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ABSTRACT
f
T ‘

This thegis describes an experimental and analytlic inve3tigation of the
single phase flow distrtbﬁtidh‘in subchannel geometries. It was intended as
an investigation of fundamenﬁ?l transport mechanisms and therefore
concentrated on simple geoéétéies with two interconnectednsubchanhels. The
experimental phase conslisted of deﬁailed measurements of the fluid veloctt;
in a geometry representing two communicating subchannels of different slzes.
These measurements were made at tﬁreé axial locations along the test sectlion.
The size of 6ne of the subchannels was varied to give subpchannel area ratlos
of 1.0, 0.68, 0.50 and 0.32. Two Reyﬁolds numbers (108 000 -and 180 000; woroe
investigated. ‘Axial pressure gradient data for all of ‘these cases Qns also
then. The analytic phase coqcentrated on applying a three dimensyonnl
finite difference fluid flow code to subchannel geometrhes. The code was
applied to the cases studied in the experiment as well as other
investigator's results. It used the two equatioh k=¢ turbulence model. The
perforéance of this model was assessed. Unique fe?Eures of the subchannel
flows were ldentified and.discussed. Conclusions regarding the transport

mechanisms involved and the ability of a multidimensional code to predict the

flow filelds reliably were presented.



- {i -

ACKNOWLEDGEMENTS <

The author wbuld Iike to thank his research director at éhe University of
Ottéwa. Dr. Y. Lee, for his supervisten and guidance th;oughout the ccurse of
this work. The‘advice and sdggestions of Mr. M.B. Carver and Mr. A. Tahir
are gratefully‘acknowledged. <I am I{ndebted to Mr. J.H. ?oodall fop the many
hours 5peht fabricating the test section. Mr. J.R. Nickerson's help and
encouEagement with the experiment 3 ;lso appreciated: Mr A. Banas and Mr.
J.C. Kiteley patiently reviewed the mgnuscript and their efforts are very

much appreciated. This work was funded by the Chalk River Nuclear

Laboratories/ University of Ottawa M.A.Sc., Fellowship program.

y



1
v - iii -
TABLE OF CONTENTS
Page
ABSTRACT ' {
ACKNOWLEDGMENTS (B
TABLE OF CONTENTS 1t
*
LIST OF FIGURES vl
LIST OF TABLES ix
NOMENCLATURE X
1. INTRODUCTION & v e s esensanananessssanasansansnoassnssssssssants 1
II. LITERATURE SURVEY wrcnvurenenenesnen PP . 8
- -
IIT. EXPERIMENTAL INVESTIGATION ... u.iiiiiiinnnnntrnnaranananans 16
III.1 Apparatus ..... C e ree et ettt 16
TIT.1.1 LODD  teuncssenvenonoancanssotssonssnsansansossanss 16
II1.1.2 Flow CONAILIONING vvvurerernaneeannrsosnoernnannss 19
III.1.3 Test Section ....... Cetee e e ererrsar e 22
II1.2 Instrymentation ...vvevvairrererscneeoes beree e 25
111.2.1 Primary Sensing Element .......... e ebessarainans 25
I11.2.2 Stagnation TUDE  .iuevvineranearrarocsasaasonansons 28
I11.2.3 Pressure ...iveaceesssorose et aa s et sareaasas e e 31
III.2.4 Other INStrumentation ...eeeeveeieease e 32
I1I.3 Experimental Results ........... P 34
ITI.?.1 Run Matri& cees v e e n e e e ees s mebeter ey -
II1.3.2 Pressure Profiles ........ T R . 35
IIT.3.3 Velcelity Profiles ......... e eeeeerea s 37



e
t .
- iv‘ -

CIV..  ANALYTIC INVESTIGATION .. .'eveunrcerevnnn P
IV.1 Equation Set ....... Ceratierasrenas Cistessirereseersans
[V.1.1 Mass Conservation ............ S,
IV.1.2 Navier-8tokes Equations ........... e
fV.1.3 Closure chesesann et s ires et ettt et e ennas ves
Iv.1.4 Boundary Conditions ...... . eaen Cesesareann
IV.1.4.1 Continuity Equation ........ e eeaieararaanaas
IV.1.4.2 Momentum Equations teeeean teenear e e
CIVLTLBL3 k and £ EQUAtIoNs .. iiiiiei ittt
IV.2 MNumerical Solution ..1...;..~... ...... e,
IV,2.1 Standard Form of EQUaAtions ....v.eeevereannennsonns
IV.2.2 Grid Layout ....... e eeeeana. et
IV.2.3 Discretization ........ivviinvens Ch et e e
) Iv.2.3.1 General ....... P reseean tersreraenaraesenarene s
- IV.2.3.2 Central Differencing .....veeiiiiierennn. reraas
* Iv.2.3.3 Upwind Differencing tererrarranans s eeenana -

IV,2.3.5 Hybrid DIfferencing ....cveveeeeceronrannsans -
Iv.2.3.5 Source Terms ..... D, Chis et aana
Iv.2.3.6 Fitting the Standard Form ...... fererreaarereen
IV.2.4 Pressure Correction ..vevidieiiniirinnionrenesnnsas
Iv.2.5 Solution Scheme ...... e erresrae s Cesase e .
Iv.2,6 . Convergence Criteria .......... Chaeareereereveneaan
IVv.2.7 Linear Equation Selver ........... Ceeereenan e
IV.3 The FAITH Code .....cieieenean. betteenas et aaaan
IV.3.1 General Code Organization ....... st
1V.3.2 Inlet and Outlet Conditions ......... Cieeeeeeaaean

[V.3.3 Flow Blockages ....vievee.. et rasraresans Cerearene
IV.3.4 False DIiffusion .....veeiveenncnnnen crrerrrreran e
IV.3.5 Convergence ......... cre et Ceeterer et
IV.3.6 Plo}ting Routines ......vvuieresn e tesres e

IV.4 Analytic Results .......ouo... N et e i tat et e ran e -
IV .1 Unequal Subchannel ReSULES  ciuivuinivvesvrvaronnnnns
IV.4.2 Tapucu Subchannel Results  ...... e tdreteter et

i

L8

4g
51
53
56
60
60

61
63

63
64
65
69
69
74
75
77
78
79
82
86
88
88



Y
— V - -
)
V. DI.‘_SCUSSION OF RESULTS .....c.evun s ares et e 120
. Fl ’
V.1 Unequal Subchannels ........... N e 120
V.1.1 Uniform Effective Viscosity Predictions ............ 121.
V.1.2 Turbulent Predictions ...........c.......¥e.....- el 127
V.1.3 Secondary Velocitles . iiieerriniioeeeeeesoanannnnns 134
V.2 Tapucu Subchannel Experimepfs ettt ire e 137
V,2.1 Discussion of the Code's Predictions .......... beoe. 138
V.2.2 Discussion of the Turbulence Model ............ PR 'R
VI. CONCLUSIONS .....i.ieivnerennnnan Nhe e as s es e e 108
BIBLIOGRAPHY ...ttt iierennnans reeean Lt esemrrarecaanennaaannan 151
APPENDIX A Pressure Profile Data ........ e ts et se i et 156
f
APPENDIX B Velocity Data .ouleenevesireeerneenn.. i 161
APPENDIX € Error ANGLYSIS  euuuvsensnensnseonnensrnenenneensnnns 186

C .



- yvi =~

LIST OF FIGURES

Figure
I.1 CANDU Fuel Channel Ceometry
I.2 Subchannel Discretization Scheme W,

III.1 MR-2 Loop Schematic

III.2 Flow Development Section . .. s

»

II1.3 Photograph of Apparatus

IIT.4  Test Section

I11.5 Transition to-Two Subchannel Geometry

II1.6 DP Cell Calibration Curve

ITI.7 Stagnation Tube Schematic

[1II.8 Traversing Devices

I1I1.9 Preasure Tap Locations

~

gII1.10 Supply Orifice Calibration Curve

[ AN

[II.11 Static Pressure Profile_ (W2/W1=0.68 ; R=180 000) ;”__

11112 Static Pressure Profile (W2/W1=0.68 ; R=108 000)

I1I1.13 Experimental Grid

III.1U- Velocity
.III.IS Velocity
IIT.16" Velocity
111.17 'Velociéy

II1.18 Veloclity

II1.19  Velocity

Contours
Contours
Contours
Contours
Contours

Contours

for Velocity

(W2/W1=1.0 ; R=180 000) 2

(W2/W1=0.68 ; R=180 000)
(W2/W1=0.50 ; R=180 000)
(W2/W1=0.32 5 R=180 000)
(W2/W1=1.0 ; R=108 000)

(W2/W1=0.68 ; R=108 000)

18
20
21
23
24
27
29

30

31

33

36
38
-39
ko

1



II1.20

ITr.21

Iv.a

.2

IV.3

Iv.4

IvV.5

IV.6

Iv.7

Iv.8

IV.9

Iv.10

wv.n

Iv.12

Iv.13

v, 14

IV.15

V.16

V.17

Iv.18

V.19

AN

Velocity éontours

Velocity Contours

(W2/W1=0.50 ; R=108 000)

- yii{ -

(W2/W1=D0.32 ; R=108 .C00)

Momentum Boundary Conditions

Grid Layout

ol Volume Nomenclature

Pressure Correction Seheme

FAIGH Code Flowchart

CoeKkficient Assembly Flowchart

Obliqge Conv ion
Residual Historfies

Grid for W2/W1 = 0.5
Predicted Velocdty Fiélds
Prediqted Velocity Flelds
Predicted Velocity Fields

Predicted Velocity Fields

Tapucu Subchannel Gecmetry

(W2/W1=1.0 ; R=180 000)
{W2/W1=0.68 ; R=180 000)
(W2/W1=0.50 ; R=180 000)

(W2/W150.32 ; R=180 ©00)

(i-.

Predicted Velocities on Plane of Syhmetry
of Tapucu Subchannels

Predicted Velocities for Tapucu Subchannels

Predicted Velocitles for Tapucu Subchannels

Predifcted Velocities for Tapucu Subchannels

' Tapucu Subchannel Predictions

“ug

ue
61
67
T0
83
93
95
99
104
107
108
109

110

1

114

115
116
17
118

1149



T

N

.6

o~ viil -

\

: . 3 )
Unequal Subchannel Predictions,

Laminar Viscosity (W2/W1=1.0)

Unequal Subchannel Predictions,
Laminar Viscosity (W2/W1=20.68)

Unequal Subchannel Predictions,
Laminar Viscosity (W2/W1=0.50)

<in
Unequal Subchannel Predictions,
Laminar Viscosity (w2fﬂﬁ=0.32)

' :
Unequal Subchannel Predi€tions,
k-¢ Tyrbukérice Modél (W2/W1=1.0)
~f ML . )

Unequal Subchannel Predictions,
k~e Turbulence Model (W2/W1=0,68)

Unequal Subchannel Predictions,
k-£ Turbulence Model (W2/W1=0.50} .

Unequal Subchannel Predictions,
k~-& Turbulence Model (W2/W1=0,32)

Pressure Profile Comparison

Inferred Secoﬁdary'veloqity Pattern
Tapucu Subchannel Prediction (Run 1)
Tapucu Subchsmnel Prediction (Runré) .
Tapucu Subéhannel;Predictioa (Run 3)
Tapucu Subchannel Prediction (Run 4)

Coordinate System for Axial Veloclity Data

Stat;c Pressure Measurement from Wall Taps

122

123

124

125

129

130

131

132

133,

136

140

143

14y

145

161

193



v

IV.

Iv.3

A.2

A.

.1

.1

4

LIST OF TABLES

Empirical Constants (Launder and Spalding)
Summary of Conservation Equations
Underrelaxation Factors

Tapucu Subchannel Runs

Static Wall Pressure Data (W2/W1=1.0)
Static Wall Pressure Dapa (W2/W1=0.68)
Statié Wall Pregsure Data - (W2/W1=0.50)
Static Wall Pressure Data (W2/W1=0.32)

Axial Velocity Data

l,()

31

138

157
158
156
160

147



Symbol

2!

o)

NOMENCLATURE

Description : Units
. ‘ . >
Control Volume Face “Area m
Neighbor Coefficient . -
2
Convective Flux kg/m /s
Empirical Constant in k-¢ Modél ) ~
Emplrical Constant in k-e Model -0 5 =
Empirical Constant in k-e Model -

. . 2
Diffusion Flux _ kg/m /s
Surface Roughness Parameter = -J
Body Force Vector N/kg
Turbulent Kinetic Energy J/kg
Index for Nelghboring Control Volumes -
Unit Vector Normal to Control Volume -
Instantaneous Pressure Pa
Mean Pressure Pa

Fluctuating Fressure Pa

Peclet Number . -

»

Reynolds Number.' -~

Residual of Variable ¢ ' : -



W2 /W1

4

- xi - '

w

Source Term

ginear Coefficient of Source Term

Constant Coefficient of Scurce Term

Time

Instantaneocus Velocity

Mean Veloc{ty

Fluctuating Velpcity
x-component of mean velocity
y—co@ponent of mean velocity
z—component of mean velocity

Subchannel Area Ratio

‘Cartesian Coordinate System

Normalized distance from the wall
(See Eqn. IV.24)

see
m/s
m/3
m/s
m/s
m/ s

m/s



- - xii -

Greek
a Relaxation Factor ) -
§y, &x Distances to solid surfaces. m
r - General Diffusion Coefficient -
3 Dissipation rate of turbulent
kinetic energy J/kg/s
K Von Karman's Constang -
b General Field Variable -
¥ 3
p Density : kg/m
g, Empirical.Diffusrsp_Constant for k -
o Empirical Diffusicn Constart for e -
1 " Shear Stress ' Pa
_ : L 2
" Dynamic Viscosity - ‘ N.s/m
My Turbulent Viscosity . N.s/m
. L - '2
y Effective Viscosity N.a/m

v Kinematic Viscosity m /s



) - xiit -

Suﬁécripta '
ave average value
o, D value at %bhn face of control volume
d valué ’;t downward neighbor
E . value at eéstlface of control volume
e value at eastern neighbor
1 laminar -
N value at north face of control volume
n _ - value at northern neighbo}
’p' o evaluated at point "p"
S . ;alue at south face of contrel volume
) _ value at southern neighboﬁ
t- | turbulent
U ‘value at up face of control volume
u . ﬁalue at upward neighbor o
W value at west face of cpntrol volume
W value ‘at western neighbor
Superscripts -
o] value_during previéﬁ%.iteration

correction to velocity or pressure




N

I. INTRODUCTION

The accurate measurement ang prediction.of the fiuid flow within Qarious*
forma of engineering equipment has long geeﬁ the goal of many researcners,
Réfinements In measurement and predicticon techniques are slowly progressing
from the prediction of one dimensional bulk average conditions to a more
refined picture of the flow field's detaiis. Tﬁe increaséd detail is sought
because many situations arise where the important features of an engineering
flulﬁ flow are manifested by the fine details of the flow fieid. The overéll
nature of the flow may not provide the information required to determine the
actual safe operating limit of some equipment since the limiting conditions

°

may'bccur‘in'a localized region 1ohg before the bulk conditions indicate anﬁ
A

danger.s The céﬁltng of a nuclear reactor fuel channel is a prime example of

a Fiow phenomenon where such detail {s of vital importance. If only a small

portion of the fuel overheats due fo the 1ﬁability of the ccolant to carry

heat away from the fuel sheath, a serious acdfﬁent may develop. Detalled

analyses are required to ident;Fy regions where*this might occur.

'

In addltion to safety considerations, a large economic incentive exists to
thoroughly understand the flow field. A detailed knowledge of the flow field

{s invaluable In accurately predicting the thermal performance of heat

-

exchange equipment or the performance'and power requirements of process

4

. equipment fn general. The ablility to make accurate predictions can greatly -

ald in optimization during the design phase. Potential sites susceptible:to

fouling and corrosion due to unacceptably low fluid velocities could be



readily identified. Also, high velocity regions likely to cause excesaive

vibration or erosion could be ioéated.

Recognizing the importance of the detailed %1ow field, and Lhe‘nbtlity Lo.
predict it in advance, a lot of work hag been done in recent years on the
development of multidimensional compﬁter codes. Several very desirable
advantages exist in developing efficient, reliable codes. Tﬁfg has only
become.posslble with the rqpid advances in computer speeds and storage
capabilities. They can make predictions very quickly at a cost uhihh is
generally minimal compared to full scale experiments. Moreover, senaitivity
analyses can be easily carried out since the effect of altering various.
geometrical features can be determined. Another advantage provided by thia
feature is that conditions beyond the nominal operating limiﬁs of the deviee

L u

can be safely!investigated. This is a major benefit for the investigation of

accident conditions in nueclear reactors.

Before such a thermalhydraulic code can be used with any confidence 1L
must first endure the validation process. Code validation is the flnal test
to establish the credibility‘of the mathematical model. This procean
consists_of comparing code predictions with actual experimental results.
Different sets af éxperimentai results are required covering a wiﬁe rangse of
conditions to give the code a greater rangd of validity. If the code
predictions are within acceptable limits of the experiment, some conflidencado
can be gained in using the code for predictions lm other situations of
intefest. However, care must be taken that the code 15 not extended‘to_

phenomena far outside the range of validation. For example, in a nueclear



reactor fuel channel, éeveral distinct mechanisms have been identified which
govern the distribution of flow within the rod bundle. If a thermalhydraulic
code {3 successful in modelliqg one of these mgchanisms there is ho guafantee
that {t will be valid for a case were other mechanisms dominate the flow
distribution. Such a case éould be beyond the scope of the code. This
highlights the need for a thorough code validation process and care in
applying the model to new situations.

The current study is concerned with modelling the flow distribution in
CANDU fuel.ohannels; The geometry is depicted In Figure I.1 and consists of
axlal flow along a 37.eleﬁent bundle. The first problem that becomes
apparent when formulating a numerical scheme for this problem is the
Qomplexity of the geometry and the resulting difficulty of developing a
suitable computational grid. There are basically two approachs to this

" problem, Each will now be deseribed in turn and their complementary nature

outlined.



