-10,000.
This figure varied from 0,21 to 0.07 for the 0.080-in gap
geometry; thus emphasizing the importance of molecular
diffusion at lower gap spacings.

The Reynolds number dependency of the mixing barameter,
d?b, is shown in Figure 4.2 for both single phase air and
single phase water runs., This mixing parameter is essentially
a mixing Stanton number by analogy with turbulent convective
heat transfer and is based upon the miniqum interconnection
area of the two subchannels., The variation of Stanton number
with Reynolds number depended strongly on the interconnection
gap spacing. Over the range of Reynolds number studied, the
mixing Stanton number decreased with Reynolds number for the
0.080-in gap spacing; increased with Reynolds number up toa
value of about 20,000 for the 0,035-in gap and then tended
to decrease. However, the Stanton number for the 0.015-in gap
spacipg increased continuously over the range of Reynolds
number investigated.

One hypothesis for this variation of Stanton number with
Reynolds number for different gap spacings is the influence
of secondary flows on turbulent mixing rates. In a non-
circular duct, the generation of secondary flows is expected (33)
for ?urbulent flow conditions., Secondary flows arise from

a variation in the shear stress around the periphery of a
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non-circular duct (34), Gessner and. Jones (35) stated that
secondary flow is the result of a complex interaction
between the Reynolds stresses in planes normal to the axial
flow direction and transverse static pressure gradients.
From actual measurements, it was found that the largest
turbulent stress variations along the streamline exist in
the immediate vicinity of the corner where secondary flow
is a maximum,

The magnitude of these secondary flows in simple
rectangular or squafe geometries is typically in the range
of 1 to 2% of the axial velocity (35)., Lyall (36) measured
secondary flows in two interconnected sduare subchannels
and found their magnitude near the gap region to be as
great as 3.5% of the local primary velocities., Secondary
flow aids in convecting the main flow momentum and energy
towards the wall in some regions and away from the wall in
others., Ying (24) has shown that secondary flows have an
appreciable influence on the overall Stanton number and
friction coefficients; his predictions for these quantities
were some 20% higher than those obtained when the secondary
motions are set to zero. Skinner et. al. (16) concluded
from their mixing studies on adjacent subchannels that the
high rate of transfer of heat or mass through the gaps
between the rods is due to secondary flow.

From measurements of Gessner and Jones (35), Lyall (36)
and Hoagland (37), it is known that the magnitude of sec-

ondary flow, expressed as a percentage of the primary flow,
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reduces with increasing Reynolds number. This is expected
as the distribution of the wall shear stress tends towards
greater uniformity with increasing Reynolds mumber (35).

At very high Reynolds number, the strength of secondary
flows should approach zero as the shear stress distribution
becomes uniform. Brundrett and Baines (38) have shown that
secondary currents may penetrate further into the corners

as the Reynolds number increases. The wall shear measure-
ment of Leutheusser (39) also indicated an increasing corner
penetration as the Reynolds number increased.

Deissler and Taylor (40) calculated shear stress
distributions around the dividing rod surface for square
and triangular arrays at various pitch to diameter ratios.
The maximum variation of peripheral stress was predicted
for the lowest pitch to diameter ratios.and for the square
as compared to the triangular array.

From the preceeding, the generation and penetration
of secondary flows into the gap region of a subchannel
array are expected to be a function of Reynolds number,
piteh to rod diameter ratio and subchannel type (i.e.y
square or triangular).

The largest variation in the shear stress over
the.rod periphery is experienced with the smallest pitch
to diameter ratio. One would then expect to generate the
strongest secondary currents under these conditions. But
in order for secondary flows to enhance the mixing rate

between the two subchannels, they must reach the gap region.
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The damping effect of the walls on the turbulent fluctuations
would be a maximum for the smallest pitch to diameter ratio.
Secondary flows can not penetrate into the gap region at low
Reynolds number for the 0.015- and 0.035-in gap geometries
hence the lower Stanton numbér compared to that for the 0.080-in
gap although one would expect the strongest secondary flows

with the 0.015- and 0.035-in gap spacings. For very high flows
when fully developed turbulence is reached, the secondary flows
penetrate the gap region completely and the smallest pitch to
diameter ratio produces the highest Stanton number. For increas-
ing Reynolds number, the magnitude of secondary flow and

hence the Stanton number would decrease for all gap geometries.

B. Square-Triangular Geometry Mixing Results

For the square-triangular geometry, the variation of
single-phase air and water mixing rates with Reynolds number
for a fixed gap spacing of 0.035-in was investigated. The
" mixing rates are plotted as a function of average Reynolds
number® in Figure 4.3. Over the range of Reynolds number
studied, mixing rates, in general, increased with Reynolds
number. The water mixing rates were lower than the air mixing
rates and the difference between them decreased with increas-
ing Reynolds number. At a Reynolds number of over 5000, the

air and water mixing rates were nearly identical. This indicates

* The average Reynolds number has been defined as:

Reyy = (Rey + Rep)/2
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that, for reasons discussed previously, molecular d1ffusion
was important at the low Reynolds number investigated. The
mixing at these Reynolds numbers apparently took place by a
combination of molecular and eddy diffusion.

The fractional mixing rates for both single-phase air and
water are plotted as a function of subchannel Reynolds number
in Figure 4.4, On the same plot are shown Walton's (15) data
for a triangular-triangular geometry with a 0.040~-in gap and
the square-square geometry data for a 0.035-in gap spacing.
This figure demonstirated that the mixing rates are influenced
by the subchannel geometry for the same nominal gap spacing
and pitch to diameter ratio. The fractional mixing rates
decreased in the following order: triangular-triangular, tri-
angular-square and square-square geometries.,

C. Comparison with other Investigations

Mixing rate data for rod bundle arrays are difficult to
.compare directly with that for two "clean" subchannels since
ecrossflow or spacer flow scattering effects influence rod bundle
mixing rates. Consequently mixing in rod bundles has béen found
to be appreciably higher (2 to 3 times) than mixing in "clean”
two-subchannel geometries (10). There is ample evidence
available now indicating that mixing is also a function of the
subchannel shape; so that a comparison is made only with the
geometries similar to the ones used in this work.