Figure 1.1 CANDU Fuel Channel Geometry

STAVAVAD
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Figure 1.2 Subchannel Discretization Scheme



The first subdivision scheme uses the pin béundariés ﬁnd lines jéining the o
plin centers to define the control volume boundaries. This is shown in Figure
[.2. The whole fuel channel is divided axially into a convenient number of
nodes to complete the grid definition. Codes that employ-such a subdivision
scheme are termed subchannel codes (eg. ASSERT, Carver et. al., [1984]).
Since-$h+ﬁ~reéults in a rather coarse géometripal subdivision of the flow
field, they are relatively inexpensive to run. However, because of the .
highly simplified grid, a high degree c¢f empiriciém is required to predict‘
the transfer of heat and momentum betwe=n adjacent subchannels. Also, the

coarse grid makes tt difficult Lo identify localized areas of unacceptably

' -~
high or low fluld velocity or wall tzamperature,

In order to provide the finer detail reqpired, a gsecond scheme called fine
subdivision can be employed. The scale of the control volumes is greatly
reduced from that of a typical subchannel code. Since the number af céntrol
volumes quickly becomes very large; these codes can typically be used only to
model small portions of the gecometry. A useful compromise can be attained by
applyipg subchannel codes to compute average properfies within the
‘subchannels and using fine subdivision codes to study localized phenomena and
the detailed mechanisms of transfer. between the channels. The process is
compleﬁentary since the average conditions computed by a subchannel code can
be used as boundary conditicns for a fine subdivision study. In a ‘

complementary sense, fine subdivision codes can be used to spﬂﬁy localized

transfer phenomena and thereby upgrade the models used in the subchannel codes;‘



In a'typica} reactor fuel channel many different shapes and sizes of
subchannels interaét in a complex manner. To simplify the Epudy'of
fundamental heat and momentum transfer mechanisms between the chaﬁnels, and
to reduce the ﬁumber of coﬁputatlonal-nodes,:the‘geometry is often simpllflcd
to isolate the particular phenomena of interest. In'thé limit, the problem
can be reduced to two interconnected éubchannels. In this way'a particular
segment of the geometry can be isolated and studiedrin deEail.’ Also, the s

simplified geometry can be made to fit a convenient grid such aa a

rectangular Cartesian coordinate system.

Referring again to Figure 1.2, one notices that there 15 a slgnificant
variation in subchannel sizes. This variation in slze can greatly affect the
flow distribution., The purpose of this study is to understand the wiay In
which the flow distributes itselfl between two adjacent subchannels of ungduul
sizg. A representative geometry cénsisting of two ad ent rectangular
subchannels will be studied from an éxperimental and énalyt[c viewpolint wiLh
the aim of validating the anaiytic mbdel with the expérimental reéults. The:

size of one of the subchannels can be varied to study the effect of different

size ratios. ‘ ’ -

The study begins in Section II with a literature survey. Relevant work
detailing velocity measurements in various irregular shaped geometries are
cited. Earlier work on transfer mechanisms between subchannels ﬁnd‘thn

effect of relative subchannel size i3 outlined.

Section III will describe the experimental apparatus and instrumentation



used. After this description, the results of the measurements are presented..
These measurements consist of velocity and pressure profiles at various axial

1écatloné in the tesat section. -
# Section IV describes the three dimensional finite difference code used for
the analysis. The governing equatlons modelled by the code are presented and
thelr numerical approximation is detaflea. The code employs the twb equation
k-e model of turbulence. After describing the solution procédure involved,
finite difference grids are presentgd for the geometry of Interest. The
code's predict{gns of the flow fielés within this éeometry are presented.

y

Then in Section V the experimental and. analytic results are compared
directly to evaluate the per?ormance of the mataemaﬁicél model.

Sectlion VI describes the conclusions reached in the study. First,
conclusions are made regarding the transport mechanisms and flow distriﬁution
in two adjacent unequal subchannels, and second, conclusions are'méde about
the effectiveness of the maphematical model *used in making accurate

%

predictions for such flow configurations.

D



II. LITERATURE SURVEY

The investigation of flow distrfbutions'in subchannel geometries is

progressing on se&erél fronts. One method is to obtain experimental data and
use it to develop coFrelations based on simplified analytic models of the
phenomena. The intention is to develop relationships that arec appliecable
over a wide ;ange of geometries and conditions, Another approhch s the more
purely analytic one in which a minimum amount of empiricism ls Introdurced.
This involves numer&cally 'solving the equations of fluid motion for the
geoﬁétry of interest. The hope is that by confining the empiriciam to more

i

fundamental phenomena, the range of applicablility of \the method <¢an be

S~

greatly increased. <
The first series of papers to be discussed were concerned with the flow
/ ‘
distribution in ducts of general, non-clircular cross section, usually square
1 .
or,%ectangular. Although they are not specified as subchannel studies, thelr
content is of direct interest to this work because the two unequal subchannel

geometry is really an irregular shaped duct.

A fundamental study of flow in a two dimensioral channel was done by *
Laufer [1951]. With air as the working fluid, he uéed hot wire anemomntry‘tb‘
measure the average and fluctuating compohentg of velocity. This work
provides an important data base for validation of many analytic models
because it reports measurements of turbulent quéntities as well ag the mean

flow field. The maln observation made was the dimensionless mean fluctuating



- \-_ L
. 1‘ [ - -

quantities were found to decrease with increasing Reyholds number. Although

the study wa® restricted to a two digensional geometry, this observation was,

important and was corroborated by later investigators working with more
J .

- v,

nomplex geometries.

—
~

~Concerned with the épplicébility of the Deissler-Taylor mqphod'of
predicting fully developed velocity distribution and bressure drop in
irrngular‘geomefries. Hartnett, Koh and McComas [1962] initiated a study of
friction factors through rectangglar ducts. By studying rectangular ducts of

various nspect rat!os; they Tound good agreement,

lower aspect ratios (maximum error of 12% for square ducts). They observed

spect ratios greater
than %:1, bul dliscovered that the method underpré ted frietion factor at

s ~J
that the secondary flow pattern carrying ﬁfﬁh axial momentum-fluid toward the
- »
wali along the duct diagonals was more pronounced at the lower aspect ratios.

Thﬂrérore,,thd underpredicticon of friction factor was attributed to these

secondary velocities. |

i

Leutheusser [1963] performed an experimental study of fully developed
‘turbulent flow in smooth walled conduits of general cross section. Using
rectangqlar cross sections of aspect ﬁatio B:i tc 1:1 he investigated the
hypothesis of a unique resistance function in terms of the equivalent C T
hydfaulic diameter. %o this end, he measuxed axial velocity, static pressure
and wall shfar stregs distributions and found a difference between the
mqgsured and predicted frictiol factors using the ‘von Karman-Prandtl
resistance law for smooth pipés and an equivalent hydraulic diameter. He

concluded that the law of the wall appeared valid for rectahgular‘channels



although it was applicable over a Smgllen distance from the wall than for
¢ircular pipe flow. However, the velocity defect laQ did not appear to be
univeéﬁal, implying that Reynolds humberrsimilarity did not extend reliably
to rectangular geometries. His measured friction coefficients for .
rectangular condgits appéared to be lower than for circular pipes. He also
observed that the velocity and shear stress distributions were more uniform

at higher Reynolds numbers.

Gessner and Jones [1965] did an extensive experimental study of fully

déveloped turbulent air flow in square and rectangular ducts. Again, one of
the priigry observations in fthis study was that the non-dimensionalized
strength of thg secondary flows decreases with incrensing Raynolds number. By
doing measurements of the directional chafacteristics of the local will shear:
stress they'found that the greauést skewness of wall shear stress vectors
occurred near the corners where thé seéondary flows are a maximum. They also
measured the orientation of the Reynolds stress principal planes in a plane
nermal to Ehe axial flow direction. By experimentally evalunting Lhe
momentum balance along a secondary flow streamline they showed tLhat scoeondary
flow is the result of émali differences in the magnitude of opposing {nrees
éxertgg by the Reynolds stresses and static préssure gradients in planes
normal.to the axial flow direction.
)

Launder and Ying [1973] did a numerical predict?onlof fully developed
" turbulent flow in square ducts.l They related the Reynolds stresses to the
axial gradients of mean velocity to genérate secondary motion. HRapley [1982]

computed the fully developed turbulent flow in non-circular passages and
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simulateg the secondary flow with diffusion transport to eliminate solution
of the cross plane momentum and continuity equations. He reported his method
as satisfactory for caléulating mean flows.

-

Ip to this point, the studies described have dealt only with fully

A}

developed flow with no mention of the dé@%loping or entrance region in non-
clrcular ducts. Byrne, Hatton and Marriott [1969] did an experimental study
of developing flow In a paréllel wall passage. They uéed a pitot tube
traverse to:meésure the axial velocity at various lateral and axial
positions. Their major observation was that boundary laye; parameters, such
a3 momentum thickness, do not approach their fully developed values
asymptotically. They concluded that,predictions based on the law of the wall

for such quanfities as displacement thickness, momentum thickness and

Y

friction factor agree well with their measurements in the entrance region.

.Ahmed and Brundrett [1971] did a similar study in square ducts. Their
major observatlion was that the wall shear stress distribut{on develops very
qui@kly (6 hydraulic d{ameters) whereas the core fluid required dévelopment
Jlengths an order of magnitude larger and appeared $o bé more controlled by
Reynolds number. This was consistent with the resuits of several previous

studies that could see no Reynolds number similarity even for fully developed

conditions.

Neti and Eichhorn [1979] undertook a computational solution of developing

flow in a square duct. They used an algebraic model for the Reynolds

-
stresses and reported a successful prediction of the flow field including the
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effects of secondary velocities.

Several specific-studies of the mass transfer between two communinnting
subchannels have also been undertaken. hThe work of Slutsker, Bolonov and
Tarasova [1983] investigated three different geometries; twe equal square
subchannels communicating by a narrow slot, two'qua% round subchannels

communieating by a.narrow slot, and‘a.seyen rod: bundle., They defined o
coefficient of turbulehéﬁcross transfer (a?, as the r~atio of ﬁfrvnfivu orons
flow to the arithmetic mean of the flowrates between the subehannels and
determined this quant{ty to be larger for subchannels of, unequal sizne an
compared with thos;‘of quallsize. They went on to develop corrclations for

a as a funetion of geometric parameters and Reynolds number for both cqual

and unequal subchannels and both single and two phase flows.

Lyali [1973] studied single phase flow in two unequal subehannels with a
provision- to reduce the size of the comhunicating gap hetween the ﬁwn
subchannels. He measured the single phase flow d{stnihuLioﬁ of" atmospheric
air witﬁ a pitot tube and a hot wire anemometer. The pitobt tube was used Lo
measure the magnitude of the velocity while the hot wire muuﬁurnd ity
direction. His majbr observation wgs a region of low primary veeloeity {n Lhe

gap between the two subchannels which he attributed 4o o measared secondary

velocity away from the wall in that reglion.

Tracey [1976] made extensive méasurements of the velooity distribution and
turbulence parameters for a fully developed turbulent flow in i complex duect

with particular attention to the production and effect of seccondary mobinnag.
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The variations in the cross stream components of the fluctuating velocity in

the corner regions were pinpointed as the probable cause of the secondary

motlons.

Tsuge ect. al. E1979j measuﬁed void fraction qistributions‘along the
eenterlinp of a two subchannel geometry with the same dimensions as were used
in this study. The section was oriented vertically with an air/water mixture
as the working fluid. They reported only void fraction measurements along

the centerline.
T

N

\

Tapueu [1977] measured the diversion crpss flow in two equal subchannels
communicating by a narrow sloE. He reported axial pressure gradients,
average axial veloclties and cross flow velecities for the subchannels. He
formulated a theoretical model of the phenomena from the axlal momentum
equations for both'subchannels. Using his experimental data, Eoefgicients
for the transport ofs Eomeptum bet#een the channels were determined and were
found to be functions of the axial flow velocity in the subchannels and
geometric parameters. He also observed a 3{nusoidal pressure difference
oscillation between the two subchannels. Their wavelength seemed to be a

¥

p
functtion of the communicating gap clearance. The data from this work will be

2

.used as a code validation case in this study. Papers by Rogers and Tarasuk

[1968], Van der Ros and Bogaardt [1970], and Verheugen et. al. [1967] have

all concentrated on develqplng similar mixing corfelations based on

‘experimenta# data and theoretical models.

The COMMIX-1A three dimensional finité difference code was qppliéd to the
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Tapucu subchannels by Fohs et. al. [1981]. They simulated turbulent flow
by applying an elevated viscosity uniformly over the flow field. Although {t
provided attractive qualitative results, it was unable to reproduéo accurate

pressure and mass transfer data.

Other releyant work can be foﬁnd in the field of hydraulgcs and in
particular thg study of open channel flows with an adj;cent floodptiane
inundated. This forms a geométry similar to that used in this study
but with a free surface instead of a plane of Symhetry. Demuren L1983]
reports computational results for such a case using a three di;enéionnl
finite difference code that used the k- model. The contribution of
secondary velocities were considered.neglible in the [nitial flow
interaction region Qhere it.was felt.that pressure effects dominated.

The main conclusion feached was the Emportance of having a model capable
of prescribing'an elliptiec pressure field. This was deduced by comparing

the superior results obtained with the poorer results from a previous

study using a boundary layer method.

Prinos.et. al. [1985] performed an analytic and experimental study of
the Reynolds stresses in the mixing region between the main channel and the
flood plane. They conclﬁded that longitudinal and vertlecal turbulence
intensities ;ere significantly higher in this region than in the ecentral
region of the main channeg{ Also,. these turbulence intensities wera found to
.
inerease with inecreasing relative.boundary roughness between the mialn chinnel

pe
and the floodplane. They were also found to increase with a decrease in the

relative depth parameter.
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Knight and Lai [1985] took measurements in a compound channel and reported
velocity, turbulent kinetic energy and wall shear stress data. Consistent
with with the work of Lyall [1973] the isovels bulged inwards at convex
{nterior corn corners and this effect was attributed to secondary flowf.

Most of the literature concerned with making detailed measurements of
velocity dla 30 in rather simple reqtangular or square duct arrangements.
The more complicated geometry subchannel studies generally restricted their
measurements to bulk average velocities with the aim of developing

correlation¥ for cross flow.

The present study was undertaken to provide detailed veloclity profile
measurements in two subchannel geometries which do not seem to be readily
available In the literature. This detail is necessary for the task of

verifying multidimensional fluid flow codes for use with such geometries.



’ III; EXPERIMENTAL INVESTIGATION

The study begins with an experimental investigation of the flow

distribution in two adjacent subchannels of unequal size. For clarity, the i~
experimental stage ig divided into thrée categories. In Section I1[[.1 the
hydraulic loop facility, flow conditioning considerations and test section
geometry are dedcribed. Section 111.2 describes the instrumentation dsnd Lo
make the velocity.and pressure measurements. The calibration of some of the

. important instruments is also presented. In~Section I1I1.3 the results of the
measurements are given. The data are presented in the rorm.of contour plotn
of velocity and plots of th? axial pressure variation. The actual numerleal

data are contained in various Appendices.

»

I11.3 Apparatus yd

IIT.1.1 Loop

"
The ‘tests werg performed in the MR-2 hydraulies loop at the Chalk HRlver
Nuclear Laboratories. This fael{lity 1s an adlabatlc water loop rapable of

4

delivering flows Up Lo 16.0 kg/sec to the test section. The system contiined
3

a large (40.0 m”) reservolr which helped greatly {n maintalning constant
water teﬁperatune over lang running times. A schematic of the loop {3 shown

in Figure III.1.

The centrifugal pump (capacity, 14 kg/s at’ 1.MPa) was powered by 2 14,9 KW

-
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electric motor. 'The flowrate supplied to the test section éould be .
controlled in two ways. An aq;omatic control system used the signal from the
flow transmitter (FT-1) across an orifice plate in the delivery pipe and
linearized it with a square root extractor. The extractor output was fed
into a process signal amplifier and to a flow controller which automatically
actuated the pneumatié valve (V-1) through a current to air transducer. The
cdntroller featured proportionad, integral, and derivative control. The second
method was to overide the automatic control and fix the valve position
manually. Under most cenditions this maintained the flowrate within +/- 1%
,over very long operatlng periods with & minimal amount of manual readjustment
from time to time. Generally, it was found that the éutomat?c controller
worked well at low flowrates, but at higher flowrates more stable conditions
could be maintained by using manual control.

6n the outlet, a diverter valve was used to routé water either into the
welgh tank or directly ret;rn it to the reservoir. The diverter valve
movemeﬁt automatically triggered an interval timer to measure the collection
time of the weighed sample. Since tank capacity was about 2700 kg, accurate

measurements of mass flowrate could be made and reliable calibrations of flow

mcdsuring elements within the system could be obtained.

-7
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I1I.1.2 Flow Conditioning

Water was delivered by the pump through a 6.35 cm line to the test
statlion, Several features were required to ensure acceptable velocity
profiles at the inlet to the test section. The devices used to achieve such

proriies will now be discussed. The goal of the following apparétus was to

provide symmetrical but not necessarily fully developed profiles.

Since a centrifugal pump was used, measures had to be taken to ensure that
the swirl Induced by the pump's Impeller was removed. To counter this swirl,
a bundle consisting of nineteen 1.27 cm tubes was placed inside the 6.35 cm

delivery pipe. Their poslition can be seen in the schematic in Figure III.Z2.

The L/D ratlo of these straightening vanes was 80. The 6.35 cm delivery plpe

-.then connected to a 35 cm long luclte section that provided a transition from

6.35 em round to 14 cm by 14 em square. After the transition, a bundle of
1.98 cm diameter tubes formed an additional set of straigﬁtening vanes with
an L/D of 12. Immediately after these vanes, the channel converged In one
dimension only to form a rectangular section 14 em by 7 cm. This dimension
wa3 then maintalned for 102 cm until the inlet of the.test section i{tself.

The 102 cm represented a development length with an L/D of 11, -
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The object was not to have fully developed channel flow at the inlet to.

the test section, since this would have required at:least 20 diameters

" (dependent on Reynolds number {Hartnett [1962])). The main concern was that

. 5
the profiles were symmetrical about the planes of symmetry of the section. A

great deal of effort was required to ensure that this condition was met but
it was achieved by gﬁe apparatus just described. The .contour plots to bhe
presented in Section III.3.3 confirm this. . The actual apparatus is shown in

the photograph of Figure IIL.3.
III.1.3 .--Test Section

* A schematit of the test section is shown in Figure IIL.H. Thé overall
.cross sectional dimensions are the same as the inlet development section
leading up to it. However, the test section could be fitted with various
sized biocks which formed a cross section representlﬁg two adjacent
Subchannels of unequal size. Although one subchannel was of fixed slze (7 cm
X 7T cm), the thiékness of the blockages could be altered to'ﬁary the size of

the second subchannel. The various sizes used and the subchannel area ratins

they represented are tabulated in. Figure III.4,
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The transition from the 14 em X 7 cm inlet development length to the two

-—

subctiannel geometry was accompiished by tapering the leading edge of the twa

\

flow blockages. _This is shown in Figure III.5. The constrietion-created by

the r(.'-ap‘ered sect.ions was complete\dkbefore the inlet of the test section. The
inlet of the test section was defined as the plane at which the inla}
velocity profile measurements were made. Beyond the inlet, the test'section

extended for 1 meter. Velocity profile measurements were taken at various

‘locations along th;;‘length to study the way in which the flow redistributed
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itself. The various medsurement locations will be described in Section I111.3

when. the results are presented.
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I1I1I.2 Instrumentation

The measurements taken in this study consisted of velocity and pressure
profiles of a single phase liquid. Since all velocity profiles were taken
u;th pitot tube instruments, the primary sensing element for all measurements
was a differential preasure (DP) cell. A slngié DP cell was used for all
p}essuﬁe and velocity measurements within the test sectlon and its

characteristics and callbration wilf'now be presented.

I11.2.1 Primary Sensing Element

The primary sensing element for all déta taken was a Foxboro Model 613HM
DP cell nominally calibrated for a range of 0-50 cm H20 differential
pressure. An Inverted air over water U-tube manometer was attached across
the DP cell to give a continuous visual check of its ou:but during all the
runs. The same manometer was used to check the calibration of ;he Instrument
from time to time. This Qas QOne by varying the height of a column of watér
éonnected to the high side qf the DP éell and recording both the DP cell and
manometer reaqings. The graduations on the manometer were in 1 mm intervals.
Since the height of both columns of-uater had to be read, the manometgr was
accurate to within +/- 2 mm HZO' Figure III.& shows the callbration curve
obtained by this method and confirms the linearity and output of‘the DP cell

used.

A short discussion will now be given of the electronics used to measure

pressure with thias cell. The cell itself employs a dlaphragm, moment arm and

differential transformer detector to produce a 10-50 ma output over the
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calibrated range. A Model 610AT-OH excitation unit detected this current and
provided an output of 1 to 5 volts corresponding to a nominal pressurc range
of 0-50 ¢m HEO’ All pressure and veloéi}y measurements tnkenlnntuvally
fluctuated a certain amount.and therefore.the s@gnal had to be averaged.,  To
accomplish this a VIDAR Model 5218 integrating digital voltmeter wias used.
The integration period was accurately started andostopped by 1 Hewlett-
Packard Model 5330B Preset Counter. The ouépdt from the voltmeter could ﬁhvn
be reduced threugh a simple formula to the average pressure during the
integration period. The averaging time used wné 30 seconds for the velocily
measurements. This was chosen by examining the scatter in a set of readings
taken at a particular averaging time. The averaging time was incrensed until
ﬁhe scatter pecame independent of averaging time. Thirly seconds wig even
more than this value to account for variations in turbulence intensity at

other locations.
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I111.2.2 Stagnation Tube

To measure the velocity distribution in the subchannels a small
(1.6 mm OD , 0.826 mm ID ) tube was formed into a simple stagnation tube
which is 52515 in Figure IITI.7. All velocity data reported were taken with

fNp—

this instrument.

Accurate bositioning of the probe within the test section was very
important., At any axial station the traversing mechanism reguired two
degrees of {ireedom to enable the probé to completely map the velority ffleldn,
The mechanism used to achieve this is shown in the photograph in Figure
I[II1.8. The probe was mqunted on a brass base which slid in a g;oove n@chlnud
into the lucite test.section. Movement. of this sliding base Qus measured to
Wwithin 0.00llincheé by the dial guage sho®Wh. Movement in the other direction

T wWas achieved'by the screw type traversing mechanism in whirh the probe was

mounted and was accurate to 0.005 inches,.

In order to calculate velocity from the stagnation pressure [t was
necessary to know the logal static pressure. In the procogs of taking data
with this instrument the nearest convenient statie wall tap on the tést
section was used as a referenée pressure.  Since this pressurc Was notlulwuyn
the same as the local static pressure a correction had to'be iptroduqed
during the data analysis. The actual static pressure was {nferred from the
detailed pressure profiles and used to correct the Qeloclty measurements,

The measurement of these local detailed pressure profiles will-now be

discussed.
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111.2.3 Pressure

No Instruments beyond what have éléeady been described were required to
‘make the pressure profile measurements. The Foxboroc DP cell was directly
applied tq the static wall taps in the test sggtion. The wall taps were 1.6
mm diameter holes carefully machined perpendichlar to the surface with no
burrs or lips that cbuld cause erroneous readings. The many taps were
connected to the single DP cell by a toggle valve syétem. Figure III1.9 shows
the location of the pressdre taps on the test section. Note that two rows.of
pressure taps requiréd holes to be machinea through the flow blockages which
¢reated the sméll subchannel. Vacuum grease was used to seal the flow

blockages against the test section wall.

\
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Figure III.9 Pressure Tap Locations
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III.2.4 Other Instrumentation

In addition to the instruments already described, the calibration of the
supply orifice plate should.be presented. The orifice plate had a d/D of
0.69 in a 6.35 cm line with flange taps connected to a Foxboro Model H13tM
DP ceil. The output of the DP cell was fed into 5 squaré root extractor and
" then to a digital panel instrument to give a linearized indiecation of the
mass flowrate. The panel instrument read 0-100% with 100% corresponding M;{!&\J
known full scake flowrate. Because of the linearizling clrcuit, a reasonable
indication of the mass flowrate _u;d.be quieckly obtained by slimply scaling
this known full scale flowrgte with the percentage reading of the digital
panel instrument. With the use ofjthe weigh ﬁank an in situ calibration of
this instrument was performed. This was a very reIiable calibration alnee it
was done with the orifice plate in situ and used all of the process
electronics (excitation, squahe root extractor, digital‘panel instrument) of
the final configuration. Figure I111.10 shows the calibration curve obtiained,
Also given on the figure is a third™rder polynomial! fit to the calibration
data. Use of this relationship will give a more accurate rcegsult than a
simple scaling of the full scale flow ( 15.5 kg/sec) with the diglital pane]
instrument's readout.

-

In order to detect and compensate for temperaturé variatloas lh‘thn witer,
an iron/constantan thermocouple was installed in the supply plpe. This gave
a constant digital output of temperature'on a panél {nstrument whilch was
recorded periodically. Temperéture variations were usually very minor (2-3

deg. C/day) and were accounted for in the data reduction routines,
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I11.3 Experimental Results

The results of the detailed {low profile measurements will niy %p
presented. _This will begin with a description of the run matrix to deseribe
the range of conditions tested. Then the results of the pressure profiles

and veloclty profiles will be given.

II1.3.17 PRun Matrix

The run matrix for these tests was createdfby varying t#o pnram#tcga._
First, the geometry of the test section could be varied to give four ponslhle
configurations. Of these, three were two unequal subchannels and one wan o
simple rectangular channel. The various cross sections possible &are shown in
Figure III.4%. The unequal subchannel configurations are of {nterest since,

v
the effect of different subchannel area ratios can be studiQd. The
rectangular channel case was useful in checking the symmntr; of flow profiles
during commissioning and provided an additional test ciase for code
validalion. All four configurations will be compared with c~odr results.

Each of these geometries was run at two Heynolds numbers to study the
effect of Reynolds number on thé flow distribution. These Rnynoida numhurs‘
were nominally set at 180 000 and 108 000 and are based on the hydraulic
diameter of the channel and the bulk velccity. The combination of vabying;
Reynolds number ana the geometry gives eight different cases for which data

was taken.

\ .
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II1.32,2. Pressure Proflles

The pressure tap locations have been previously presented in Figure I11.8.
The labelling scheme {s indicated on the figure with each tgp having a letter
and numbé} éssociatedfwith it. The letter indicates which of the four rows '
(A,B,C, or D) the tap islin, while the number indicates i{ts axial location
along the test section. The reference tap for all readings was the '90.0 cm
tap in row A,

All of the pressure profile data is presented in tabular form in Appendix
A. Sknce presenting all of this data here in graphical form would be
redundant,‘only a couple of representative plots will be given. For any
glven run the profiles measured along row A,B,C, or D were very close to the
game, so, for clarity, only row A will be plotted. The two plﬁts presented
are for a subchannel area ratio of 0.32 at two different Reynolds numbers and

are shown In Figures III.11 and III,12. Their shape Is ;ery typical of the

rest of the data.
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111.3.3 Velocity Profiles

All the velocity data presented here was measured with the simple

stagnatlion tube as described in Section I11.2.2. The lcocations of all the

~ measurements are shown for W2/W1=0.50 in Figure I1II.13. For the other area

rattés, points wereladded or deleted as required but their proximity to the
wall was.constant. Figure III.13 gives only a qualitative idea of the
dunsiti/ofﬂtné‘gﬁid, the precise locations of the mggsuremént peints are
taﬂuiugéd with the data in gppendix B.

The velocity data is presented in tabulah form in Appendix B, Figures
11114 through ITI.17 sho# the data graphed in contour plot form for a
Reynolds number of 1R0 000, Figures III.18 through III.21 show data for a
Reynolds number of 108 000, Eae;‘figure cont?iﬁs three contour plots, cne at
cach of the three axial locations at which measdrements were made. The

a

contours represent lines of constant velocity néormalized by the average axial

velocily. The contour interval is 0.05 and the 1.0 line is indicated on the

igure. )
a .

Note that since the stagnation tube used was relatively insensitive to yaw

angle {see Appendix C), the velocity data reported herc is actually the total

velocity.
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Figure III.13 Experimental Grid for Veloecity
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Figure III.14 Velocity Contours (W2/Wi=1.0 ; R=180 000)
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Figure III.15 Velocity Contours (W2/W1=0.68 ; R=180 000)
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W o= 2.13 m/s ; Contour Interval = 0.05
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Figure II1.16 Velocity Contours (W2/W1=0.50 ; R=180 000}
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Figure III.17 Velocity Contours (W2/W1=0.32 ; R=180 000)
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Figure III.18 Velocity Contours (W2/W1=1.0 ; R=108 000)
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W = 1,13 m/s ; Contour Interval = 0.05
z/Z2 = 0.0

Figure III,19 Velocity Contours (W2/W1=0.68 ; R=108 000)
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wave. 1.26 m/s ; Contour Interval = 0.05
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Figure III.20 Velocity'Contours (W2/W1=0.50 ; R=108 000)
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Figure III.21 Velocity Contours (W2/W1=0.32 ; R=108 000)
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Initial confidence in the data can be based dn the fact that the velocity
. contour plots show generally good symmetry:u—%or the rectangular channel
cases (w2/w1-1.0), there are two planes-of symmetry. As can be seen in the
flgures, good symmetry was attained in these cases. For the_other- three test
section conflgurations. the addition of flow blobkages-allowed only one plane
of symmetry to exist. Agaln, in most cases, good symmetry exists.across the
plane. It was vital that symmetrical profiles were obtained before data
taking in earnest since code predictions were calculated on a grid which used
the various planes of symmetry to reduce the numﬁer of nodes. If the

experimental results.were grossly asymmetrical, comparisons with the

perrectly symmetrical code results would be*ﬁpuitlegg;ﬁ

A second check on.the experimental results was obtalned by calculating the
total'mass‘rlow based on Integrating the point velocity measuremengs ang
comparing it with the inlet mass flow as measured by the orifice p;ate in the
supply line. This check alsc indicated accuraté results sinece the mass flows

were consistently within 5% of each other.
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Iv. ANALYTIC INVESTIGATION

To complement the experimental investigation, an analytic solution was
also attempted. .Although such solutions offer many desirable advantages )
{speed, accuracy, flexibility), they are often difficult to obtaln. The

.

. process begins by formulating a mathematical model which consists of a closed

. set of governing differential equations. In some very simple cases an exact
solution to these equatiohs can be found. quever,>such solutions are rare,
and are not available for any complex internal flows of practical {nterest.
The alternative to an exaét solution is a numerical approximation to the
solution. This section describes a finite difference numerical solution
procedure used for the analysis. Section IV.1 presents the equation set that
embodies the mathematical model to be used: In Section IV.2 the numéricnl

solution procedure used to solve the equatioh set will ve described. Section

IV.3 will describe the actual code and soﬁe aspects of its Implemontation.

Section IV.4 will present the results obtained.
Iv.1 Equation Set

The governing equations of fluid flow are mathematical stétéments of the
conservation of some quantity over an infinitesimal control velume. Before
working with these equations, it is necessary to ﬁgfine the coordinate system

chat Wwill be used. In this analysis, a three dimensional Cartealan coordﬁﬁate
aystem provides the refereﬁce frame. With the reference frame establfshed

the unknowns should now be identified. Since the problem deals with a single



phase continuum; the unknowns are fleld variables and, in general, can be:
expresséd as functions of the three spatial coordinates and time. 1In ]
addition, the flow is aésumed to %e {ncompressible and isothermal so that the
only unknowns are the pressure field and velocity'fieldg. Using tens?r
notation, as will be used through most of this work, the fields can be

expressed as follows;
P = P(x,y,2,t) ' . L. IV

U, = U (xy,2,t) ' : ... Iv.2?

. Y p:

Since there are three components of velocity, this represents four scalar
ﬁnknowns. Note that the subscript, i, denotes U as a vector (first order
tensor) where { can assume a value of 1, 2, or 3 representing the three
coordinate directions. |

¢

The expressions given gy Egns. . IV.1 and IV.2 define the unknown field
variablesli;'their most general sense, as a function of éll foﬁr independent
var}ables. It is because of this generality that the flow riéld can be
described by only four fleld variables. As will be seen, adéitional field
variables such as turbulent kinetic energy and dissipation rate will enter

the problem in order to reduce this generality of the primary field variables

(P and Ui) and make their specification simpler.

The highly complex nature of turbulent flow makes this simplifichtion

necessary. Since a numerical scheme will eventually be appllied to the

»t
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solution of the-velocity and presasure ffelds, a discretized,numeri;al grld,
" and time step QillAhave to be chogen. The grid would h?ve to be very

fine in order to have the spatial resolution to accurately define the ver;
sméll_scale eddies iﬁ é turbulent flow. Viscous dissipation of turbulent
kiﬁetic energy into thermal energi is a very impbrtént phenomenon in a
tdrbulént flow since .it represents the sink for ﬁurbulenf kinetic energy énd
this process occurs at very small eddy sizes, tyéically in the order.ofl1 mm

(Launyér, Spalding [1974]). In order to resolve such small length scales and

2r.a domain of any practical interest, the number of grtq;?oints
(nodeg) would be far In excess of the storage capacity of modern computers.
Even more restrictive is the tremendﬁus time it would take to solve thg
equations for‘subh large numbers of nodes. In addition, plme scales of
turbulent f;uctuations are so small that attempting to develop a transient
code capable of resolving turbulent fluctuations is hopeless at pfesent.

‘As a result of this complexity, the time averaged effects of the.turbuleht
fluctﬁations, not the microscopic details, must_be conslidered. Although the
method for doing this will be described later, it is sufficient to say that

1t will allow the time dependence to be dropped and larger, more practical

grid spacing to be employed.

The common method of modelling the effect of the turbulent fluctuations s
to re-define the field variables already gliven as a sum of a mean component
and a fluctuating component. This procedure was initlated by 0. Reynolds and

{s known as Reynolds decomposition (Hinze [1959]).

P = P+p voe IVL3
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U, = U,*u : 7 - el IVLOH
The equations thq}_yill ;e preéented shortly are valid for the .
.[néifqtaneous values of P and Ui' The effect of the mean and fluctuating
components can be determingdlby ubstituting IV.3 and IV.4 into the governing
aquations and simpl{fyidg:"As will be seen, this procedure prﬁduces

'ndditjpnal_Unknowns involving the fluctuating coMpdnents and thereby

—— = ——

introduces-a closure problem in the equation §Ft.
}

Iv.1.1 Mass Conseruation . " . - 4
|
The simplést c&nservation equation is the continuity equation which states
that the net mass efflux from an elemental control volume must equal the net
production of mass within the control volume.  For an Incompressible,
{sothermal, single:phase flow this ‘essentially demands that the net mass
eff'lux must be zero at all times, The continuity equation_is presented here

[n tensor form for an incompressible steady flow.

= :
BUilaxt = 0 : ... IV,5
Substituting Eqn. TV 4 into IV.5,
3(G+ui)/3x1 =0 ... IV.6

-Expand and average to obtain, -
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BUi/axi + Builaxi =0 o IVLT
Y
Using Reynolds conditions this c¢an be simpf&fied aince;
[

du /9x, = d
A i

3U./3x.. =0 : Lo V.8
i i

.-

Equation IV.8 is the continuity equation for the éean velocity. 1f Egn.
iV.8 is subtracted from IV.6, a continpity equation for the fluctuation, a=a

shown below, is obtained.

du./dx,..= 0 ' ' oL IVLY
i i )
Since the original continuity equation was linear (Egn.  IV.5), Reynolds
decompostion did not result in any additional unknowns in Eqn., iV.8 and the
cbntinuity equation for the instantanecus, mean, and fluctuating velocities

are of the same form.

Note that Eqn. IV.5 expresses the laminar form of the contlnuity equation.
Since no fluctuating components contribute to'the laminar velonlty field,

Reynblds decomposition need not be applied.
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iv.1.2 Navier-Stokes Equations

The Navler-Stokes equations express the conservation of momentum for an
elemental control volume of the flow field. They can appear in many forms
depending on the assumptions and subsequent simplificapions that have been
applied to them The following form is for an incompressible Newtonian fldid

and is taken from Currie [19747]. The variables are defined in the

r—\‘““?riunenclatur‘e.

p(BUi/at + U BUI/BX } = —BP/BXi -\8(2/3u3Uj/8xj)/3xi

J J
-4 a(u(aui/ax

+ pf IV.10

+ BUjfaxi))/ax { .

J J

Since .this i{s a steady state analysis the time derivatives can be dropped.

-

Since the formulqp(on’is for an incompressible fluid, continuity can be
applied to eliminate the second term on the right hand side. After these

simplifications there remains;

pU auifax = —BP/axi + B(u(BUilax +3U /axi))/axj

J J
’\pw f, .. IV.11

J J

This equation is written using the instantaneous velocity, U Ir Ui is a

i
; laminar velocity fileld this form of the equation can be solved by numerical

‘methods. However, the small time seales of a turbulent flow require that an

expression for the average veloclity, U be found. Reynolds decomposition of

i!
turbulent fluctuating velocities and pressures must be introduced to obtain

consergrtion equation for the mean velocity. Therefore, substituting -
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Eqns. IV.3 and IV.4 into Eqn. IV.11 gives,
-

- - »

p(ﬁj+uj) B(Gi+ui)/3x3 = —25(!3+p)l/23x1 +

B(aD2u) /o 30 vu ) /0% )) /0

N R T T
i Phy -

J

e

Egn. IV.12 can now be expanded and each term~averagéd. Noting at this.
point that the time average of a first order f ugtuating term is.zero since

its mean. is zero, but products of two Fluctuattng%kerms dre non-zero , the

following expression is obtaj : q/'“
/ i
L} . ‘ . ‘_,/r
pUJBUi/axj + pﬁgaui/ij‘zx:i:/axi+
Bﬂu(BUi/axJ+3Uj/8 i))/Bx + pf

V.1
j 3

i

' Consider the second terin on the left hand side and axpand as follows:

QUjauifaxj = p(Bujuifaxj - uiaujfaxj) b ... Iv.1nh

but by Eqn. IV.9;
= / ' .-..IV.l"
_pujaui/ij pa(uiu }/9x% )

3 j o .

so IV.13 becomes, -

pU aGL/axJ = -aﬁfaxi + a(u(aﬁlfax +3U /3%, ))/3x

J 34

J

- pauiu /3x ., + pf

IV.16
3

i
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Since the Navier-5tokes equqﬁioné'are really a statement of Newton's
Second Law for an element of fluid, the various terms in Egn. IQ.16 can be
defined in terms of a force/moméntum Balance. fhe left hand side 15 the
rate of change of moﬁentum for the fluid in the eleméntal control volume;
Since the transient terms have been eliminafed only the spatial rate of

change remains. The right hand side contains all the forces acting on the

‘fluid element to produce this change of momentum. The first term i3 the

pressure force and represehté the resultant force acting on the surfaces of

the control volume due to pressure. The next two terms represent the viscous

\iurface of the element from the surrounding fluid., The

last term {3 simply the Body force from the weight of the fluid in the

forces acting on the
elemental control volume.