Results of the mixing experiments obtained with the square-
square geometry are compared with Rowe and Angle's (13) data

in Figure 4.5. At high Reynolds number, the Stanton number



L7

Jequiny sproufay
TouuByOqNg UJTM S91ey JFUTXT| TBUOTLOBIJ 9SBUJ-O9TBUTS JO UOTLIBIIE)

' UNDTA
HIGANN SQTIONAIY 3OVYHIAVY
ol 8 9
g 14 e nz 8 9 14 e mh_ 8
T 1 1 1 T Y T T [r 1 1 1 T | T T _ L IRLI | 4
L -19
= - -
L o -8
BE
v
v
_ 42
v v
= 50 -
0-0
- V-0 i
v-O
I V-V 7
s v-v 0/.|m
I AYL3IN0I9 i

it 1 1 ] | __—____ 1 1 —.-Q

e

M /M ‘31VH ONIXIN TYNOILOVNH



(Layowoen saenbg-aaenbg) aequny
sproufey TeuueyoqNg Y3 Ts JOQUNN UOIUELS SUTIXT)] JO UOTIBTJBA §'# FYNHIJ

w0
=
HIGNNN STTONAZY TINNVHOENS
12 2 POl 8 9 b 2 o8 9 b 2 Qo8 9 b
T T T _ T T T T 7 T T [TTr 1 11 T T _ T T T 7 %_
| 12
- | ]
-~ T Taf =B~ 14
L Gl-1=prd -9
- 1
— —ol
~" c
. I/ | ]
i 42
u . 4
" -0
K p/d = J3lWDIP POY/Ydlid Je
B (£T) 379NV ONV 3MOY = —1°
] 1 [l _ L1 1 1 ] | ] _ | I B | 1 1 1 _ | I A |

H38ANN NOLNVLS ONIXIN



k9

decreased as the pitch to diameter ratio is increased. Rowe
and Angle's data and results obtained here at the same pitch
to diameter ratio (1.04) can be correlated with a smooth
continuous curve. A consistent trend is obtained for all of
the data which is promising for a mixing correlation. However,
more data are required at high Reynolds number and various
pitch to diameter ratios to obtain a reliable correlation.

A test section (Figure 4.6) very similar to the one used

nere was employed by Galbraith and Knudsen (17). Single phase

| IS N SRS

FIGURE 4.6 Cross-sectional View of Test Section
used by Galbraith and Knudsen (17)

water Stanton number jncreased with Reynolds number for all

gap spacings. However, the authors used the mean tracer concen-
tration in one-half of the test section to calculate mixing
rates between the square subchannels 7 and 8. This gave mixing
rates which are believed to be lower than the actual mixihg
rates. An analysis of their data indicated that use of these
mean concentrations for short interconnection lengths (16-in)
could result in appreciable errors in mixing rates. Errors
would approach a maximum magnitude qf 75% at the lowest

gap spacings and low Reynolds number. For this reason,
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Galbraith and Knudsen's mixing data are not represeﬂfed on this
plot.

The fractional mixing rates, W?(W1 + W2), are compared
with Rowe and Angle's data for square-triangular (11) and
square-square (13) geometries in Figure 4,7. Rowe and Angle's
data show trends which are consistent with results obtained
hefe: the mixing rates for the square-triangular geometry
are higher than the ones for square-square geometry. However,
no satisfactory explanation can be construed at the present
moment for the difference between the results of two sets of
data or for the fact that Rowe and Angle's mixing rates are
apparently independent of gap spacing.

This result is also in agreement with predictions ffom
Rosehart and Roger's (10) correlation which implied that the
effective mixing distances increased in the order triangular-
triangular, triangular-square and square-square. Rowe and
Angle (13) postulated that tracer (or temperature) gradients
within the subchannels can affect the mixing results and this
can account for the different mixing results in various

shaped subchannels.

D. Comparision of Experimental Results with Predictions from
Analytical Models

Of the various ﬁo@els proposed for determination of turbu-
lent mixing rates betwéen adjacent subchannels, Bowring's
’(1) and Rowe and Angle's (23) were selected for comparison
- since they are used wideiy. A brief description of these models

is given in Appendix 1IV.3.
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The single phase a2ir mixing results were pompared with
predictions from these models for both square-square geometry
with a 0.080-in gap (Figure 4.8) and square-triangular geometry
with a 0.035-in gap (Figure 4,9), The water mixing results
for the square-triangular geometry were not included in the
comparison because of an apparently strong influence of
molecular diffusion on experimental mixing rates. Bowring's
model accurately predicted the mixing data when Fp, a mixing
factor, equalled 3 for the square-sqﬁare geometry and 8 for
the square-triangular geometry. These values of Fp are in
approximate agreement with the values suggested by Bowring (6)
for "clean" systems. Rowe's correlation pfedicted the
mixing rates to within -25% for square-square geometry and
to within +40% for the square-triangular geometry. It
should be noted that neither of these models predicts the
mixing trends observed for the 0.035- and 0.015-in gap square-
square geometry; apparently becausé of the failure of these
models to take into account the effect of Secondary flows on
mixing rates at low Reynolds number.

General correlations for the prediction of mixing rates
cannot be developed until detailed information on the mechanism
of mixing including the structure of turbulence in the gap
(scale of turbulence, turbulence intensity, velocity profile
etc.) is acquired. The effect of secondary flows on the mixing
rates, especially at low Reynolds numbers,. should be incor-

porated into these models.
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V. RESULTS AND DISCUSSION
TWO-PHASE MIXING

A, Sguare-Square Geometry Mixing Results

All the turbulent mixing data illustrated here graphi-
cally are tabulated in Appendix V.1 or in References (15,26).
The mixing rates were calculated from tracer concentrations

using the expression:

’ W )

where C1, is the fraction of the total tr%cer at the exit of
the originally untraced subchannel. This equation is derived
in Appendix IV.2, Turbulent mixing rates were measured for

a range of subchannel mass flux, quality and three inter-
connection gap spacings,

An error analysis of the results is given in Appendix V.2.

1. Variation of Mixing with Subchannel Mass Flux
and Quality

Data over an extended quality range were acquired
for the square-square geometry with a 35-mil gap spacing. The
variation of air and water turbulent mixing rates with quality
is illustrated in Figure 5.1 for two representative mass
fluxes. Shown on the same figure are Rudzinski's (26) data
which were obtained using a triangular subchannel array with
a 40-mil gap spacing. Air and water mixing rate maxima,

which occur at different qualities, are of major interest.
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The maxima occur in the slug flow regime as indicated by the
approximate locations of the bubble-slug and slug-annular flow
transition lines. -

In the bubble flow regime and through the bubble-
slug transition, which was defined arbitrarily as the quality
where the air volumetric fraction equalled 10%. the water
interchange rates remained essentially constant at a value
greater than the single phase water mixing rates (15) measured
at the same total mass flux., However, the air mixing rates
decreased to such a low level that accurate tracer measure-
ments were not possible. A marked increase in both air and
water mixing rates occured when the subch;nnel qualities excee-~
ded 0,04%, At a quality of 0.7%, the water mixing rates
reached a maximum, The maximum air mixing rates occured at a
quality of 6% at flow conditions near the slug-annular transi-
tion according to the Griffith and Haberstroh criterion (41).
Similar observations were reported by Rowe and Angle (11,13)
who, in a parallel study, employed.a steam-water system at
pressures of 400, 750 and 900 psia,

In order to investigate a possible correlation
between the mixing rates and the magnitude of the radial press-
ure oscillations, a pressure transducer was mounted at the
mid-point of the subchannel interconnection length for the
0.035-in gap spacing. Mixing rates increased with increasing
pressure oscillations., The magnitude of the radial pressure
difference in the annular flow regime and near the slug-
annular flow regime transition was approximately 0.15-0.25

psid peak-to-peak. This is in close agreement with the



58

values reported by Rudzinski et. al. Shz) for mixing tests
in a triangular array test section.

The mixing data was correlated using +the parame-
ter, G?G, which is a mixing Stanton number by analogy with
turbulent convective heat transfer:; and is based upon the
minimum interconnection area of the two subchannels., Figures
5.2 and 5.3 show that the mixing parameter effectively corre-
lated the data for both square and triangular (26) array
geometries as a function of mass flux and quality though
admittedly over a limited parameter range. Note that the
liquid mixing parameter for a mass flux of 1 x 105 1b/(hr.sq ft)
in Figure 5.2 is drawn with a segmentary line between quali=-
ties of 10~3 and 0.06 as there was essentially complete mixing
within the subchannel length for this quality range, For
this reason, the shape of the Gi/Gl curve does not give a true
indication of the variation of mixing rates with quality, As
before peak mixing rates were measured in the slug flow regime,
where the observed slug-annular transitions for the triangular

subchannel array geometry were defined by Walton (15) as

. %
Jg

4.5+ 0.6 j1 .

For increased mass flux, there was a decrease in the
mixing parameters and the quality region over which higher
mixing rates were observed. This is consistent with data of
Rowe and Angle (13) as shown in Figure 5.4 and observations
that the slug-annular flow regime transition occurs at lower
qualities for increased mass flux, The liquid mixing para-

meter under two-phase flow conditions was greater than the
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single phase Stanton number measured at the same total mass
fiux except for the high quality annular flow regime. Air
mixing parameters were only greater than those for single phase
flow in the slug and slug-annular flow regimes.

The air and water mixing parameters for the high
quality annular flow regime range are plotted for three gap
spacings as a function of subchannel quality in Figures 5.5
and 5.6 and as a function of subchannel mass flux in Figures
5.7 and 5.8, The regions of slug flow, slug-annular flow
and annular flow, based on Steen-Wallis's criterion (43), are
indicated on the figures. The mixing parameters over this
quality range decreased exponentially with increasing quality
and mass flux. The mixing increased as the slug-annular
transition was approached. These trends are consistent with
the data over the extended quality range reported previously.

2., Effect of Gap Spacing on Mixing Rates

One of the primary objectives of this study was the
fundamental investigation of +the effect of interconnection
gap spacing on the two-phase turbulent mixing rates. The gap
spacing was varied by more than a factor of 5 from 0,015-in
to 0,080-in with only a 16% change in the subchannel flow
area, The fractional mixing rates, W?W, of air and water
are shown as a function of gap spacing for two representative
mass fluxes in Figures 5.9 and 5.10. Air and water fractional
mixing rates increased with gap spacing for the range of sub-

channel mass flux and quality investigated. However, the

»
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jnerease for water was small compared to that for air. This
was not unexpected as the relative thickness of the liquid
film in the gap, 6/(b/2). should be a maximum for the lowest
gap spacing. Therefore, very low air mixing rates resulted
for the 0.015-in gap. For the larger gap spacings, there was
an appreciable increase in air mixing rates due to the greater
veffective” areas available for air to mix. The increase in
watef mixing rates was comparatively small which indicated
that the major portion of the water mixing occured in the
liquid film near the gap. Another noteworthy feature of
Figures 5.9 and 5.10 was that air and water fractional mixing
rates were not proportional to the gap spacing,