There remains oné term to consider In Egn. IV.16. The second iagt term on
the right hand side represents a force on the element due to the turbulent
rluctuations'in phelflow and is known as Reynolds stress. The fluctuations
in veloérby—traééfer momentum (i.e. exert a force) across the boundaries of

the control volume. It is this extra term that introduces additional

unknowns and creates the closure problem which plagues any attempt to analyze

turbulent flows. The Heynolds stress tensor, pu is symmetric and

i3
therefore contains six-unknown components. Conservation equations can be

written for the varlious components but in~doing so, higher order products of

fluctuating velocities are Introduced and the problem persists.ﬁ This closure

problem will now be addressed.
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IV.1.3 Closure ' .

In order to c¢lose the present set of‘equatiens, addTtional .relattonshi.ps

which will modél the effect of the Reynolds stresses must be.obtained.‘ Suéh

&relationshipé are called.turbulence'models and are essentially constitutive
equations which model the effect of turbplence in-terms of Tvalculable
quantities.

The first step in closing the equation set is to recognize a concept rirst
formulated by Boussinesq (Hinze [1959]). He considered the effect of the
Reynolds turbulént atress tensor as analagous to an additional laminar shear
stress. Since the laminar shear stress is expressed as a product af a
laminar viscosity and the mean velocity gradient (as in Egn. w.17), he

proposed that the turbulent shear stress could also be modelled as a product

of the same mean velocity gradient and a turbulent viécosity. by s A3 In Egn.
- /
.d/)/”}V.IB. ‘
T, . = u +3U : e TV
Tij u(BUilaxj an/axi) !
Ty " ut(BUi/BxJ+BUJ/axi) = -puiuJ : ... 1V.18

' ¢
Note that this assumption allows convenient reformulation of Egn. IV.16

into the following form:

- 1 J
a(uaﬁi/ax

pl BUi/ax‘1 =_-8P/8xi +

J+uBUJ/3xi+ut3U1/3x +ut3U /axl)ax + pf v.rg

J J J
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'

Now the problem is reduced to finding a relationship for a single scalar,
the turbulent viscosity, instead of the six components of the Reynolds
stress tensor. It is important to note that while the laminar viscosity, u,

-

13 a fluid property, the turbulent viscosity {3 not, but instead is dependeant

. ) 3
upon the structure of turbulence at the point of interest. Thus, “ﬁ is a i"

field variable. The model used to specify My defines it in terms of

cAalculable quantities which are themselves field variables.

The model used here was the two equation, k-e model proposed by Launder
and Spalding [1974]. Two additional differential transport equatlons are
Introduced, one for the turbulent kinetie energy, kK, and the other for the
dissipation rate of turbulent kinetic energy, £ . After solution of these
two new fieid variables, the turbulent viscosity can be found from the
following relationship:

u Cupke/e : ' ' .. 1V.20

t
The differential equations that express the conservation of k and & will
now be presented. These equations can be devéeloped from the momentum

equation using the definitions of k and e and appropriate manlphlatidns.

Consider first the turbulent_kinetic energy equation from Launder and

Spalding [1974]. 'i\,/_
5 i —



™

ﬁiak/axi'= A+B-¢ : v.m

' 1
where; A pa((ytlok)(ak/ i))/ax[

B ut(an/axj+aU /axi)BUJ/axi

~

The left hand side contains the convective rate of change of turbulent

kinetic energy. Recall that this is ﬂhe tatal chanée since the'tempornl rate
og\change is zero in a steady state aqalys}s. The right hand side of the
equation-contains the production and dissipation terhs which result In the
rate of 'change of k. A representé diffusion of turbulent kinetic energy into
the elemental contrcl volume. The terms shown by B are the production or.
turbulent kinetic energy by interaction of Reynolds stresses with the mean

velocity gradients. ¢ {s the dissipation, which is merely & aink for

the kinetic energy of turbulence.

Note that the diffusion term contains a new diffusion coefficlent, ut/Gk'
H -
to model the diffusion rate of k. In general though, all the terms of the
actual k balance equation have been modelled in terms of known guantitles

(i.e. the velocity field). Now,_thé dissipation equation can he preasentoed.

-

o 1
o = — /
U de/ax, pa((utloe)(ac Bxi))/ax1 +

£ = . = ~ ., 2
‘E(C1ut/D(BUifaxJ—aujlgxi)BU /ax; - C2c 7k ) ... Tv.p?

J

fgalin, the various terms have much the same significance as the k cquation’

with the new diffusion coefficient now being,'ut/cc.
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The 1mportant thing to note abght these equations 1s that several
empirical constants have been introduced whose values have been estimated
: "
through comparison of model predictions with available experimental data.

This has been done by several ihvestigators and the values generally agreed

upon, and used in this study, are presented in Table Iv.1.

Cu 0.09
C, 1.55
C2 2.00
9, 1.0 :
o 1.3

-

« Table IV.1 Empirical Constants {Launder, Spalding [1974])

=

i g

The equation set describing the turbuient flow is now closed. Four
équations {1 continuity, 3 momentum) were presented for the four:originai
unknowns. In so dolng, an additional unknown, the Reynolds stress tensor,
Wwas {ntroduced. At this point, one must resort to empiricism and describe
the Reynolds stress tensor in terms of an effective viscosity. The
turbulent viscosity was in turn prescribed by solution of two turbulent field

" variables, k and €. Eqn. IV.20 closes the set by describing My in terms of k

and e.
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IV.1.4. Boundary Conditions

Before any set of differential equations can 5e.solved, it must be
constrained by an appropriate set of boundary conditions. The following

sections will present the modifications to the various transport equations to

account for the presence of solid surfaces.

IV.1.4,1 Continuity Equation

The boundary conditions for the continuity equation are simply imposed by
setting all mass fluxes across thé solid boundary of any control volume to
zero. This is done in all equations since the flux acrogs contirol volume
boundaries convects all dependentrvariables into and out of* the control

volume.

An exception to this practice obviously occurs where there {s flow across
the problem boundaries. This requirgsqp‘mddlficatlon to the mass flux
~allowed through the control volume faces on the peripheries of the solution
domain. The technique used will now be'discussgb. The velocity proflle at
the‘inlet-is a boundary condition which must be specified by the user. Once
the Inlet velocity profile is speg¢/ified the appropriate fluxes are impdsed
upon all control velumes at the inle£. At the outlet the velocity proflle Is
allowed t&_develop on its own angd no predetermined dispribution is imposed.
Tﬁe eff%ux;from outlet boundary control volumes Is calculahed based on the

velocity at the center of the control volume,



IV.1.4.2 Momentum Equations

There are two boundary_condiﬁlons that must be imposed on the velocity
field: the traditional zero penetration anﬁ zero slip conditions. The zero
penetration condition is c¢learly enforced by suppressing the mass flux

through all golid boundaries.

L

The zero slip condition i3 more complicated and must be applied in terms
. i .
of a skin friction, 1, experienced by the fluid near the wall. ' The shear
stress at the wall Is deduced from the generalized log iaw as given by

Spalding [1982].-

| .

y Sy

A A A e e e e . VAV AP AN &Y &5 & 4

-~

Figure IV.1 Momentum Boundary Conditions
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The shear stress in this gquation can easily be converted to a force which
acts as an additional source in the momentum equation for the appropriate
control volume. E is a surface roughness parameter and is taken as 9.79
(Reétivo [19791). « is von Karman's constant and is set at 0.350. Several
investigators (Byrne [1970]) have determined its value and their results lie
"in the 0.343 to 0.418 range. A value of 0.350 gave éood agreement wWith the
.bverall'éxial pressure gradient and was within this range. Egn. IV,.23 |s only

valid for turbulent boundary layers so a check is done by the code to ensure

turbulent conditions. Consider the following dimensionless parameter:
. .5
y =¢C k 8y p/u ... IV 20

- + +

For y >11.63, Eqn. IV.23 is valid (Chieng, Launder [1980]). When y <11.63
the shear stress is based on a simple linear calculation of the velocity
gradient from the near-wall node point te the boundary resulting in the

following shear stress expression: _ ™~
T = pU_/éy ... IVL25
P : .
In addition to introducing this extra source term, the convection of

momentum across the solid boundary is suppressed by setting the mass flux

across the solid boundary equal to zero.
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IV.1.4.,3 k and £ Equations

The value of the turbulent kinetic energy, k, at a near wall node point is

L

calculated from the regular balance equation for the éontrol volume wWith the
assumption of zero diffusion to the wall. - The value 'of the energy
dissipation rate i{s fixed at that node point by the following:

5

/K)*(k1.

€ = (C'75
i

/6y ) ... IV.26

.

-y . )
which {s based on the hypothesis that the length scale of turbulence.varies
linearly with distance from the wall. Further explanation of these

assumptions can be found in LAunder and Spalding [1974].

iv.2 Numer{cal Soluticn

L

Now that the equation set describing the'mathematical model has been
established, a method of solving the equations mué; be developed. Since
direct sclution of such complex equations is n;t possible, a numerical
solution must be attempted. A 'numerical solution to a differential equation
conslists of a set of numbers‘from‘which the distribution of the dependent
variable can be reconstructed. The solution domain is divided into a three
dimensighal array of control volumes. Wighin each control volume resides a
grid ¢r node at which the value of the dependent varlables are calculated.

The governing differential equations must be integrated over these control

volumes to yleld algebraic equations contalning the dependent variable at the



current node and at neighboring nodes. This procedure ylelds a set of
algebraic equations that must be solved simultaneously to give the value of
the dependent varlable in question at each node. If the original

¢

differential equation is non-linear the resulting algebraic’ equation will
have to be linearized before allarge set of tﬁif can be solved
simultaneously. The finite difference procedure used to sdlve the current -

set of equations will now be detailed.

EY}
Iv.2.1 Standard Form of Equations

Since there are essentially six differential equations to be solved
(P,U,V,W,k,e), it would be very cgnvenient if khey could be cast 1n'QJ
standard form, Tﬁis would result in a much shorter code since the same
simuitaneous equation solving algorithm could be wsed for all six fleld

variables. Since all six equatlons express the balance of some conservable

quantity, it turns out that casting them in a standard form (s not a problem.

4

Let the dependent variable in this general equation be ¢, Now, the
conservgtion of ¢ can be expressed by the following differential equation,
taken from Patankar [1980].

A

3(p4)/3t + div(pl, ¢) = div(r grad ¢) + S s IVL2T
Since a steady state solution is used in this study, the first term on the
left hand side can be immediately dropped. The remaining terms have a very

simple explanation. The second term on the left hand side {s the rate of
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. . e
change of ¢ in the elsmental control volume due to convectfae. It equals the

. co _ - \
net efflux of ¢ as it } carrled by the flowing fluid. The first term on the

' i . ! .
right hand slde ls the ansport of ¢ into'the control volume by diffusion.

The last term i3 a sourcg term. Rewriting the equation as below;
o

- . - -

dfu(;5i¢) - div(rgrad¢) = S _ ' ... Iv.28 .

g —

{t can be seen that the source of ¢ (R.H.S) is balanced by the tlux of ¢ out

of the contol volume (L.H.S.) by convection and diffusion. As a final step,

v.28 will be written in tensor form for further use.

- Y
Jrc

Dol 0)/8x, - B(rde/ax )/8x = S | oo IV.29

1 , A ' :
K s '-: . R .'é

IV.2.2  Grid Layout,, ‘

As a preamble to discussing the manner ‘in which the equations jﬁst

.

presented are dlscretized, and in order to clarify future references to the

- v

grid ldyeut, a'description of the grid will now be’ given.

The grid cbnsists of a three dimensional rectangulér laycut of orthogonal
! a J\(

grid lines with a node:point at cach Intersedtion. There is no need
grtd rihés to be edually spaced in any coordinate diréction but theyrmust
remdln‘pa;allel. In order totélanq?;\the graphical repregentatidn of the
grid,ilt will bé presenied here In two dimensions only; The thira dimension-

Is'merely layers of 2-D grids such as the one depipted iﬁ Figure 1IV.2.

Tt -
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Figuré_IV.2ﬁa) shows a typlecal grid with only the scalar nodes and control

.volumes shown. Note that the nodes can be nonuniformly spaced and therefore
éoncentrated in the near wall reglon where the largest velocity gradients

exist.




Figure 1IV.2 Grid Layout -
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The nodes shown In Figure IV.2(a) were referred to as "scalar" nodes since

only *the scalar dependent variables, namely P, k, and €, are evaluated at

)

these locations. The momentum ﬂqgsf\i:fzpontrol volumes are staggered with

respect to the scalar grid. This practice was first used by Harlow and Weleh
[1965] and offers several advqcfages. The control volumes for each momenfum .
component are staggered from the main scalar grid in the direction . of the

.

momentum component {i.«=. u- control volumes staggered in x-direction, eotc.).
: &
The staggering for the v and u components is shown in Figure IV.2{(b) and
Iv.2{(e¢). The w component is similarily arranged.
-
The first advantage to become apparent.is that no( the véloclLy fs. helng

calculated on the fape of the scalar control volumes.' This makes the

' .
ééhvectton flux terms, (C's), in tnf séalar transport equatlons dlrgctly
available and eliminates the need for an interpolatién. Similarly, the
pressure i{s now known on the face of the mbmentum control volumes so that
when evaluating the source terms for the mémeﬁtum equailons the nodal
pressures can be used directly. These advantages eliminate some very serious
problems which arise 1f all dependent varlables had becn evaluatwd on the

same grid. The reader is referred to Patankar [198Q1J?or a complete

discussionl
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Iv.2.3 Discretization

Iv.2.3.1 General
Q

The gengral differential equation can now be discretized on the finite
difference grid Ey integrating it over a tYpicai cont;;l volume. Consider
the finlte difference controllvolume for a Cartesian coorﬂinate'éystem és
shown in Figure IV.3; In-addition to the coordinate. rosette, thé contropl
volume faces are labelled north, south, east; west,‘ﬁp and dgwn. Frequent
reference to these names wild be mgde when talking:about the various faces

and oLhe letters n, s, e, W, u, and d will often be used as subscripts to

indicate where various terms are to be evaluated. For the'following

volume faces are exactly Half way betwéen node points. Such a uniférm grid
{s not a requirement, but it make;?, the discussion much sin;pler-s‘ince there is
no need to tntrgduce complex weighting functions ba;ed on griqhsbacing.
P : . . Coe ,
At tnis point a note about the subscript cqnvention to be followed is also
In order. Lower case subscripts refer to values at the neighbor node poi;%s‘
while upper case éugscripts refer to valﬁéé at‘thé control volume. faces. As.'

will be geeh later th{s 1Is an_ important distinction.
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’

Figure IV.3 Control Volume Nomenclature

C S

Begin by integrating Eqn. IV.29 over the control volume as below.
. ‘ - ~ s
. JJJ8(9U1¢ - I‘B¢/axi)/axi dv = JJJ 5 dv . ... 1V.30 )

é@% P p .
- o - - " * Lo .
) . . F- r

' .
v

.

The left hand side can be simplified from a volume Integral to a.surface

-iﬁtegra% by the use of Gauss's theorem as stated in_ Wylle {19711] as,
. ? ) . R o

. -
R . v . 5
+

pd ) . :
: ' _ TR



Tt

m (V-F, )V = ”(Fi-;a)ds VoL IV.3T

A

P -
So; consider the left hand side of Egqn. IV.30 as n,i; J
= ”(;)Uﬁa ~ Fa¢/3xi)-n ds | h Lo. IVL32
'Expandtng the dot produot gives,
.J-
- JJ(pUds—I‘ng/Bx)Edydz - “(pUcp—rawax}wdydz
+”(p\f¢—1;a_¢/ay)Ndxdz - ”(pw—rar;)/ay)spxdz-
+JJ(pW¢—FB¢/Bz)Ddxdy - jj(pW¢rT6¢/32}dedy . en IVO33
JCarry out the integration rememperin&/Ehe subse¢ript convention and obtain,
- § .
. -~ / ) i , v
a ‘ (pUEqJE—r(q:e_—q;p) $x)Ag - (pr¢w-P(¢p—¢w)/6x)Aw--
+(pVN¢N—I‘('¢n-¢p)/6y)AN - (pVS¢S—I‘(¢p-¢$)/6y)AS
‘+(wa¢D—r(¢d—¢DW6z)AD - (pwU¢U—r(¢p—¢u)/6z)AU “
Cor , = JJJ S dv .. IV.34
f,fjf— | | . |
\whe?eun indicates the various controlgVolume face areas. - ' )
&

. ¢

a aimple }lnear plecewise profile of $ between, the poirTf: pf‘énq its . ////

Note that’ te exp%esé the gradient B¢/a§{é ﬂeduired'fér the diffusion term,

appropriate neighbor was assumed. It is qndf%er\métgég‘io evaluate ¢ at the

AN

. ‘ : \ -
interface (needed for the conyection term) and, as yet, these remain with - ~€;_
. . . . ) . - F ol . H !

RS

. B
\‘ '



upper case subécripts (indicating they are evaluated at C.V. faces). To

simplify the expression, define the convection and diffusion flux terms as

follows:

o
it

r/8x ' . P A Y
and

C = pu 3 _o- : | ... 1v.3b

_With this notatien, Egn. IV.34 becomes,

-
-

E¢E"DE(¢E‘$p))AE - (Cw¢w Dw(¢p‘¢w))ﬂw

+(Cyoy~Dyle 2 DAy = (Cgo =D (o -¢0))Ap

(C

(CD - D(¢d ) ))A - (C u®y” D, (¢ -0, ))A

fm L

Recall that the rcsult of the dlscretlzatlon proﬁﬁazT:#—’dLo ber 4 aet of

linear algebraic equations for ecach of the unknowq§ in the prohlg?. AT this

point, each unknown is represented by the general varlable, $. Aasuming the

SOlution domain is d1v1ded lnto n control volumes, a system or n lLinear
¥

) equatlons in the n unknown nodal vazﬁg;?g?ﬁb\}é>requ1rod for a cloqnd

solution. Thig set of eq ations Ts: obtained by writing an nquat[on\likr

IV.37 for eéch control -vol

>
“

in wder‘ to evaluate the c;'l\ende'nt vériables at the contr'ol '.folume laees,
some assumption about tHe variation of the deendent variables betwren node

points.is required.. Regardless of what this asaumption 13, the expreaalon

‘ [
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for ¢ at a control volume face will contain as unknowns both ¢ at the control

"volume under consideration and ¢ within the neighbor control volume to which

the face is common. The manner in which these interface values are specified
s often called the differéncing scﬁeme. When this differeﬁcing’scheme is
substituted into Egn. ¥U.37 and the equaaion is appropriately rearranged, ¢p
can bé expressed as a linear combination of ¢ at its six neighboring nod%i

and the source term, as In Egn. IV.38. A differencine scheme, then,.provides

the link between Ehns. IV.37 and IV.38 and is the expression of an, as ete.
In terms of the convection and diffusion kluxea (C's and D's).