3, Comparison of Mixing Quality with Subchannel Quality

The ratio of air to water interchange or mixing
quality, Wé/(Wé + Wi), was not always equal to the subchannel
quality, Wg/(Wg + W1). This is shown in Figure 5.11 for both
square-square and friangular-triangular.(26) array geometries
where for qualities less than 0.2%, the mixing quality fell
below that in the subchannel indicating enhanced water inter-
change. The air mixing rates were low as the small gas
volumes tended to flow as distinct bubbles or slugs in the
central region of the subchannel flow area. The presence of
air, however, promoted mixing of the water flowing in the
gap region between subchannels., For intermediate qualities,
there was enhanced air interchange. Here the air volumetric
fractions ranged from ~35 to ~85% in the slug and slug-

annular flow regimes where the two-phase flowing mixture
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was "churned up", giving efficient mixing of both phases.
Water mixing rates would be expected to be slightly lower
than air as water flowing near and along the walls away
from the interconnection gap is partially excluded from the
turbulent mixing process. ’

In the high quality annular flow regime where air
and water turbulent mixing rates are decreasigg. enhanced
liquid interchange occurs. This could be due to the 1liquid
£ilm effectively decreasing the gap area available for the
air to mix while roll waves continue to mix the liquid.
Petrunik and St. Pierre (44) also observed this enhanced
water interchange in the high quality annular flow regime
in their mixing tests with rectangular-rectangular subchannels
(without filler rods). The degree of liquid mixing enhance-
ment is a function of the intercannection gap spacing. The
15-mil gap geometry has the lowest mixing quality as the
relatively thicker liquid film in the gap prevented signifi-
cant amounts 6f air from mixing. As the gap spacing is
increased, both air and water mixing fractions increase but
not in the same proportion. The mixing quality for the 80-mil
gap geometry is only fractionally lower than the subchannel
quality. It was also observed that as the maés flux is increased
for all gap widths, the mixing'quality moves closer to the
subchannel quality. |

These findings do not agree with those of Rowe and
Angle (13) for a boiling steam-water system'where the mixing
quality was essentially equal to the subchannel quality for




72

the whole fange of qualities jnvestigated. However, this
discrepancy is not conclusive as Rowe and Angle could not

have accurately detected enhanced liquid interchange at low
qualities. This is due to their tracers which measured either
water mixing (via lithium concentrations) or total water

and steam mixing (via deuterium and tritium tracers) which
must necessarily approach the same value for very low steam
mixing rates.

To the author's knowledge, the present work consti-
tutes the first consistent set of turbulent mixing rate data
for square-square geometries with three different gap spacings
without appreciable variation in subchannel hydraulic
diameter. Rowe and Angle (13) reported mixing rates at two
differenf gap spacings but at mass fluxes an order of magni-
tude higher than those used here. The results reported here
are in qualitative agreement with those obtained by Rowe and
Angle who used a square-square array and a steam-water mixture
at elevated pressures. A direct comparison with'mixing rate
déta obtained in rod bundle arrays or two dissimilar sub-
channels is not presented here due to the uncertain influence

of crosgssflow on turbulent mixing rates.

B. Square~Triangular Geometry

Two-phase, air-water turbulent mixing rates between a
square subchannel and a triangular subchannel were determined
at an average mass flux of 0.18 X 106 1b/(hr.sq £t). The
present set of data were taken over a very narrow range of
experimental parameters. Therefore, no generalized correla-

tion is possible and the results are discussed only qualitatively
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in terms of the physical phenomena involved. The data are
tabulated in Appendix V.3,

1, Turbulent Mass Transfer

The mixing data obtained under conditions of negli-
gible radial pressure gradient but non-zero void gradient
indicated that there was a net transfer of air from the
triangular subchannel <to the square subchannel while water
was transferred in the opposite direction.

The subchannel exit qualities for the two subchann-
els are plotted as a function of overall average quality,
defined as X =-§:Gi Xi Ay/GAT, in Figure 5.12, It was
observed that subchannel 1 (triangular) always had an exit
quality below the average and subchannel 2 (square) had
higher than average exit quality. As the average quality
was increased, the exit quality in each of the subchannels
increased., At average qualities between 0.03 and 0.04, the
exit qualities in both subchannels equalled approximately
the overall average quality, indicating very efficient
mixing. An examination of these runs revealed that slug
flow was present in both subchannels at the entrance as
well as at the exit of the interconnection length. In all
the~other runs different flow regimes were present simulta-
neously in the adjacent subchannels. The flow regime
transition boundaries were indicated by using Steen-Wallis's
(43) criterion. This enhancement of mixing in the slug
flow regime is in agreement with the data revorted for the

square-square geometry in part A of this chapter and also
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the steam-water (29) and air-water (é?) data reported by
other investigators.

Another noteworthy feature of Figure 5.12 is thgt
as the average quality increased (corresponding to a higher
heat flux), the difference between the exit qualities of
both subchannels increased,i.e., the mixing became less
efficient. This trend is in agreement with Casterline's (28)
steam-water tests in which the maldistribution of enthalpy
became more severe as the heat flux was increased.

2, Comparison with other Investigators

Mixing tests were performed irn a 3 x 3 rod array

1. (29) using a steam-water system.

P2

bundle by Lahey et.
T+ was concluded that the corner (lower velocity) subchannel
was at lower than average quality even though its power-to-
flcw ratio was greater than average; 2 trend observed in
the present air-water data where the square subchannel had
a higher velocity than the triangular subchannel. Steam-
water mixing tests of Casterline et. al. (28) in a 16-rod
geometry also indicated higher than average quality in the
centre (higher velocity) subchannel. Quality contours
plotted by Schraub et.al. (45) for an adiabatic 9-rod
assembly showed that the air concentrations were the highest
in central region while the corner subchannels had a higher
water fraction than average.

Van der Ros's (5) data on the turbulent mass transfer
under conditions of zero radial pressure difference also

showed that the direction of air and water transfer was



of ten opposite.