:

ap¢p e¢c+aw¢w+an¢n+as¢5+ad¢u+ad¢d JJ{ Sav

-

~

-
3

A syste or“equétions such as Eqn. IY.38 written for each nodal pocirt can

be solved stmultaneously to find all of the ¢'s,

Recall that there are two types of flux terms in Egn. IV.37; convective
. N .
and diffusive. The relative strength of the convectibn and diffusion is d\_,J

very important parametenwfﬁ4§ET€gPing'a differencing Scheme. T eclet

‘ A
number, ﬁf' is a dimensionless group which expresses the ratio of convection

o

Pe = pUsX/T e .e. IV.39

to diffusion and is defined in Eqn. IV.39. 5
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IVv.2.3.2 Central Differencing
<«
The most obvious cholce for a differencing scheme would be a linear
interpolation at the control volume face from the two adjacent'node points.
This id termed the central differencing scheme and is . the natural outcome of
a Taylor series expansion. The following expressions state the neighbor

',Qoefficient in terms of the various diffusion and convectton fluxes:

. b

e E E

a, = Dw + Cw/2

a, = DN - CN/E

a, = DS + CS/2 i

a4 = DD - CD/2 i

au = DU + CU/E

ab = ae + a + an +_aS + ?u + ad'+ N .
(C - Cy * Gy~ &5 *fD\-CU) ... IvLho

These expressions can be easily verified by substituting expresaiong such as

¢N=1A2(¢n+¢p) into Eqn. IV.37 and rearranging the result to fit Eqn. 1V.38.

J

Although this scheme seems intuitively attractive, its practical
implementation results in sod@}eerious problems for many s utloné. In
] ) ..

“order to illuminate the major probl¥mewith this méthod; again conslder
Egn{ Iv.38 andlépplf some physical reasoning to the meaning of the neighbor
coefficients. Thegse nelighbor coefficlents are basically'welghted Tactocs

which exphess ¢ #s some approprlate a}pear combination of all {ts nelghbors,
et .

L - w«
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Since the process expressed by the original generai‘differential equation’
(Egn. IV.27) is one of convection and diffusion, it follows that all of
these.coefficienté must be positive. In effect, this is‘saying that an
increase In ¢ af some neighboring point can only causé ¢p to increase, Wwith
all other factors remaining unchanged. Therefore, the neighbor coefficients
must aiways be pbsitive; To cite a physical example, consider a solid body
and let the dependent varigb}e be temperaﬁure. An increase in temperature at
one point in the body can only cause neighboring ﬁoints to inecrease in

temperature and can not cause them to become cooler.
A

Returning to'the central difference formulas given by Eqn. IV.40, it can

Bl
.
r

be secn that the coefficients can easily become negative.. In addition to the
violation of logic just mentioned above, negative coefficients tend to make

: ' ‘ . -\\\
the equatlon set numerically unstable. These are uﬁ&cpgﬂ%able hazards and
render the scheme useiess except in cases where the conditions are such that

positive coefficlents ngq3§sured.

Iv.2.3.3 Upwind\Differencing
- \\J .
. Y

In order te formuiate a mo~e appropriate scheme, the source of the problem
~ ‘ .

in the central differende scheme should be pinpointed. Note that the
diffusion term (De, DwJ etc.) is always positive (see Eqns. IV.35'and

IV.36), whereas the signh of the convection term (Ce, Cw, etc.) depends on the

v

sign of the veiocity. Therefore, it™is the convection term which has the

potential to ﬁake the coefflciepts expressed in Eqns. IV.40 become negative.
. Ve :

If the convection is of the appropriate sign and at 1e§st;twice as big as the '

]

]

‘\

5
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) A
diffusion term, a negative coefficient will result. This is serious indeed

because convection is very dominant in fluid flow problems.

A remedy for this problem {s the upwind differencing scheme. The
" diffusion term is left unaffectéd but it is'recognized that a simp{;\iinndr
interpolation at the inter%ace_is not realistic.for the convected proporty.
This scheme sets the interface value of the convected property, ¢, equa{ to ¢
at the "upwind" grid point. This is intujtively attractive since one would
'expect tﬁét, especially for stﬂbigly convective flows (i.e. high Pe), the

interface value would be much closer to the upstream neighbor and would not

be influeﬁﬁed very much by the .downstream value.

-

. -
In application, the consequences of this formulation give cxpresglons for

the neighbor coefficients as follows:

£

‘a, = bp + [-¢,0] -
1
a = Dw + [cw,oj .
a i\DN [ GN,O]
a_ = DS + [CS’OJ .
a, = DD‘+-F-C ,0] o
L. . ) M
au\= DU + [CU!OJ -
a_ =a +a +a_ +a +a +ta, +
p e W n, s u ~d . . )
¢ - C.o-C.+Coo-C) L. Iv.an
(Cp =€+’ Cy - Co+ CymCp L.

-

Note that the square bracket operator [CH'D] Indicates the maximum of Cw

. , : e
and 0. It Is clear that th‘cheme cannot result in any negative

’
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L

- o
coeffliclents as plagued the central'difference scheme. Recall} however, that
the formulation of the diffusion term rq&iined unchanged and is therefore
still calculated based on a line piecewisékpggfile of ¢ . This leads to’

,overestimation of diffusion by this scheme for large\values of Peclet number.

IV.2.3.4 Hybrid Differencing
TQ overcome the difficulties of the previous two formulations and provide
a method for a large rangec.of--Peclet numbers, a schemeIWas developed
(Spalding [1972]) which is essenﬁially a %eﬁbination of the two schemes

already described. Each of these .schemes is only effective for a certain

ge of Peclet numbers. The ééntral difference scheme is valid in the low
Peclet number range while the upwind scheme becomes more effective for high
Peclet numbers. The hybrid scheme is formulated such that for -2 <Pe <2 it
reduces to the central difference scheme, while*for Pe<-2 or Pe>2 it is-
equivalent to the upwind scheme with the diffusion term set to zero. . This

- ‘. - (‘_.”"_—'_“ ) ° )
remgves the difficulty mentiofied earlier with the upwind scheme and does not

adver§&{y affect the results since it is only applied for high Pe situations.

The formulation of the hybrid scheme is glven by following relationships:
' Ny ‘ r - ; =

I
n

[=CgDg-Cy/2,0] : Co o .

[€,yrD,*Cy/2,0)

w
t

[-Cyy»Dy~Cy/2.0)

[Cg,04+Cg/2,0) K o '

w
4

9]
[

a = [~Cp,D ~C,/2,0] e

C.:/2,0] : "

. o
.

[CyaDyp*
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ap B ae ¥ aw ¥ an * s au v ad * .
(CE - Cw + CN -~ CS + CD ~ CU) ) S S T

Because of its applicability to a large range. of Pe numbers and its

relative computational efficiency, this is the scheme used in this study.

1
i)

Iv.2.3.5 Source Terms \i‘ . .;;

»

>

Now that a scheme for specifying the neighbor coefficients has heen
chosen, the source terp in Eén. iV.37'should be considered, Very ofteﬁ. thes
source term is a function of the dependent variable, 4. Howgyoni the
algebraic equatich set must ;é\Qipear so only a linear dépenaéncn of 5 on ¢
can be gghggmodatéd. If the true relationship is non-iinear,'it must be

linearized. The linearized form of the source term is gilven by,

-

&

= ' )
) Sp¢ + Su . .f. Iv.473

where Su is the constant term and Sp'the linear term. With the source

v

line@rized. the general'algebraié differenge.equatton becom:s: *

T -

. . . r : '
A = o . C e L /
ae, -,ian¢n + S, o Iv.ui

[y . . N

- where n denotes each\;ETEHBBFT/// : ‘ ' o

, . . . "
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The source terms for the various transport equations essentially consist

of -all terms which cannot fit intd the convection and diffusion terms of the

standardizediequation (Eqn. IV.29). The next section will deal v{EH‘NQuw

‘problem of casting the various conservation equations into the standard form

and will further illustrate the source term formulation.
IV.2.3.6 Fitting the Standard Form

The x-momentum equation will be used to i{llustrate the proeeedurs of
casting the various transport equations into the standard form. After this
is done, the standardized form of five of the equations will be presented in

tabular form. The sixth equation, continuity, is a special nase ana will be

considered In Section IV.2.4.

Consider Eqn: IV.19 written For the x component of momfntum as helow;

pl-f[BU/Bxi = -3P/3x +

_ _ . . v
a(uaU/Bxi+uaUi/axwtaU/thwtaUL/ax)/ax1 pfx .. 1V.H6
rearrange as'shown;

a(pUiU)/BxL - 3((u+utlBU/axl)/Bxi =.—3P/8x+pfx

+B((u*ut)861/8x)/axl R N

Comparing this to Eqn. IV.29 it can be seen that, *



r = u*ut = U
-k S = -3P/3x +

80

eff .
pfx + a(uefraui/ax)/axi

.

Now, to complete the discretization, the volume integral for the source

~

term (Sea Eqn. IV.37) must be performed. . -

] sav - ]

+

= PE)A

o
o

j (u ffa

(P, =P_)A
o lugppdV/

* Qg ppdW/

In this equation, P
of the control volume
to be used to express
$'s. However, as was

makes the pressure on

‘-
J [-3P/Bx+ fx+ B(uerfaU/BX)f3x+3(uerf8V/ax)/By

B(uerfawlax)iié%;dfﬁfdz

£~

+ pgx-Vol+JJ{ueffaU/ax)Edydz:jJ(ueffBU/ax)wdydz
U/ax)Ndxdz—JJ(uefFBV/ax)dedz+JJ(uefoW/ax)Ddxdy
W x) ydxdy
£~
F+pg Vol+(u rrBU/Bx) A (uef.faU/BX)wAw
ax)NAN_(UeTFBV/BX)SAS
BX)DAD_(uefFBW/ax)UAU_ :.. Iv.48

E and Pw are the pressures on the east and west faces

re pectiﬁely. Recall that an interpolation scheme had

¢ at a control volume face in terms of ¢p and neighboring

seen Iln Section IV.2.2, the use of a staggered grid -

the momentum control volume faces directly available.

Table IV.2 tabulates all parameters required to cast five of the

conservation eduati ns into standard form.

\

A

o

S

L)
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Herr

(PW—PE)AE+ng-Vol
¥ (g ppdU/ax) pAp=u p BU/OXI R,

BV/ax)NA aV/Bx)SAS

N Merr
Bw/ax)DAB-(

lugpe

(“eff aw/ax)UnU

Rors

uefﬁ

(PS~PN)ﬂN+pgy-Vol ‘

BU/B})EA BU/ay)wI\w

g Warr
+ (|.1‘ﬁf.f"r3‘.'/3y)NJC\N--(u(‘f‘f‘a\lf’ay)S;\'\:3

tigre

aw/ay}Dn‘ AW/3Y)

Qugpe p"Were T

Here

(PU-PD)AU+ng-V01

(“erfaU/BZ)EAE"(“offaUIBZ)wnw.

+ (

Porr
3W/32) A~ DW/B2) A

ueffaV/az)NAN—( BV/BZ)SI\H .

Cugpe

] .
/ -C keVol/
% | TP BT err

U U .

Here
2 . ?
(aW/3z)7) (3U/ay+av/ax)" -

+

L (aV/azeaW/ay)? +e(3U/azeW/aX)"

s 2.
=Volf2((3u/ax) +(aV/ay) -

u /q —Czpe-Vol/k

t

- S

oC,C, ka0l (20(aU/3x) 2+ (3V/3y)°

1
2 2
+ (3W/3z)") + (3U/3y+av/ax) .

v (3V/az+aW/ay)2 ¢ (BU/BzeaW/3X)°

Table IV.2 Summary of Conseqyation Equattions

<

i

-/‘
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iv.2.4 Pressure Correction

u"-—

For the three momg;tum equations, one of the major components of the
source. term just deseribed is the pressure force. However, the pressure
field is unknown and therefore the source terms for solving the three
momentum equations can not be accurately evaluated athfirst. Instead it is
.t ‘necessary go sb%ve the velocity fiéld {via the three qoméntum'equations)
.using an éssumeﬂ préssure field., If this pressure fleld were correct, the
resulting velocity field would satisfy continuity. Before the resul£
converges,” however, the vg}oFity field will viplate continuity. To correct
for continuity, and drive both the velocity and pressure fields towards
convergence, a pf%ssure correcgion scheme as described by Patankar [1980] was
_uéed. Sincde no explicit gquation exists for pressure, the continuity
equattop-is réformulated 80 that the independent variable becomes a pressure
correction term. This Eressuée correction is fhe pressure that must be added

to tﬁé'current pressure to arrive at the correét pressure field._.Fi;ﬁ this
pressure correctidn, veloﬁitx c&rrections can be dpplied t® the velocity f&

fleld which adjust it Eo satisafy continuity. The derivation of the pressure

corrégtion equation will now be outlined,

Consider the following: -

T A

p-a pOupr . ... IV.H9

‘where P {s the actual pressure, P 15 the pressure during the current

- -
.
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iteration and P' is the required pressure correction. Similarly, velocity
, .

ra -
corrections can be formulated as follows:

- r
u =y : T IV.50
Vo Vs _ . 1VL51
W= Wl ' ' R L

s e B —

N S —
L
L]

L ———

Figure IV.4 Pressure Correctlon Scheme
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Referring to Figure IV.4, consider the x-momentum equation: as written;for'khe-

shaded x-momentum control veolume,
e

(Ean-sp)up = Zanun + A(PD-PE) + b .v. IV.53

where "A = control volume face area.
‘f'Pp= pressure on west face of shaded C.V.
PE= pressure on.east face of shaded C.V.

b = other 3ource terms.

Note that A(Pp—PE) is simply the static pressure part of the source term
and has the units of forece as would be,expected.

I

Now substitute Egn. IV.49 into IV.53 ~

- = & l O_'_O []
(Zan sp)up {anun + A(Pp P PLPL) + b ... IV.54

Also, substitute the old conditions, p° and Ug, into IV.53 to get,

0 . 1O 0_,0, '
([an sp)up = Xanun + A(Pp PL) + b ... IV.55

g\-’.:\ oo
'Now. subtracting IV.55 from IV.54 yields,

i . *

: o,, ¢ ) 0 ‘b ‘
(Up—Up)(Xan—sp) - X(Un—un) :‘A(Pp PL) ... IV.56

In order to cast the present equation into the standard form, recognize

.



8s -

that at convergénce,

v =1°

n n

¢
so that, _
//‘ v—/‘w -
o B .
u -u a -5 )} =)A(P'-P'). ‘e Y
(U -u (a5 ,) (P1-PL) V.57
) i

and '

U = U + DUP'-P!) : . 1V.58

P p p E

DU = A/(Ean—sp) ' ' ' ‘o IV.EO

This is a velocity correction formula and is used to correct the current
velocity, U;, to a velocity field which will safisry continuity, Up. Befape

ft can be applied, the pressure corrections, Pé and Pé must be found. An

equation, in the standard form, with P' as the dependent varlable (s formed

by considering the continuity equation as follows:
[ \

. - - - {
(pUA)w (pUA)E+ipVA)S (pVA)N+(pr)U (DWA)D 0 ... V.60
Now an equation of the form of IV.58 can be written for each of U, Uc'
v, V., wu; and W  and substituted i{nto IV.60 to get,

n’ 's d

1 - - ' £
Pp(Ian Sp) {anPn +5, U A%



where,
a = pA.DU ] -
This equation fits the standard form of the discretized finite difference
equation and'has the pressure correction term, P', as the unknown. It
) essentially replaces the continuity equation in the equation set. The method

with which,it is applied will be detailed in the next section -where the

solution scheme (s described.
IV.2.5 Solutlon Scheme

The sequence in which the various equations are solved and- pressure
. ™
corrections applied follows the SIMPLE (Semi~Implicit Method for Pressure

]

Linked Equations) aigorithm as described by Patankar and Spalding [1972].

The 1£portant {tem to note 1s that this procedure does not involve a
simultaneous solution of all unknogns at once. Instead,lit solves each fleld
variable éeparatelylin a sequence which 1s designed to promote cdhverggnce.
Note that during the solution of one of the field variables, many of the
other unknown field variables exist in the linear coefficients of the
discretized equations. In fact, in the case-of thé momeﬁtum équatlons, which
are truly nonlinear, the old value of the dependéﬁt variable itself must
appear in the coefficiéﬁt in order to linearize the equations._ This is
already taken care of in‘the derivation of the generalized difference

equation since when the dependent variable, ¢ , is one of the momentum

components {say x~momentum), ¢ {s equal to U, the specific momentum (momentum
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per unit'mass). U already appears in the convection compeonent of the

coefficients so the equations are non-linear.

.

Additional non-linearity is introduced by the effective viscosity
hypothesis. The local viscesity becomes dependent on the veleoclity field and
therefore introduces further coupling between the dependent variable and its

linear ccefficients in the algebraic difference equations.

=

Because of the non-linearity, an Yterative solution procédure is required.
The coefficients must be calculated based on current knowledge of tha
velocity and viscosity flelds. The lineariééd equations are then solved to
give updated veloclity fields. At convergence theré Wwill Qe‘little or no
'cpange in the newly calculated velbcities as compared tc those from the

previous iteration.

»

The following step by step sclution procedure embodies the SIMPLE

algorithm:
1. Guess pressure field.
2. Solve momentum equation for U, V, and W.
3. Solve pressure correctlon'equation for P' fleld.
4, Correct pressure fleld (Egn. IV.NQ)-_
5. Correct velocity field (Eqn. IV.58).

6. Solve for k and e flelds.

7. Recalculate ut based on k and ¢.

~

8. Return to step 2 unless convergence has been attalined.
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" Iv.,2.6 Convergence Criterion

The convergence of each of the six dependent variables is monitored by
calculating a residual source at each iteration and iterating until these
raéiduals are driven to an acceptably low value. Expressing the residual
source for a single control -volume Iin terms of the general discretization

cquatlion, the following 1s obtained:

R, = a6, ):an¢n -5, ... IV.62
As this equation indlcates,lthe residual is merely the imbalance in the
lefg and right sides of the difference equation. The ﬁeSidual is summed over
all control ;olumes to arrive at the residual for each dependent variable.

As the solutlon procedes, these residuais are monitored. If they become
erratic or begin to grow, the‘éolution is aborted by éllowing a maximum,
number of iterations. An acceptable residual is specified and when all

reaiduals are below it, a successful‘éolution ia declared.

"IV.2.7 Linear Equation Solver

.

The soclution ﬁrocedure Just described requires the services of a linear

equation solving algorithm for successful imblementation. Since all

€ -

equations were cast in.a standard form; the same-equation solver can be used
| :

Q9r all six fleld variables, During the course of a typlcal solution, this
algorithm will be called many times so it is Important that it be as

efficlent as possible. It {s also important to recall that during the
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solution, all of the linear ccefficients being-passed to the routine are

- .
based on guesses or unconverged solutions (ie. they are only estimates).