3. General Remarks on Exchange Mechanism

It is concluded from the above observations that
"a net transfer of mass has taken place due to turbulent
mixing. For the square-square geometry, there was no net
mass exchange Eecause a zero void gradient existed but a
net exchange of tracer took place because of pressure and
flow fluctuations. Lahey (46) proposed that the net turbu-
lent mass flow is composed of two parts: a mixing term and
a "void drift" term. A volume-for-volume exchange of two-
phéses, resulting in a net mass interchange, was assumed

to occur. It was postulated tﬂat the two-phase system has

a tendency to approach an equilibrium void distribution
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which is not uniform when adjacent subchannels are dissimilar.

The "void drift" term accounts for the tendency of the vapour

phase to shift to a high velocity region. This mechanism
is consistent with the observation that water and air are
transferred in opposite directions.

The mixing mechanism observed is very important
from the point of view of verifying the assumptions made in
various subchannel computer codes. In all these codes,
the fluid described in the mass, momentum and energy conser-
vation equations is not considered separately in terms of
liquid and vapour phases. It is rather characterized by a
pseudo homogeneous fluid. An average density and an average
enthalpy of the two-phase mixture is assumed to take part

in the interchange processes of turbulent mixing and
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diversion crossflow. The various codes use turbulent
mixing, Wﬁ as a turbulent energy transfer term of the form

q = W Ahij
" Mass transfer due to turbulent mixing is assumed to be zero
and a net mass interchange is pictured as taking place only
due to radial pressure gradient. The values of the turbulent
mixing coefficients are computed. to suit the experimental
conditions at the exit of the test section.

It is obvious from the present investigation as
well as from that of Van der Ros (5) that the assumption
of_zero mass transfer due to tgrbulent mixing in bulk-
boiling systems is not realistic, Mass, momentum and energy
conservation equations in the various computer codes
should be modified and rewritten to take into account the
t;ansfer of two phases in opposite directions and hence

a net mass transfer due to turbulent mixing.



VI. CONCLUSIONS

In this study, single- and two-phase mixing experiments
have been carried out in simulated square-square and square-
triangular rod bundle geometries in the absence of diversion
crossflow due to radial pressure gradierts and any forced
mixing effects. Turbulent mixing rates between adjacent sub~
channels were determined for single-phase air, single-phase
water and two-phase air-water mixtures at 50 psia, simulating
steam-water system at elevated pressures. The effect of gap
spacing on the turbulent mixing rates was investigated for
the square-square geomeiry over the gap spacing range of 15~
80 mils. Two-phase mixing data were acquired for the 0.035-in
gap square-square geometry over an extended quality range.

The following conclusions can be drawn from this investi-
gations

A. Single-Phase Mixing

1. Square-Square Geometry

a. The mixing rates, expressed as W?ZL y lncreased
with subchannel Reynolds nuﬁber for all gap spacings (Figure
4,1). There was no difference between air and water mixing
rates except for the 0,015-in gap where the water mixing rates
were lower than the air mixing rates for Reynolds number less

than about 7000. It is believed that at these lower Reynolds
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numbers, molecular diffusion plays an important role in the
mixing mechanism for the smallest gap spacing.

b, Over the range of Reynolds number studied,
the following variation iﬁ the mixing Stanton number, GVG,
was observed as the Reynolds number was increased: 1i. for
the 0.080-in gap, a continuous decrease; 1ii. for the
0.035-in gap, an increase followed by a decrease; and
iii, for the 0.015-in gap, a continuous increase (Figure 4.2).
To explain this behaviour, it is hypothesized that secondary
flows have considerable influence on the turbulent mixing
rates. The generation and penetration of secondary flows
into the gap region of a subchgnnel array is a function of
Reynolds number and pitch to diameter ratio; hence the diff-
erent behaviour of Stanton number-Reynolds number plot for
various gap spacings.

¢, At high Reynolds number, the mixing Stanton
number decreased as the pitch to diameter ratio decreased
(Figure 4.5).

2. Square-Triangular Geometry

a. The mixing rates, expressed as W?ZL, increased
with Reynolds number (Figure 4.3). As in the square-square
geometry, mixing apparently occurred by a combination of
molecular and eddy diffusion at low Reynolds number.

b. The fractional mixing rates, W?W, decreased
in the following order (for the same gap spacing): triangular-
triangular, triangular-square and square-square geometries

(Figure 4.4),
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B. Two-Phase Mixing

1. Square-Square Geometry

a.- The curves of the turbulent mixing rates, W:
for both air and water as a function of subchannel quality
exhibited a maximum in the slug-flow regime (Figure 5.1),

It was observed that mixing rates increased with increasing
radial pressure oscillations,

b. The mixing data for both square and triangular
array geometries were correlated over a limited parameter
range using a new Stanton number type parameter, G?C (Figures
5.2 and 5.3)., This mixing parameter decreased with in-
creésing mass flux. Both water and air mixing parameters
were gréater than the single phase Stanton number measured
at the same total mass flux except for the high quality
annular flow regime.

c. Over the range of gap spacing studied (0.015-
to 0.080-in), the fractional mixing rates, W?W, of both air
aﬁd water increased with gap spacing (Figures 5.9 and 5.10),
The increase for water was small compared to that for air.
Moreover, air and water fractional mixing rates were not
proportional to the gap spacing.

d., The mixing quality, Wé/(Wé + Wi), in general,
was not equal to the subchannel quality, Weg/(Wg + W1),
(Figure 5.11). Enhanced liquid interchange occurred in the
bubble and annular flow regimes. The enhanced liquid inter-
change in the annular flow regime was observed to be a func-

tion of gap spacing and the subchannel mass flux., Enhanced
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gas interchange occurred in the intermediate quality range
in the slug and slug-annular flow regimes,

2. Square-Triangular Geometry

a. In every case studied here, there was a net
transfer of air from the smaller triangular subchannel
to the larger square subchannel while water was transferred
in the opposite direction due to turbulent mixing.

b, In every case, the'larger square subchannel
exit quality was greater than the overall average quality
while the converse was true for the triangular subchannel.

¢c. Efficient mixing occurred in the slug-flow
reéime as evidenced by both subchannels having approximately
the saﬁe exit qualities.

C. Summary and Recommendations

The mixing experiments in this investigation have demon-
strated the effect of important parameters governing mixing
rates between adjacent subchannels for single- and two-phase
flows in simulated rod bundle geometries, The data showed
that some fundamental changes need to be made in various

" subchannel computer codes to predict the local subchannel
flows and enthalpies accurately. The‘single-phase turbulent
mixing rates calculated from the tracer transfer data can
be applied directly to determine energy exchange between
adjacent subchannels in single phase systems., The two-phase
mixing results obtained here with air-water mixtures are in
qualitative agreemenf with high pressure steam-water mixing

results. There is some evidence available (47) suggesting



that mixing results obtained from the tracer data can be
used to calculate enthalpy transport between adjacent sub-
channels but more work needs to be done in order to justify
the quantitative use of tracer data in bulk boiling systems
and to study other problems associated with modelling the
mixing phenomenon with air-water. Attention should also

be focused on how mixing data obtained with two-subchannel

geometries can be applied realistically to rod bundles.



NOMENCLATURE

subchannel flow area

gap spacing

. fractiqn of total tracer

rod diameter
equivalent diameter
Fanning friction factor

empirical mixing factor defined by
Bowring, equation IV.3.1

subchannel mass flux, W/A
turbulent mixing mass flux, Wyb _
enthalpy

dimensionless velocity

empirical coefficients defined by
Rosehart and Rogers, Table 2.1

subchannel interconnection length

empirical Reynolds number exponent,
Table 2.1

subchannel heated perimeter

‘heat flux

Reynolds number

subchannel shape factor defined by
Bowring, equation IV.3.1

mixing Stanton number, G/G
mass flow rate

turbulent mixing rate per foot
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sq ft

£t

: 1
ft

1b/(hr.sq ft)
1b/(hr.sq ft)
Btu/1b

ft

ft
Btu/(hr.sq f£t)

ib/hr
1v/(hr.£ft)



NOMENCLATURE (Contd.)

X subchannel quality, Wg/(Wg + Ww1)

x’ turbulent mixing quality, Wé/(Wé + Wi)

y rectangular coordinate in the direction
transverse to main flow direction

y* dimensionless thickness of laminar
sublayer, equation 4.3

Y Inter-subchannel mixing distance

z rectangular coordinate in axial direction

Greek ngbols

fluid density

non-dimensional factor in Roger's
correlation, Table 2.1

mixing parameter defined by Rowe as
W=b20

thickness of laminar sublayer
dynamic viscosity

kinematic viscosity

eddy diffusivity of heat

relative centroidal distance between sub-
channels normalized to a square pitch array

S MTRE O ™ RO

Superscripts

overbar denotes an average value

Subscripts

av denotes "average"
e denotes "exit"

g denotes gas phase
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£t

ft
£t

1b/cu ft

£t
1b/(f+t.hr)
sq ft/hr
sq ft/hr



O B

NOMENCLATURE (Contd.)

denotes
denotes
denotes
denotes
denotes

denotes

subchannel "i"
subchannel "j"
liquid phase
total
subchannel "1"

subchannel "2"
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'APPENDIX IV.1
Single-Phase Mixing Data

The run number was recorded in a five digit code. The
first two numerlcal digits on the left represent the run
number. The third digit is alphabetic and gives the tracer
injection side i.e., right (R) or left (L). The two right

digits represent the interconnection gap spacing in mils.