'Tﬁérgfore, the benefits of using a sophisticated equation ‘solver which will
pr&vide an exagﬁ solution must be carefully evaluated. Tﬁe éddlt{onal time
for an-algorithm which Houid find an exact solution to the."wrong“ Sét of
equations is not justified. Instead a faster; more conveniént, soluttion
procedure is used.

4

[,

One of the fastest linear equation solving algorithms avallablovlg the
tri-diagonal matrix algorithm or TDMA (Burden et. al. [1978]) This
technique demands a tri-diagonally baﬂded coefficient matrix'in order to be
implemented; This means that althoﬁgh the equation set can be as large ﬁs
required, there can only be three unknowns per equation (ie. only ihren non
zero members in each row of the coefficient matrix). - It must also be
possible to arrange the equations such that these non-zero coefrfclenta 1ie

along the diagonal.

Recall that in a three-dimensional problem, as is being considered here,

each node has six neighbors. Therefore, each equation will have seven

unknowns. In order to solve them using the TDMA algorithm, four of the terms

involving unknowns are evaluated using values from the previous iteration and

moved to the right hand side with the other source terms. This,

simplification adds an extra degree of implicltness to the solution and

yields only an approximate sclution. However, as discussed, the consequences

of this are not so drastic since the coefficients themselves are only:

approximations. In addition, the error introduced at convergence will be

”
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practically zero since the changes in the dependent variable will be very

small. Therefore, this approximate method will not affect the final answer, '

: ) ‘ o
but will increase the execution speed greatly. Iy

»

</

' In order to reduce the effects of this approximation, a system of sweeping

" the solution over the three dimensional solution domain is implemented, The

I

three dimensional matrix af control volumes is considered one plane at a

time. As a ﬁlane s isolated, termslinvolving unkﬁowns in the .kwo
feighboring planes are evaluated with old values and moved intc the constant
term. After this, 'each line in the plane i3 considered in turn. As a line
Is removed, two additionalineighbors are moved to the constant term. At this
stage, the algebraic difference equations for any control volume in the line
contain.only three unknowns and are rdady for the TDMA algorithm. This

procedure 1s often called a line by line solution.

For the current program the following sweeping philoscphy is used. For

all dependént variables except the pressure correétion, the coefficients are

-

assembled one plane at a time for each successiﬁe K plane (plane
perpendicular to the z-axis) ﬁarching‘in the downstream direction. For each
plang. a line by line solution is peérformed in both the I and J direciions.
This line by line. procedure is repeated a few times to give a more accurate
solution for the cﬁrrent plane. The number of sweeps can be adjusted to give
an optimally fast and accurate solution. .

For the pressure correction equation, all of the coefficients for the

whole solution domain are determined before the TDMA algorithm is called:
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- This distinction is based,on the fact that the pressure equation ig elliptic

while the others are hyperbolic. For the hyperbollic equations, the

velocities at any K-plane are largely indebendent of the downstream plane.so

the marching technique is adequate. However, for the pressure equatlon, this

" {ndependence does not exist and s0 a line by line sweep is repeated 'in all

1

oordinate directions for a prescribed number of repetitions. It is

benefidial to repeat the sweeping procedure more times for the pressure
ion equation and obtain a more refined solution sipcsrthe aource terms

other equation depend so heavily on an accurate pressure fleld.'

IV.3 The FAITH (ode
]
The numerical procedure described in the préviﬁus sectiona was lmplemented
in the FORTRAN cBmputer code FAITH (Flow Anélysis In THree dimensions}. The
original version of this code was Ehe TEACH3D program obtained from Imperlaa
College which is discussed in the Ph.D. thesis of Restivo [1979]. Mdgt of g
\:.a

the code's numerics have become apparent_ through previous discussions,

short explanation of its organizaffg;, features and some of the

modifications made sincde its aquisition as TEQEHBD, will be given.

»

IV.3.1 General Code Organization
The organlization.of the code is shown by the flow chart In Figure IV.5.
The program flow generally follows th2 SIMPLE algorithm as described in

Section IV.2.5.



To begin, thefggin prqgram initializes the grid and reags the inlet
,uckpci;y.prorile. Thedunlet valués of the turbulent kinegic energy -and
dissipation rate ére-calculatedmfrom the.inleﬁ ve;;city and an assumed
turbulent lntensity'of 39. Measurements:by Byrné et. al. {1970] indicated
velocity ﬂrofiles for devélopiag turbﬁféﬁt flows in paréilgl walled ducts to
be quite'inénnsitive to the fnlet turbuiént intensity. After célling a
uuhroutine named INIT to calculate the coordinates, of the staggered'grids and

all control volume dimensions, the executive program begins the main

iteration loop.
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Initialize Grid

and . ,.' ) \
Calculate Control
Volume Dimensions

|

Read Inlet’
Velocity Data . -

Subroutine: CALCU
Calculate U-Velocity

Subroutine: CALCV " Subroutine: PROMOD
Calculate V-Veloclity Boundary Conditionn

Subroutine: CALCW
Calculate W-Velocity

Subroutine: CALCP
Calculate Pressure

l

Subroutine: CALCK Subroutine: LISOLV
Calculate Turbulent K.E. Linear Hquatlion Solver

L.
I

Subroutine: CALCE
Calculate Dissipation

Subroutine: PROPS
Update ut

Residuals Print

N ——=Acceptable? Results

Figure 1IV.5 FAITH Ccde Flowchart
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Each dependent variable is solved by a seperate subroutine. These
subroutines have the same form so only a general discussion will be given
here. A flowchart of one such subroutine is shown in Figure IV.6. Their

purpose {s to assemble the coeffi¢ients of the linearized solution matrix.

Referring to Figure IV.6, observe that each K-plane is considered in turn.
For each K-plane the control volumes are considered by looping through rows
of constant 1 and for each such row, thrdugh the range of J. ane a control

volume is isolated in this manner, the six neighbor coefficiénts are

: calculated based on the convection and diffusion fluxes at their surfaces and.

the hybrid differencing scheme, as discussed iﬁ Section IV.2.3.4. At this h
étage, the two components of the source term (Sp and Su) are calculated as
outlined in Section IV.2.3.5. This procedure is repeated for all control

volumes in the current K-plane.

’

Naw, in order.to account for‘the effect 5f the walls, a special subroutine
(PROMOD) is called to augment the source terms. This subroutinelbasically
enforces the boundary conditions as described in Section IV.1.4. There is .
oﬁly one PROMOD subroutine but -it has a seperate entry point for each

depéndent variable.
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Loop Throhgh J |

l

Calculate .
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p

CALL PROMOD
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|

Calrulate
a , R .

P9

|

M. CALL LISOLV
Solve plane

RETURN

Figure IV.6 Coefficient Assembly Flowchart
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Once the nelghbor coefficientg and source terms have been calculaﬁéd for
the current k—plane..the point coefficients, ap, and the monitoringlresidual
R¢ {see Section IV.2.6) can be calculated. Then the plane is sent to;the/
tri-diagonal matrix linear equation solving routine, LISOLV, ;o éalculate the
updated value of the dependent variabies for that plane. The whole pﬁ;cedure

1s then repeated for the next K4plangr

It is important to note that this plane by plane marching takes place in
the downstream direction. This makes use of the hyperbolic nature of the u,
V, W, ¥, and ¢ equations. Since hyperbolic equations make the dependent

variable more heavily dependent on upstream neighbors, marching -in the

. ™ .
downstream direction wlll enhance convergence by caleculating the neighbor

coefficients with new values of the dependent variable in ‘the upstream plane.
As mentioned before, the pressure correction equation is an exception to
this since it is elliptic. To account for this, the procedure just described
i3 altered. Instead of calling the TDMA algorithm for each plane, the
coefficients for all planés are calculated first and LISOLV is called only

cnce for the whole solution domain.

After all six dependent variables are solved, the new viscosity field is
calculated by the subroutine PROPS. Then control is returned toc the

execuUtive program where it checks if all six R,'s are below an accéptable

¢
limit. If they are not the program returns tb the top of the iteration loop
and the dependent varlables are recalculated. If a good solutién has been

reached the program prints out the results.
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cIV.3.2 Inlet and Outlet Conditions

- >

ot
Several changes had to bg‘madé to the code to make }t applicable to
subchannel problems. In the form'that it was firat recéived, the code was
uséd for studying the flow dlstributlon.of air in a venttlated room. This
éeant that fhe regions where flow entered and exited the geomgtry‘were
restricted to quite small aréas. In subchannel éﬁd duct problems inlet and

outlet generally cover the entire cros* section at the ends of the geometry.

Changes had to be made to the PROMOD subroutihe to accommodate this.

In the original code,there was no provision to specify the profile of the

inlet velocity, only.a single mean velocity could be specified. This wis i

‘very important featvre so revisions were made to allow specification of the

~F .
velocity profile at the inlet. This essentlally allows the user to define a

different veloclty at each node point on the inlet plane.

‘ <
A similar revision had to be made at the outlet. Originally a single

w

outlet velocity, calculated to conserve mass, was imposed on all control
volumes in the outlet plane. For duct problems, howcver, 1L i{s vital that a
proper outlet velocity profile be allowed to develop or the flow near the

outlet will be erroneously distorted.

o
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IvV.3.3 Flow Blockages

One of the major restrictions involved in applying the finite difference
- procedure s that lrregular geometries are extremely difficult to model. 1In
this study, all surfaces are parallel to the grid lines but some control

volumes must be outside of the flow area, Because of this, some method had

to be devised' to suppress flow in these regions.

The fluid velocity Iin such control volumes is forced to zero by
Introducing an extbemely large source in the three mementum equations. In

addition, the hew internal surfaces created must be represented by the
appropriate éodifications to the source terms for\the cﬁntrol volumes in
those regions. This essentially consists of applying the‘geperalized log law
described earlier to the appropriate surfaces in thé interior of the solution

.\j
domain.

Iv.3.4 False Diffusion
False diffusion is a well known and persistent problem tﬁat plagues
numerical solutions like the one presented here and as guch warrants seriohs
discussion. Th: problem arises when there ls strshg éonvection at an angle
to ?he grid. lines. The fundamental problem is that ;hen ca;gulating the flux
across the boundary of a contrél volume, the flqwlis assumed to be locally
one—dimens}onal. Constder'the very simple schematic of a small region of a

2-D flow field as shown in Figure IV.7 where the flow is at 45 degrees to the

grid lines, approaching from the SW neighbor of point p. Under the current
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_ gcheme ¢p is a function of ¢n, ¢s' ¢e; ¢w' and 3 source term. With upwing
differencing, the actual flux (from the Sw'corher) will be represented a3 Ewo
streams, one from w and one from s. All things beiﬁg equal, ¢_ will be an
average of ¢w and ¢s and thi;ris:not necessaﬁily‘the true value is convected
from b, HAlso, the currentpoint is a.neighbor for points further
downstreanr so the effecp appears as a smearing of the true profile
perpendicular to the {low direction. This is, in fact, a false diffuslon and

its effect is to augment the real diffusion somewhat.

R
' : .
|

Figure IV.7 Oblique Convectlon

The problem of false diffusion is not as serious at low Pe numbers since
the transport process is dominated by real diffusion. Recall that the Peclet
number is the ratio of convection to diffusion. Also recall that the local

Peclet number can be reduced by refining the grid mesh Spacing. This result
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makes sense since the finer the grid gets, the closer the numerical solution

becomes to the real solution. This is also reflected in the following

-

formula whlch estimates the strength of the false diffusion coefficient as

reported by Raithby [1976(a)].

- #V &x 6y sin(28)
l"f" 3 ] i ’ e IV-63
b(&y sin 6+8x cos 8) ‘ :

This i{s for the twé dimensional case and 8 is the angle that the flow makes
with the grid lines.

Care must be taken when applying this method that the false diffusian does
not become dominant and mask the effects of the real diffusion. This becomes
especially significant in the current study where a k-e model is beiné\used
to calculate an effective viscosity in order to model the effects of

sturbulence. Since viscosity is merely a diffusion coefficient for momentum,
any slgnificant false diffugion will make the added expense of a k- ﬁgdel
very difficult to justify since tﬁe effective viscosity hypothesis will be

masked by false diffusion. The problem has been described in detail by

Patankar [1980], Raithby [i976(a)] and Raithby [1976(b)].

n
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IV.3.5 Convergence

The solution procedure described earlier contalns many iteratlve
procedureé suéh as the TDMA and pressure correqtton schemes. ' in éddlt{on, it
is being appliea to the nonlinear Navier-Stokes equations. Thé result ;s a
" highly iterative procedure which could be prone to severe éonvergence

problems. The method of underrelaxation was used to solve any convergence

pr-oblhs which may have arisen.

Briefly, underrelaxation is a method of suppressing large changes in the
dependent variable between successive 1teratioés. This helps to prevent
divergence and allows the final solution to be approached smoothly and
stably. In-general, underrelaxation is implemented by setting the value of
the dependent variable equal to sdme combination of its old value (previous
iteration) and its newly calculated value (current iteration) with the use

of an underrelaxation factor, o, as shown below:

¢new = ¢01d(1—u),+ ¢new(u) : R 1Y

In FAITH, Equation IV.64 is not applied directly but instead the ecquations
are pre-relaxed. This involves applying the relaxation factor to the

coefficients in-the linear equation set before they are solved. Thla method

-
y

of relaxation provides better convergence characterlstlics than convéntionat’

.

underrelaxation,

The pressure field is underrelaxed by only applying a portion of the
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7
pressure correction to the pressure field at each iteration.
= ' ’
Pnew pold-+ a P . ... IV.65
T . ‘.
The values of a, the underrelaxation factor, used for the'vafious field
varlables in thls study are given in Table iV.3 ' R

Table IV.3 Underrelaxation Factors

These values gave satisfactory convergence for all cases in this study. A~
sample residual history is given in Figure IV.8 and is typical of the
convergence characteristics throughout the study. It is for a Reynolds

number of 186 000 and a subchannel area ratic of 0.50.

Iv.3.6 Plotting.Routines

The conventional output from a'program such as FAITH, t;bles of the
dependent Qariables at the node points, becomes very cumberséme for a three
dimensicnal cade. Therefore it was esseqtlal to develop utilities to provide
graphical output of the velocity figld. They are much more useful than the
standard tables when quickly aésessing the qualitative performance of the

code.
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For the purpose of this work, two routines where added to FAITH, The

first provided contour plots of the axté; velocity (w-component) while the
otheér gave vector plots of the velocity. The vector plots could be requested
on any plane (x, y, or z) in the geometry to examine the predicted flow

ﬁattern at various regions. The reader will become familiar with thesoutput

from these routines in Section IV.4., 3
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IV.4  Analytic Results . : AW

Although a quantitative discussion of code results will bé given in

Section V, the runs done will be summarized in a qualitative fashion here.
There were two digtinctly differengiéeometrles modelled in thls study. The
first was the two unequal subchgnels which have been thoroughly introduced by
the ekperimeqtal stage described in Section III. To ﬁ;ovlde an additional
test of the cdge, some experiments done by Tapucu [1977]) were also modelled.
These two cases wlll now be presented. 7

-

IV.4.1 Unequal Subchannel Results

The solution made ‘use of the single plane of symmetry in the géometry and
as such only modelled one haif of the cross section (In the case of
W2/W1=1,0, two planes of symmetry were used). Figure IV.9 shéws an example
of the grids used for W2/W1=0.5. Note that they are non-uniform with node
“points being concenpgated in the near ‘wall region where Qeloclty gradients
are much higher. ' In the streamwise directioq , 2, all casqé divided the 1.0

meter length into 20 equal nodes. This grid pattern resulted {n a 4200 node

solution domain. ' . .

The plots in Figures IV.10 through IV.]3 present the predigted velocity
proflies for the midplane and outlet wlth the Inlet axial velocity matched to
experimental conditions éor a Reynolds number of 180 000. Since the
solution assumes a plane of symmetry, the plots are divided into two along

“the plane of symmetry. The bottom half shows contours of axlal velocity. As ~
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-

with the experimental results presented in Section III, the contours

-

represent veloclity normalized with the average. Also, the contour interval

I3 0.05 and the 1.0 line is as Pndicated. The top half of each graph shows

vector plots of the secondary velocities as a percentage'of the average axial
o

velocity. "It is clear to see\ﬁpat the blockage creating the small subchannel

has, qualitatively at least, been modelled successfully,

U‘ )

-]

-~
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IV.4.2 Tapucu Subchannel Results

The diversion crﬁss flow between two parallel channels communicatiﬁg by a
lateral slot was studied by Tapucu [1977]. The gecmetry of this e%periment
{3 shown In Figure IV.14. The two square subchannels.were machined out of
agrylic blocks. This allowed the cross flow to be meésured by injecting
KMnOll solution into one suBchanﬁel and observing the color variation in tﬁe
other. An c¢ptical fiber and pﬁototube'arrangement made accurate
measurements of this color variation. Wall‘preséure taps were placed in

as _ :
each subchannel at 19.05 mm intervals. The working fluld was water.

¢

. The'important difference between this and the two unequal subchannel

1

geometry 1s the very narrow communicating slot. This geometry was selected

as a test case because such a configuration would test the code's ability to

- model a different type of transport mechanism.

Vector plots of the predicted flow fileld are given in Figures IJ.IS to IV.18
to qualitatively represent the predictions. Figure IV.15 shows the vélocities
on the plane of symmetry. Note that .the axial dimension of the geometry is
greatly compressed to fit on the pége. Figures IV.16 through IV.18 show the’
flow pattern at several cross sections along the channels. These are to
scale and their axial locations are indicated. Again the flow fields 1look

very realistie. The flow condlitions represented in this run are some of the

"most difficult to model. Note that the inlet conditions specify zero flow in

the bottom subchannel. This induces severe cross flow'hear the beginning of

the communicating region. This cross flow is clearly shown in the vector
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plots. »Also clearly visible is the circulation that i{s induced in the lower

subchannel from the jet of fluid entering it from the upper, high flow -

subchannel.

The data take included axial static pressure variation in both
subchannels, average axial velocity in each subchannel, cross flow velocity
and integral mass transfer. Figure IV.19 shows'the code predictions and the

experimental data for the case studled here. A detalled discussion 13 given

in .Section V.
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V. DISCUSSION OF RESULTS

-

V. Unequa? St.;bchan_nels

In previ&hs sections both experimeﬁtal and analytip results have been’

presented for the unequal subchannel geometry. Section III.3 pfesented
) :

exper imsal+results in contour plot form. Section IV.4.1 contained results

of the numerical model for the same geometry and inlet conditions. This
- .

scction will compare these results and discuss the performance of the model.

It was difficult to compare the results in the form of contour plots. To
accommnodate comparison In this section, representative resulis were plotted
a3 cross sécttons of the contour ploté. Their position was indicated by
means of the normalized z and % coordinates given at the top of the plots.

The axes -of the plots were also normalized, with normalized y location on the

abseissa and velécity (nonmélized by the average axial velocity) on the

L]

ordlnate.  The coordinate system is;shown in Figuré B.1 of Appendix B.