Example

Run Number! ' 10 R 35

Run 10 l
' Ppacer injection right

Gap Spacing
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TABLE 1IV.1.2

Single~FPhase Water Mixing
Square-Square Geometry

RUN MASS FLOW MASS FLUX REYNOLDS STANTON MIXING RATE PELATIVE TEMP FRICTION
NUMBER (LB/HR) (LB/HR.FT2) NUMBER NUMBER (LB/HR.FT) MIXING(S/FT) () FACTOR
1L1¢ 200,15 12€926 1583 0.0043 0.70 0.35 75 0.0106
IR1S 200,19 128926 1583 0, 0257 belé 2.07 15 0.,0106
2415 300,38 193450 2460 0.0087 2410 0.70 78 00097
2R15 300.38 192450 2460 0.0165 4,00 1.33 78 0.0057
3L1E 3€8,00 256323 3338 0. 0066 2011 053 80 0. 0095
3R15 268,00 25€323 3338 0.0185 5.91 1449 80 0.0095
4L15 494.00 31¢€150 41 94 0.0058 2431 0447 81 0.00¢90
4R1S 488400 3142¢¢ 4144 0.0145 5468 1.16 81 0.0092
5L15 658,00 449532 5927 0.0073 4408 058 81 0.0083
5R15 658,00 4645532 59027 0.0161 9.05 1.30 81 0.0083
6L1S 866,C0 5770%0 7009 0.0100 Te25 N.81 14 2.0082
6R15 856.00 £€77050 7009 0.0153 11.01 1.23 T4 0.,0082
1S 1057.00 706500 8486 0.0116 10.29 0.94 73 0.0076
™15 1€57.00 706500 8486 0.0168 14.82 1.35 73 0.0076
8L1S 1169.,00 772161 9275 0.0127 12.30 1.03 73 9.0073
BR15 1169.€0 772181 9275 0.0158 15,27 1.27 73 0.0073
9L1S 128,00 83%545 9930 0. 0141 14.76 lelés 72 0.0071
9F15 1258.00 835645 9930 0.0174 18,18 1440 72 00071
10L15 1€S7.C0 70£500 8392 0.0115 10.12 0.92 72 0.007¢€
10R15 1057.00 70£500 8392 0.0157 13.82 126 72 0.0076
11L1S 300.38 193450 2376 0.0082 1.98 0466 75 0.0G99
11R1S 2C0.38 192450 2376 0.0110 2,65 0.88 75 0.00¢9
12L1s 464,00 31€150 3779 0.0068 2470 0455 72 0.0100
12R15 454.C0 31€150 3770 0.0143 Se70 le15 72 0.0100
13L15 856.00 £77050 6780 0.,0095 6.82 0.76 71 0.0083
13r1¢€ 8€6.0C £77050 6780 0.015¢ 11.29 le26 71 00083
14115 11599.0C 772191 9073 040125 12,03 1,00 71 0.0075
14R1S 1169.00 772191 9073 0.0172 16,59 1.38 71 0.0075
L3¢ 198,67 1208%9 1603 0.0088 3.11 156 77
1R35 158, ¢7 120899 1603 040230 8410 4408 77
2L35 301.85 183715 2436 0.0123 6460 219 ”
2R35 301.8¢ 182715 2436 0.0165 8.83 2.92 17
3L35 358.C0 242200 3212 0,0153 10.84 2472 7
3R35 3€8.00 242200 3212 0,0153 10.82 2eT2 ”
4L3% 454,00 300621 3941 0.0122 10.72 2417 7€
4R35 494400 30C621 3941 0.0210 18e42 373 76
5L3S 658,00 426764 5568 0. 0166 20457 2495 76
SR3S 652400 421113 5520 0.0194 23,77 3.44 76
6L35 850.0C 541605 7100 0.0177 27.91 314 76
6R35 860,00 541605 7100 0.0226 35,69 4401 7€
L3S 1064.00 €65748 8727 0.0204 39.61 3462 76
T35 1054.0C 665748 8727 0.0242 46492 4429 76
8L35 1169.00 725645 9565 0.0196 41467 3448 76
8R35 1199.00 T2S€45 9565 0.0261 55.53 4463 74
9L3s 1159,00 729645 9565 0. 0190 40434 3436 76
9R3% 1169.00 729645 9565 0.0239 50.90 be24 76
10135 454,06 300621 3941 0.0158 13,82 2480 Té
10R35 454400 306621 3941 040315 27.65 5460 7€
11138 200.19 121823 1578 %.0158 5463 2481 75 0.0150

11F35 200.19 121823 178 0.0162 5475 2.87 75 0.0150



RUN
NUMBER

12135
12R35
13138
13k35
14135
14R35
18L35
15R35
16L35
16R35
1735
1TR3S
18L35
18R35
1180
1R80
2L80
2r80
3L8C
3R80
4L 80
4R 80
5180
5L80
SR80
5R80
6L 80
6R 80
6L 80
6R B8O
TL80
TR8O
80
TR80
8L80
8R 80
8L80
8R8O
9L 80
9R 80
9L 80O
9F 80
10L80
10R80
10L80
10R80
11L80
11F 8¢
11180
11R80

TABLE 1V.1,2 (Contd.)

MASS FLOW MASS FLUX REYNOLDS STANTON

(LB/HR)

3Cl.89
301.89
368.00
368.C0
454400
454400
658400
6$8,0C
850400
850.00
10944C0
1094.00
1169.00
119,00
200419
200.19
301.85
300.38
368400
368,00
500.00
466400
€C2.00
€02,00
602,00
6€2.00
658,00
658400
658400
668,00
8C€0.00
800.00
8C0.00
8C0.0C
8S6,0C
866,00
896,00
896,00
68,00
€98,00
§58.00
568400
1€54.00
194,00
1064,00
1094.00
1156.00
1166,00
1196.00
1196,.,00

(LB/HRLFT2)

182715
183715
242200
242200
300621
300621
424764
424764
541605
541605
£65748
£65748
726645
729645
110126
110126
166076
165241
21 €946
218946
275058
271757
331170
331170
331170
331170
383981
382981
383981
383681
44C0%3
440053
440053
44C0%3
4929C4
492604
4929C4
492604
545016
546016
549016
546016
eorez2r
601827
€01827
€01827
€57939
€57939
€57939
€57939

NUMB ER

2381
2381
3139
3139
3896
389
5505
5505
6940
6940
8531
8531
9350
9350
1337
1337
2017
2007
2659
2659
3341
3301
4023
4023
4023
4023
4664
4664
4664
4664
5346
5346
5346
5246
5088
soas
5988
5088
6669
6669
€669
6669
7311
7311
7311
7311
7992
7952
7992
7992

NUMBER

0.0165
0,0304
040165
0.0174
0.0150
0.0208
0.0174
0.0233
0.0182
0.020¢
0. 0197
0.0221
0.0200
000226
040140
040041
0.0217
0.0140
040175
0.0150
0.0164
0.0164
0.0119
0.0121
0.0125
040142
040127
0.0118
0.0127
040095
0.,0119
060121
0.0121
0.0138
0. 0114
0.0106

0.,0093
0. 0079

NIXING RATE RELATIVE

(LB/HRLFT)

8.82
16.29
11,63
12.31
13.17
18.25
2l.54
28489
28,68
32.57
38.28
42482
42.46
48405
10.25

3.02
24401
15.45
25.48
21485
30.16
29,79
26427
26061
2763
31e40
32.5%
30.31
32443
24431
34.83
35.53
35446
40,52
37.59
34.90
38.30
32.69
42479
44488
39,38
4264
51493
46443
48444
46499
54477
55428
40.70
34479

MIXING(R/FT)

2492
5440
292
3.09
2467
3469
3.0
4el4
3422
3466
3450
391
3454
401
5412
1.51
Te95
5.14
6440
Se49
6403
6403
4436
be42
4+59
S5e22
4066
4434
4465
3.48
4435
4ebb

TEMP
(F)

96

FRICTION
FACTOR

0.0127
0.0127
0.0L12
0.0112
0.010¢
0.0105
00090
0.,0090
0.0082
0.0082
0.,0075
0.0075
0.0072
0.0072
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APPENDIX IV.2

Derivation of Mixing Equation

The air and water turbulent mixing rates reported in
this work have been determined using the following tracer
mass balance.’

| Consider two subchannels connected by a region of width
"b" and length "L" through which an interchange of fluid
takes place. In one subchannel, a tracer is injected
upstream of the interconnection length. .