—

Recall that the inlet ¢onditions to the code were the experimental q¥ia1

velocities measured at z=0. Therefore the comparisons given here were only

based on lhe otheﬁ two axial 5&§§ions.at which measurements were made ‘ -

~ . . ’ ‘ .

(z/7=0.5 and z/Z=1.0). A plane of symmetry existed at y/Y=0.5, but the full -
. - . e

range of y was given since experimental data was taken on both sides of the

plane of symmetry. The model's results_were merely reflected-about this plane.

e
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V.1.1 Uniform Effective Viscosity Predictions

Initially the predictions were made with the k-¢ turbulence model
deactivated and a constant viscosity of 0.000797 Pa-s imposed throughout the
flow field. These predictions were presented in Figures V.1 through V.4 for

N ‘
each of the four possible test section configurations. -Eauh‘predlcplon was
represented by plots at thg axial midpoint ard outlet. At each axial
location.two profiles were plotted, one ihrouéh the center of each
subchannel, The locations and normalizing velocities are given on the plots,

~/

A viscosity of 0.000797 Pa-s merély represents bﬁg’::;EbﬁLty of.wator at 30
degrees Celsius (the wéter,tempenature durfing the experiment)L Although 1t \
was not expected for these runs to preoperly model turbulent flow, they did
. prove valuéble as a basis for compaéison for the runs with the turbulence
model activated. As a result of tﬁe "laminar flow" assumpticon the preasure

gradients predicted by these runs were -mucn lower than those observed in the

experiment.
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The first observation .when studying the velocity profiles for case
W2/W1=1.0 was that the predictions appeared to be quite good with no
turbulernice model used. However, this 1nitia1 imprgssion was misleading since
the channel inlet conditions were duplicated as a boundary cdndition to the
model. The low viscosity used in the non—turbulent.predictions (ie.
viscosity = 0;000797 Pa+s) resulted fﬁ very little redistribution of *he flow
"aver the.length of the test section. For the case W2/W1=1.0, the
redistribution from z=0 onwaﬁd was minimal because the iniet section had the
same geoqegﬁy as the test section (Se? Figgres III.iH and I11.18). This
probably-é;counted for the good appearance of Phe Qelocity profiles, at least
for the rectangular channel case. This could not be considered a highly

successful prediction when the success appedrs to be due to the matched inlet

condition, ‘ o

For the other subchannel area ratios there obviocusly had to be more

red{stribution of the flow. For these cases it was apparent that the

predlctions were not as accurate as they.had appeared for the rectangular
channel case. The deficiencles were espec;aliy noticeable for the cage of
W2/W1=0.32. Because of the design of the transition pleces at the test
section's i{nlet (see Section III.1.3), the velocity profile at the beginning

" of the small subchannel was rather flat.. Although the experimental data shows
significant development from this flat profile to a more parabolic one at
downstream stations, the predicted profile stays essentially flat. Also, the
predicted average velocity in the small subchannel does not decrease as much as

the experiment by the time the flow gets to the test section outlet. 1In the

model, the flow was not developing as quickly as observed in the experiment.
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V.1.2 Turbuient Predictions

The veiocity profile predictions with the k-¢ model act{vaped wére'
presented 1n Figures V.5 through V.8. immediately it was noticed that-iherc
was very'iittle difference between these and the siﬁple uniform effective
viscosity predictions. This naturally led one to suspect the importance of

. the viscosity field in determining the flow distribution in.this geometry.

Although the effective wviscosity calculated by the k-e model was many times
.

1 , . .
the nominal laminar value, the flow distribution did not seem to be affected

ﬁuch.. The viscosity field was not as vital aé_was thought ﬁo the succeas 6(
the prediction. The shear stresses in the {luid are proportional to the
product of the local effective viscosity and the local mean veloci;y
gradient. If the velocity gradient was small in a certain region o} thoe
fluid, the Reynolds stresses would have been ;mall, and would‘not have
contributed significantly D$ the forces on the fluid. Even {n this geompl;'}:yT
the only'large velocity gradients were near the wall where the.modnl imposed
the log law of the wall to predict the important wall shear strossés.. As a
result, the axial pressure pquiles predicted with the k=e model activated

are much closer to the ‘experiment than those without it.

An example of the pressure profile predictions is given in Flgure V.9,
Although the overall gradient appears to be predicted quitg well, the
inflection points and curvature of the experimental datz are not predicted.
Thege observaticons indicate that the code has probably been successful in -t

predicting the overall average skin friction but has not reproduved the
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»
varlation 1q'stat1c pressure associated with the development of the profiles

obseryed in the experiment.

Since neither prediction gave satisfactory veloéity prgfile results, there
‘must have been aideficiency common to botﬁjof them that waé significant.
Close inspection of the experimental data gave some possible explanations.

A cbmpgrison of;the predicted and experimental coptour plots presented in
previous chapters showed some distinet features of the flow that were not
modelled properly in either attempt.  These features were bellieved to be due

to the effect of secondary flows and are discussed below.
4

R gp——
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¥.1.3 Secondary Velocities
‘There was one mechanism present in turbulent flow in non-circular ducts

which was not modelled by either the k-e¢ model or the laminar viscosity

' éséumptlon. Even when turbulent flow in a rectangular duct is fully

developed there exists secondary velocities caused by the turbulent stress

N

fleld der and Spalding [1974]). In rectangular ducts this results in a..
transfer of-axial momentum away from the walls along the centerlines of the

duct cross section and towards the walls along the diagonals., This effect
wis evident in the simple r%ctangular duct case ang was seen quite clearly in

the contour ploté. Comparing-Figuré III.14 to Figure IV.10 it could be seen

~ that the contours extended into the corners of ‘the geometry-much more in the

3

!

experimental data. This qu\due to the high moﬁentum fluid from the center
of the duct being transported toward the cSTner b& the secondary velocities.
Because of the tsotropic turbulence assumption inherent in the k-ec model, it
ig not able to predict téis‘effect.

Another important feature In the egpe:iment gas the region df low velocity
between the two subchannels. This was very evideﬁt‘in the experiﬁental
contour. plots presented in Chapter IILI. Thg-lbw velocity‘;egions were more

pronounced at the inlet plane and appeared as very sharp depressions in the

axtal veloclity at two symmetrically opposed points nearsthe corners of the
opening‘between the two subchannels. Further downstream, there was still a
veri;nogiceable region of low momentum fluid near these two interior corners.

i They extended toward the centerline to create a low velocity region between

X ‘ ) ; y . &
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v

the two subchannels such that each subchannél had its own distinct maximum
%elocity. A good example of this phenomenon Qaé Figuréllll.19. This wés nlso-
observed in work by Lyall;t1973] in a similar geometry with air as the

wquing fluid and was attributed to the effect'oé a secondary velocity away

from- the wall in this region. The low momentum fluid belng transported from

the wall would cause the velocity depression observed.

The model did not reproduce this effect. Although a low velocity region
was eviden£ at z/72=0.9, this was merely due to the matched inlet conditlons,’
At the outlet there was no apparent low velocity region In the modél's
prediqtions. The contour plots in Chapter 1V showed that the predicted
contours approach the two interior corners very closely at the opening
between the two subchannels. The effect of a secondary velocity away f{rom
the wall and the resulting axial momentum flux depression between the two

subchannels was not predicted. _

An additional feature of the secondary veiocities not predicted ﬁy the
model but apparent in the gxperiment was the deviation of the axlial velocity
contours away from the sport wall in'the small subchannel. This secondary
velocity appeared £o be quite strong since it caused a significant deviattion
in the axial velocity contours in some cases. This effect was especlally
apparent in Figure III.16, but was nat predicted by the model.

The secondary flow pattern implied by the shape of the axial veloclty
contouré 1s given In Figure V.10. The momentum tfansport provided by this

pattern was considered vital In determining the flow distribution In the

LT
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‘unequal subchannels. If each of the two rectangular subchannels were
éonsidered separately, the expected secondary Vveloclity pattern for a

. . R 3 :
rectangular duct could be seen. However, the two rectangular ducts have one

common wall and here the secoridary flow towards the centerline had the effect

of transporting low momentum fluid to the region between the two. subchannels.

[

.

ya
\Q
‘(:\\\\\::5*\

Figure V.10 Inferred Secondary Veloclity Pattern

VY
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v.2 Tapucu Supchannel Experimentg\

No detailed point measureménts of velocity were made during tﬁls‘set of
eXperiﬁepts (Tapucu [1977]). However, the data available was very valuable
in agsessing the code's performance. This data consisted of axial pressure
profileﬁ, cross flow velocity begween the subchannels, lntegral mass transfer
along the subchannels and the mean axial velocity in each subchannel. To
accomodate comparison with such data, the velocity fields predicted by the
code were integrated over the appropriaﬁe areas to yield the required

~

averages.

The Tapucu subchannel geometry has been presented previously In‘Soctlon
_IV.4:2. For the purpose of thelcode predictions, the inlet velocity prﬁflles
to ch subchannel were assumeq fo have been fully developed. These profllon
;;:iijtained by running the code with a single channel geometry and a flat
inlet profile. The outlet profile from ﬁhls run was then used as the lInlet

for the actual prediction.

The main prediction waé done with the k-¢ turbulence model activated and
the lamiﬁar viscosity set at 0.001 Pa.s. To further investigate the
prediétions, 'several additional runs were done with no k-e model and several
differént values for the effective viscosity. These runs are summarlized in

Table V.1.



138

Run No. M oarr (Pa-s) k-& Model~
1 0.00100 Yes
2 i 0.00100 No
; 3 ‘ 0.00162 No
4 ‘ d.OlQOO No ,

Table V.1 Tapucﬁ Subchannel Runs

v.2.1 Discussion of the Code's Predictions
. , ™

The code predictions were compared with the expebimental data 'in Figure
V.11 (repeat of Fig IV.19?. Consider first the pressure profile ﬁrediction.
The pressure gradients in the fully devéloped regions were properly
predicted. This was'seen in two loéations; the high LPlet flow subchannel
before communication began and the interconnected subchannels far eﬁough
downstream that pressure differences between'the.subéhannels had become
minimal. Note that {n this case there is zero inlet flow in one of the
spbchannels, as shown by the f1a£ pressure profile.

While the fully developeq pressure gradients were bredicted successfully,
the pressdre recovery that occured at the beginning of the communicating
section waé nop as accuhately predicted: The mechanism producing this
recovery was simpiy tﬁe deceleration of the fluid due to.the suddenly larger

flow area (recall that the iﬁlet velocity in one of the subchannels was

zero). Of greater importance than the pressuré recovery was the pressure

&
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difference between the two subchannels. This was slightly underpredicted by

the model, especially at the beginning of the communicating -slot.

The cross flow vélocity.and integral mass transfer werg plotted on common
.axes in Figure V.11. The integral mass transfer resulted from summing the flow
throUgh the communicating gap as given by the cross flow veloclty. These
éredictions Wwere quite Qood but there was a noticeable underprediction of
cross flow velocity at the beginning of the slot., This correqunded to the -
underprediction of pressure difference pointed out earlier. Further down the

subchannels, the cross flow veloclty was predicted quite well.

Since continuity had to be respected the plot of mean axlal velﬁcity
.really provided no additional information than the cross flow veloclity.
However, the plot was included to illustirate a point., Note how accurate the
plot of mean axial veloclty appeared. Although the créss flow velocity was
underpredicted at the beginning of the communicating region, there was no
appreciablé effect on the average axial velocity prediction because the gap
Qas so narrow and the axial‘disgance 0ver.which the prediction was poor was

also small.

This illustrates the.fact that bulk averages such as the mean axial
velocities cbuld be predicted very accurately while mofe detailed information
such as the cross flow velocitf was less accurately modelled. Although the
cross flow velocitf given here was not a single point value, the sméll
communicating gap made-it a much finer spatlal average than the mean axlal

velocities.
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V.2.2 Discussion of the Turbulence Model

As listed in Table V.1, three additional runs were done to Investigate the
congribution of the k-e model to the predictions sthn in Figure V.11.
Initially, the k-e modé} was simply removed and the viscosity of the fluld
left at the purely laminar value of 0.001 Pa.s. The results of this run were
~glven in Figure V.12. The pressure gradient prior to the communicating slot
was underpredicted by 38%: The most obvious giscrepancy was the poor
prediction of the pressure recover;, wﬁich was vastly underpredicted'and.
occurred too far‘downstream. Also, the pressure.difference between the two |
channels was badly underpredicted, especially at the beginning of the
communicating slot. As a resﬁlt, the cross flow velocity was also
unde;predicted. The integral mass transfer and mean axial veloclty are

consistent with the cross flow velocity.

Recall that the only link between fhe k-e model and the soluti{on of the
Navier;Stokes equations was through the viscesity field. 1In geﬁeral, the k-t
model increases the effective viscosity to model the ‘increased diffusion of
momentum due to turbulent fluctuations.: The two runﬁ discussed so raf have
deflnitely indicated that this elevated viscosity improved the prediction but
there was no ev%deﬁce that the elaborate.Field calculated by £he k-¢e model'
Iimproved the pfedlction. Perhaps an'artificially high effective viscoslty

_throughout the flow field would have served just as well.

To see if there was a single viscosity which would give reasonable

-
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predictioﬁs. a run was done (Run No. 3) with an effective viécosity which
would give the proper pressure gradient in the‘non—communicating region (u =
0.00162 Pa.s). The results were éiven in Figure V.13. Note that the pressure
gradient was matched but the pressure difference between the channels, as

well as the pressure recpfery and mass tranérer.predlctions, did not show

significant’ improvement.

Increasing the viscosity beyona that used in Run Né. 3 would obviously
result {n an overpredic;ion of the pressure gradient. However, this was done
in Run No. 4 to see if the mass transfer prediction could'be improved. The
resulés wer'e given'in Figure V,14. The mass transfer was increased somewhat
but stil]l not near the experimental value. This §light improvement in mass
transfer was galned at the expense of the pressure gradient which was then

vastly overpredicted.
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The results of these runs had a clear interpretation when the transfer

chanlsms involved were considered. Cross flow between the channels Qas-\
fnduced by a pressure difference. Consider the two communicatiné subchannels

tth different flowrates. The subchannel with the higher flowrate had a R
~larger pressure gradient. Since, at some downstream location, the pressure \

in the two subchannels had to be equal, the differing pressure gradients

resulted in a pressure difference between the subchannels. It was this

pressure difference which {nduced cross flow until the flowrates balanced

T
causing the pressuré gr?dients in both subchannels.to be the :Eﬁak

A1

The effect of turbulent fluctuations between the subchannels Qas to
enhance the pressure difrerenbe through their influence on the axial preésure
gradlents. The high flow subchannel received low momentum fluid via the
‘turbulent fluctu;tions, which incréased its axial pressure gradient.
Meanwhile, the low flow subchannel réceived high momentum fluid via the
turbulent fluctuations®which de&reased its pressure gradient: The net
effect was a significantly enhanced pressure differencé between the

épbchannels. It is important to note that since this was a single phase

flow, the turbulent fluctuations themselves did not result in any net mass

transfer. However, the effect they had on the pressure gradients did induce

greater mass exchange.

-

Comparing Runs 1 and 2 showed the effect that the turbulent fluctuations

The pressure difference between the subchannels, and

therefore the mass transfer, was underpredicted when the.effects of

turbulence were ignored. Near the beginning of the communicating slot a

.
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large portion of the pressure diffgrehce was due to the tmbélance in' pressure

gradients in the noh-communicating region. Although Run 2 also

.underpredicted in this region, it was even more inadequate further downstream

. where turbulent fluctuations between the subchannels were responsible for a

—

higher fraction of the pressure imbalance. -

pther runs done merely p§1ﬁted out that a general elevation in the
viscosit; (even to the iﬁflated value of 0.01 Pa.s } did not glve good mass
trénsfer predictions. The higher viscoslity gave higher axial pressure
_gradiénts and therefore higher preséugg differences between the subchannels
and higher mass transfer. However, if the viscosity had becn elevated to a
point where the mass transfer had been adequately predicted by this mechanlam
alone; the pressure profilé would have beén very wrong; The abllitylho
specify the viscosity in a more local manner was a great advantage in this
prediction. This was because the level of turbulence varied a gfeat deal
throughoup this geometry, from highly turbulent flow in the high flow
subchannel, to laminar flow in the nérrow communicating slot, to
recirculating flow in GEé iowrflow subchannel. The additiﬁn of a local

turbulence model was apparently quite effective In accountiﬁg for thls.
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VI.  CONCLUSIONS S ' -

* Successful single phase measurements of the fluld veloecity in two

adjacent subchannels of Q;Lqual slize were made with a pitot tubg and

-’

traversing device. Enough data points were taken to allow contour

plots of velocitj to be generated. The good symmetry of these

" plots as well as the close agreement bebween the flowrate measured in
"the pump supply line and theAf;owﬁate determined by integrating the

‘ B . T o
_pltot tube measurements indicéfg;/Zhe_accuracy of the data.

|
. . R (A
The experimental data indicates that two distinct relative maxima

-~

occur {n the velocity contours; one in each subchannel.

As the area-ratio is decreased (ie. size of small subchannel
reduced) the velocity maximum in the small subchannel shifts toﬁard
the large subchannel (See Figures III.14 to III.21).

= .
An" area éf low velocity exists between these two maxima in the
reglon between the two subchannels. From the knowledge of the
secondary flow pattern Iin rectangular ducts this low veloci;y can Se
attrtbgted to a secondary flow away from the wall in that region.

4~

/



-

" 149

LS

Virtually no Reynolds number dependancy can be seen in the data

over the rahge investigated. Compare, for example, Figures IIl.17

and III.21. -

<

"A three dimensional finite difference fluid fléw code was modified

to model the experiment. The code=could assume a uniform effectlive -

viscosity or invoke the k-~¢ turbulence model.

‘ | ¢
There was no observable imprqvement in the predicted .axial velocity
field with or without the k~¢ model activated. 'Neitﬁeﬁ méthod could
predict the low vélocit& region between the subchannels and fhe
resulting pair of axial velocity maii@a (See figureé IV.16 to IV.13),
Note howlclosely the contour lines approach the wall at the common

corners between the two subchannels.

The k-¢ turbulence model employs én isotropic turbulence assumption and
was therefore unable to predict the secondary velocities present in flow
through nbn—circular.dupts. As a result, {ts predictions for the flow
distribution in two adjacent subchannels of unequal slze were quite poor,

The elaborate viscosity fleld it specifies is of little importance because

"the velocity gradients are low everywherefexcept the wall, where the log law

was imposed anyway.
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'The Tapucu [1977] subchannel experiments where modelled with the same
code and for this case the k-e turbulence model provided a very good
.predictign. Pressure Aifferences between the subchénnels, and not the
secondary flows induced by Reynélds‘stresses, are the main mechanism creating
¢ross flow between the subchannels. The very narrow communicating gap in
this geometry led to a wide range of turpulence inténsities and high velocity

gradients in the freestream region. This made the local specification of

viscosity very important to the solution.
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‘ B
: " APPENDIX A

PRESSURE PROFILE DATA -

The measurling procedure used to obtain the pressure qata présented here
was explained in Sectlion III.3.2; A short explanation of the layout of the
ltables on the following pages will now be given.