The following assumptions are made in this analysis:

i. Axial pressure gradients in each channel are
identical, thus eliminating radial pressure gradients
and a net transfer of fluid from one channel to the other.

i3, Tracer concentrations are low and have a negligible
effect on physical properties of the fluids.
iii. The fluid leaving one channel has the average
tracer concentration of that subchannel.
iv. After the fluid has left the donor channel, it
-mixes immediately in the receiving channel,

v. There is a négligible relative velocity of the
tracer with respect to the fluid.

Let C1 and C2 be the fraction of the total tracer

flowing in the two subchannels.

100



A tracer mass balance for channel 1 over

dz (in the interchange region) gives:

Wi C1 - W’C1 dz + W

The solution to equation“(IV.h) is

w Wp

v | = dz
Ci =A+Be J[.Wl w2

where

WT =.W1 + Wz

C2 dz = W1 C1 + W1 401
/
. dCq - W
o+ - =
or = W (C1 - C2) 0
. Similariy 4
dCo W
+ - =
T W3 (C2 - C1) 0
From an overall tracer mass balance,
dcC1 dac2
W w =
1 dz 2 dz
From equation (IV.1), (
' 2 I
a<Cy + W (-dC1 acz ) = o
dz2 Wy dz dz -
Substituting for 9C2 fyonm equation (IV.3), we get
dz
/
d2cq W Wi + Wo dc1
+ = 0
P W1 W2 dz

Incorporating the appropriate boundary conditions:

. W1 w2

Wp L

1n [_El/WT - C1, J

Wi/WT

101

a differential length

(IV.1)

(Iv.2)

(Iv.3)

(IV.4)

(Iv,5)

(1v.6)
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where Cie is the fraction of the total tracer flowing at the
exit of the originally untraced channel.
For the special case of the square-square geometry (W =

W2 =W ), equation (IV.6) reduces to:

, W
L - g In [1 -2 c1e] | - (Iv.7)




APPENDIX 1IV.3

Turbulent Mixing Predictive Models

Of the various models proposed for calculation of turbu-~
lent mixing rates between adjacent subchannels, the ores
proposed by Bowring (1) and Rowe and Angle (13,23) are used
widely.

Bowring considered the heat transfer between adjacent -
subchannels "i" and "j" as the product of a diffusion coeffi-
cient, defined as the product of density and eddy diffusivity,
‘eﬂij, and the enthalpy gradient through the gap. Expressing
the mixing distance Yjij in terms of a gap shape factor, Sm,
and using the assumptions listed in Table 2.1, Bowring arrived
af the following mixing equation:

¢ Vfi+fj

Wij = Fm 80 Sp

(-}) ( DeiGj + Dej Gj ) (1Iv.3.1)

Here Fm is an empirical mixing factor which theoretically equals
1 for "clean" systems. Bowring suggested that for a square-~
triangular geometry, Fp should be set a value somewhat greater
than 1.

From his expérimental data on mixing between square-square
and square-triangular geometries, Rowe suggested a possible

7/
correlation for the prediction of mixing rates, Wij

103
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Wij = 0.0038 Rej*'! 63 Dej/ ¥ij (1V.3.2)

where 'X]j is the relative centroidal distance between sub-
channels normalized to a square pitch array (=1 for square-"

square array, 0.79 for square-triangular arrayl. .Channel "j»

is the larger subchannel.



APPENDIX V.1
Two-Phase Mixing Data
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APPENDIX V.2

Error Analysis

The turbulent mixing rates were calculated by using

the expressiont

W o= - in | 1 - 2 C1 (4.2)

The air and water flow rates, W, could be measured with
an accuracy of *1% of full scale reading. The methane and
potassium nitrate concentrations could be measured within
+1% and +2% respectively. (

In order ‘to provide some measure of +the reliability of
the experimental results, an error analysis, based on the .
method of Kline and MeClintock (48) was carried out. The
method is based on a specification of the uncertainties in the
various experimental measurements.' Let W% be the uncertainty
in the measured turbulent mixing rates and Wy, Cqu, Couy be
the uncertainties in the independent variables. Then the
uncertainty in the result is given as!

1/2

| W’ 2 g’ 2 | i 2 |
ng = [(-—%gl,—— wyg) + PAL C1y) + ( 2 CzU)J (v.2.1

201 902
By making use of equation (V.2.1) and the limits of
uncertainties mentioned previously, the uncertainty in the
turbulent mixing rates, Wj was calculafed. I+t was found that
the average error propagated into W is +5.5% for the air

mixing rates and +6,2% Tor the water mixing rates., The

109



110
reproducibility of the runs repeated at random is given in
Table V.2.1,

Table V.2.1
Reproducibility of the Experimental Runs
Single-Phase Two-Phase
Air Water Air Water
Total Number of Runs 72 64 114
Runs Repeated 16 19 17 17
Average Reproducibility 3.1%  4.7% 5.4% 3.8%

Theoretical Uncertainty 5.5% 6.2% 5.5% 7.5%

The percentage error in the air mixing rates for two-
phase flow runs at low qualities (less than 0.01) was

significantly higher than the above limits.
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