Each table.contains all of tng static wall pressure data taken for any of
the four possible subchannel area ratios. The first column gives the ax}al
location of the pressure pa5 in eentimeters as measured from the test section
inlet plane. Then, two sets of four columns each contain the various
pressures at that axial location. Each set of four columns represents one of
the'two Reynolds numbérs investigated. The four columns represent the!foﬂ;
rows of pressure taps as depicted in Figure III.9. The feference 1ocatioh for
the measurements is shown by the zero in the table: Note that the reference

location was the most downstream tap on row A for all runs.
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W2/H1=1.0

Axial Pressure (Pa.)
Location -
(cm) R=180 000 R=108 000

A B C D A B C b
10.0 163.7 |168.5 [169.9 [158.5 | 65.4 | 77.8 | 62.9 | 69.
20.0 143.8 [148.7 [150.1 [138.6 | 57.5 69.9 | 5.0 | 62
30.0 125.0 [129.9 {1314 |119.7 | 50.0 | 62.6 | 47.4 | si.
4.0  [103.8 [108.7 [1t0.1 {98.5 | x5 | su.1 | 389 | u6.
50.0 1.0 | 8.7 |87.1 |75.8 | 3e.n |uwmie | 29.9 | 6.
60.0 61. 66.3 | 67.7&] 56.3 | 2u.6 | 37.0 22.1 | 29.
70.0 41, u%.1' u7f. 36.0 | 16.5 | 29.0 | 14.0 | 21.
80.0 20. 25.3 | 26. 15.3 8.2 | 20.6 5.7 | 12.
90.0 0. I.8 6.2 \ -5.2 0.0 | 12.4 '} -2.5 i,
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W2/W1=0.68

Axial Pressure (Pa.)
Location d ._

(em) R=180 000 _ - R=108 000

A B c D A ‘B c D

0.0 [368.1 | 358.1 | 353.u4 | 360.7 | 143.8 | 143.1 | 147.3 | 139.6
'20.0  [329.9 | 341.7 | 305.9 | 323.7 | 129.5 132.6 | 127.3 | 124.9
30.0  {292.4 | 293.1 | 279.9 | 290.3 ;1u.5 113.9 115.2 112.2
4.0 |230.1 | 236.1 | 224.2 | 228.8 | 92.5 | 92.8 | 94.6 | 40.0
50.0 169. 174.2 1116'.5 1721 68.4 69.7 | 67.3 | 66.5
60.0 121 87.6 | t02.0 w118.7 49.5 [ 39.7 | u7.8 [ 46.7
70.0 | 81.5 | 76.2 | _62.0 ] 33.7 | 33.7 | 31.6 | 30.2 | 22.2
80.0 34, 35.2 | 18.2 | 32.1 15.3 | 16.2 | 1u.0 | 146
90.0 0. 13.? 8.6 8:2 0.0 7.1 6.7 5.0
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W2/W1=0.50

Axial Pressure (Pa.)
Location

(cm) R=180 000 R=108 000

A B C D A B c D

10.0° |ug1.5 { 516.3 | 513.7 | u8u.0 | 171.8 | 184.0 | 188.6 | 182.2
20.0  (476.4 | 491.9 | 469.7 | u64.9 | 164.7 | 173.8 | 172.8 | 172.8
30.0  |418.5 sol6 | u26.2 | w221 3.8 | 149.3 | 155.1 | 156.0
bo.o 348.6 | 3u8.3 '352.6 336.8 | 119.0 | 122.1 127.8 | 126 .1
50.0  |263.2 | 259.5 | 265.4 | 261.8 { 88.1 | 90.0 | 9u.8 | 95.9
60.0 - [183.4 | 148.1 | 183.9 | 171.9 | 59.8 | 49.8 | 64.8 | 64.5
70.0 [103.8 | 1014 | 117.7 | 11u.s | 3.8 | 33.2 | 39.0 | wo.u
80.0 | 14.6 31.3 | 66.0 | 29.u 1| (6.3 1 6.9 9.2
90.0 0.0 | -10.5 | 8.1 | -11.9 0.0 | 101 | 1.5 | -6.5
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s

W2/W1=0.32 .

Axlal Pressure (Pa.)
Location —

(em) R=180 000 R=108 000

A B C D A B . C D
10,0 [680.4 | 719.1 | 696.6 | 703.2 | 258.6 | 272.2 | 257.9 |272.
20.0 650.8 | 655.3 T 652.4 | 649.8 | 2u4.3. | 245.3 | 240.3 {249,
30.0 562.2 | su7.2 | 556.7 | s72.1 | 209.2 265.0. 206.0 |217.
40.0 430.7 | 426.2 | 435.4 | 438.4 | 161.9 | 160.7 | 161.6 {169.
50.0 300.4 | 297.2 2946 | 318.9 113.1 | 113.6 | 110.9 }123.
60.0  [193.1 | 152.8 | 195.6 | 217.8 | 73.8 | 61.9.] 7u.7 | ss.
70.0 125.7 | 115.1 | 114.1 | 125.1 46.9 ui 1 43.8 52.
80.0 | 38.8| 38.0| 3u.6| ss.u| 15.3| 15.3 | w2 | s,
—~ .
90.0 0.0 [ -17.3 1.7 10.2 0.0 | -8.1 .3 7.
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APPENDIX B

© AXIAL VELOCITY DATA

The velocity data tabulated here .was presented in contour plot form in

Section II1I1.3.3. It was taken with a stagnation tube which was dgscribed.in

]

ok - .
Section III.2.2. -~Each of the folldwing pages contains the data for one axlal

location at a particular Reynolds number and subchannel area ratio. The

~ locations are shown by the x and y coordinate values assigned to.each row and

' r

.column of. the tables. The coordinape system to which these figures refer is

-

established in Figure B.1. ” _ kD,

~

Figure B.1 Coordinate System for Axial Velocity Data

-

-
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- W2/W1=1.0 re
2/2=0.0 { .
_1
’ - -R=180 00C
- " .
Velocity in - m/s+ ; Location in mm.
i,

r

I X 1l 3.3t 6.4 1 12.8 1 13.11 25,51 3IL.Bt 38,21 44.5 1 50.9 1 &7.2

1Y Il..--.-.lIl--ll-lFII.UIll.I.lI.I]-------I-..---ll-.ﬂ.-l[-------I---..--I-.----.

I 3.3 08 1,300 1 1.371 1 1.432 ¢t 1.451 | 1.460 | 1.468 | 1.468 | 1.470 1 1.475 ! 1.492
| ] 1

PR P ol Moo il e Woet e praptost sl Bripces
e e T e e e e e e T e
{35,111 10483 1 30553 1 1657 700 1 10745 1710757 (11757 | 1,755 1 dv7ed | 1,761
1,25.% (! 1.488 ) 1,609 1 1,713 | 1.747 4 1.770 0 1.772 1 1.774 1 1.778 l.l 78¢ 1 1.777

R TP ra B e B T B B e e e
P T B e el Bl e b e o
e T e T e i e
e e e e e e e e e o
e | e | e L | e e e e Lo
{e3e E:zﬁzfz_:_z;:fe-i_}-_fzz_i_iffe_i_i;ééiiﬁiléiiﬁ:ZEEEE:E:E:E%EZEEEEZEEEEE.
| 66.8 11 193!0 I 1.343 1 1.400 | 1.438 1 1.447 | 1.443 1 1.443 1 1\‘39 I 1.449 ¢ 1.438

..........

~ o

1 &3.6t 70.0 1

[ 1.472.1 1.467 |

b 1.682 | 1,690 I
R P t

! 1.564 | 1.568 |

I 1.453 1 1.453 |

X 11 70,01 76.41 82,81 89.%1 ) 95.5 | 101.8 | 108.2 | 114 ] l 120.9 | 127.2

1
1 Y. |[----n--|--u.---|.------]-----.-l-------l-a-----|-------|-------]-------|¢------
1

33N 1.466 1 1476 1 1.490 ) 1.476 | 1.470 t 1.467 | 1.464 | 1.457 1 1.456 | 1.432

! $7.2 11 1.6B6 | 1.678

t
1 63.6 11 1.%6% | 1.%6l
Je-mmme | |mm———ua [
1 66.d 1t 1.450 | 1.4%0

1 133.6 1 136.8 1

1.1.369 1 1,300 1
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[
W2/Wi=1.0 .
z/2=0.5
R R=180 000
Velocity in m/s ; Location in mm.
X 1t 3.3 1 6.4t 12.8 | 19.1 1 25.5 | 31.8 1 3B.2 1 44.5 ! 50.9 1 57.21 61.6 1 70.01
1 Y ||--nu---|p------|-------[.n-.---la--l---[--n----|-u-----|-------]-----.-l-------]-------l.---.--l
I 3.3171 1.234 1 1.315 I T IM55 1 1. 376 ! 1.389 1 1.419 | 1.425 | 1.418 | 1.431 1 1. 422 1.1.442 l 1.445 1
fmmmmmn [f=mmmumofommmmn—momman fomeamn lomomwmnfammmnan e EEEE fommm-en R T L e e E R 1
6.4 L1 1.307 { 1.413 I 1,475 1 1.501 | 1,513 | 1.526 1 1.538 ¢ 1.542 1 1.554 | 1.541 | 1.550 1 1.554 ¢
R II-———-==Twi:;---l ------- |——m—mm [-mmmem (I [ [P (=mmmenn lrenneee lreenmm- tmmmm - |
1. 12.8 11 1.378 l 510 1 1.610 | 1.624 | 1.649 | 2.662 | 1.675 | 1.663 1 1.677 | 1.671 1 1.370 : 1.669 :
|ommm—— | lmmmmmmm fme e {==———- |—————— T e |ommmae |==mmmme|rrm———— 1==-== e EEE T
1 19.1 11 1.382 I 1.501 | 1.624 1 1.694 1 1.71C l 1.731 1 1.727 1 1.739 1 1.740 4 1.731 V' 1.734 1 1.733 |
Cfem———- 1-m———-- R Lmmmmmrm 1-mm—ea [ e Bt |ommn——- l===mm L [ frmmmnm- 1mmeenm- I
1 25.% 11 1.420 | 1.535 | 1.651.1 1.720 | 1.753 I 1.763 1 1,770 & 1.769 | 1.769 | 1.769 1 1.762 1 1.766 |
fer———- m=m—-—- R O ettty |===mee {ommmme o | mm———m I=rme e [ el ettt R e e N
[ 31.8 t! 1.403 1 1,506 | 1.632 : 1.70%5 : 1,756 1 1.776 | 1.783 1-1.785 : 1.784 : 1.784 | 1,78S : 1.782 :
fommmmm blmmmmm 1~ R Ee it Bt e {ommmm - Jmmm———- R o LGt EEEERty EEa
| 38,2 1! .43 { 1.519 | 1.640 | 1.715 | 1.758 ) 1.780 t 1.787 | 1.786 | 1.785 1 1.763 | 1.782 : 1.783 1
------ e e P R e el Dt By e LT re ET el
1 44.% 11 2.378 | 1.483°1 1.620 { 1.685 | 1.739 1 1.76G 1 1.763 ) 1.773 1 1.769 | 1.766 | 1.761 | 1.765 |
[EET llm=mmmmn s l-—m—-- fmmmmme fmmmmm ze|mm————— o 1——mem s e e e fommme—m lmmmmmel
} 50.9 11 1.360 ¢t 1.484 ¢ 1.613 | 1.682 f 1.713 | 1,725 1 1.72% | 1.713 : 1.730 1 1.717 : 1.717 : 1.732 :
mmmm (R {———m—-[moem—=- l====-== I-emm - fmmmmme- t-—---—-- D L ] It SRy R
1 7.2 11 1.339 | 1.446 .1 'L.570 | 1.619 | 1.650 | 1.65) 1 1.654 1 17649 | 1.645 | 1.649 | 1.651 : 1.652 |
------ T N B el D B el D Bl Bttt Kbt ltl
P 63.6 11 1.311 1 1.424 | 1.489 1 1.511 1 1.525 l 1.521 1 1.531 | 1.%18 ¢ 1.527 1 1,537 1 1,530 | 1.546 |
f-eamm- [immmmmm [ Ymmmmme - 1------- e e fommeane t=mmmmme I-—==-~- T e fmmmmmmm )
t 66.8 t1 1.227°1 1.291 f '1.353 | 1,381 | 1.406 I 1.410 ¢ iviljpi 1.400 1 07 F 1.424 | 1.406 1 1.423 1
"ff"'”""““"'"""_""'“-'--""""T """""" STTTTTTTTTT T

70.0 1

76.4 17 B8Z.8 1

89.1 |

95.5 1 101.8 1

108.2 1

114.5 |

120.9 |

127.2 { 133.6°1

136.8 |

I X. 11
IN[ |----.--'| enssews |[sssunas |anavenn |[passapru {nusanea|ssusnan|*nsnwnn]| -uuu-t-[uunu--q |ununmaa| I-.--‘-ll
|

3.3 f! 1.419 1 1.416 | 1.422°F 1.425 | 1.418 1 1.431 | 1.415 ¢ 1.405 | 1.410 f 1.386 | 1.333 | 1.263 |
:";TJ':\:*Z'éii‘i*l’;;;'i'I';IE':'I;;;ZI'IT;;T'ET;QE'l'i?_;;a'!'I?;I;'I'ITSIZ;;;ITI;;'l‘?TJIS':'iTSI;‘i
| Jaoe i 16 1 el | iiess 4 diees | 1o 1 e 1 TLees ) Lese | heed ) 1i5sa 4 hket 1 13e
1 19.1 11 1,730 t_ 1,730 L 1,726 1 1.727 ¢ 1.728 | 1.730 1 1.723 1 1.716 ¢ 1.683 | 1.612 1 1.482 1 1,383
s L 1 ) o 43T el 1 T 11 L 1T 4 dees 1 L 3 1
| 318 1 TR LTI 3772 BT L7671 LGT6RT 1764 L LT TTT06 1 1630 1 2510 1Al
1 38.2 11 1.765 | Y.764 l 1.764 ! 1.764 | 1:764,1-1.763'| 1.759 | 1.748%] 1.714 ¢ 1.643 | 1.528 1 1.419 |
|====== [ l===gfrmlmtgmmmm = mm o e el Jemwmw e L By T R el Rl bl BT R L LR foicmmnn '
! 44.5 rT“;’?so 1 ;<71§ 1 1.747 1 1.747 1 1.750 I 1.746 § 1.738 | 1.728 | 1,695 | 1.623 | 1.495 | 1.399 1
E';5'5'}E'ITHE':'I\?E\I?:"I?EE.'E"I%ITE‘IT?SE‘E'IT;EE'E'ITEB?'E'ET?IB'S'I'E,Bi'E'ICEIE'E‘ITEEE'E'I'SES-’E
1 57:3 11 1:880 11,634 14,629 | 1638 4 1630, Lieso ) L6te | .38 | 1,633 1 2.7 | HABIL 300 |
1 63.6 11°1.512 1 1.538 1 1.515% | 1.521"1 1.511 | 1.519 | 1.519 « 1.513 | 1.515 4 1,467 1.430 1 1.333
i'EE?E'.i'IIS}".'ITISE'l'ETSE?"-:"ITSEE"?"?.sSI'.'I'SEETI"S;E':'Z?ZSI’l,'IZESE'-:'I? 511,320 1 1.259 |
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W2/W1=1.0
2/Z=1,0
R=180 000

Velocity in m/s ; Location in mm.

--n.--.[---cnu-l...-.-u]-an----[-------|-------]-------|-------|-------I----nnnl-------l-------[
1.209 | 1,306 1 1.35%4 1 1.369 | 1.383 | 1.392 1 1,398 1 1.422 | 1.421 ! 1.419 | 1.437 [ 1.428 |
——————— ’--—-__-]———---_l-_--L--'_--———-I-u_-——d[——-—q-- m—m—m—m——— | m—e—————

\\\E\\;i 3.3 1 6.4 1 12.81 1%9.} ¢ 25.51 31.8t 38.21 44,5 50.9 1 S7.2 ! 63,6 | 70.0 |
Y 1
. I

|64 11 1.272 4 1.395 | 1.471 1 1.509 | 1.505 | 1.518 1 1.576 | 1.593 1 1.531 1 1.545 1 1.547 1 1.553 f
| 120 11 1339 1 1,465 | 1.599 1 1.651 | 1.659 | 1.655 1 3.664 | 1,671 1 1,672 1 1,877 ) 1eon. s 1ogee |
{191 11 1,369 11,494 1 1.651 | 1.708 1 1.739 1 1.740 1 1,745 1 1.745 1 1,746 | 1.795 | 1765 | 1 780 )
| 5.5 111,387 1 1514 | 1.643 | 1.795 | 1.769 | 1.787 | 1,793 | 1.798 1 1.708 | 1.808 i 1.506 | 1.505 |
| 30,0 11 1,372 1 1,505 1 1,635 | 1,715 1 1,773 | 1,795 1 1.806 | 1.806 | 1,808 | 1,805 ( 1.806 1 1.007 |
:hiéfiﬁ::-ITSE;—f'I:;;;":-i?EEE-{-i:;ES-:-;?;;B-:_;:;35-:-1:555_:-ITEBE-:-ETEEEB:_1:555-:-i?§55-=_I:;§§_:
| 405 11 1,302 1 1,470 1 1,612 1 1707 | 1784 | 1,774 1.1 765 ) 1,763 1 1768 1 1 i am rn!
| 50.5 11 1.326 1 1,445 1 1.899,1 1,695 1 1.726 | 1.736 | 1747 1 1,747 1 1.798 1 1,995 4 1.737 ¢ 1i73e |
[ [ S ERubot fomeocal [ [, fmmmemem fomiamme fmmcomne [ fmmomeee [P, Ry PR S
1'87.2 41 1.302 | 1.421 | 1.578 | 1.639 [ 1.661 | 1.664 1 1.666 | 1.670 1 1.665 [ 1.67¢ | 1.656 | 1.660 |
| 63.6 111,282 1,398 | 1,475 | 1.508 | 1.55¢ | 1.538 1 1.528 1 1,592 4 1,533 | 1.547 | 1.837 1 1535 )
| 668 11 1,169 | 1274 1 1,383 1 1.343 | 1381 | 1,341 4 1,375 1 1,38 | 1,398 1 1,406\ 1.413 L 1300 |

I 70.01 76.4 | 82.81 89.1t 95,5 | 101.8 | 108.2 t 114.5 t 120.9 | 127.2 1 133.6 1 136;3 l
[----.--|-------I--.----]-------l----.--[---.---l----.--[--,----[----uu-j--.----l.------l-------[‘
3.3 71 1.425 ) 1,413 ) 1.407 1 1.416 { 1.405 | 1,391 | 1.390 t 1,391 | 1.376 1 1.353 1 1.316 | 1.240 1
lmmmmmm [ \o--——-- [-====rn R Pomna - lmeema- === | mmmnnma I f==neemn fommmmme I==me——o 1
I 6.4 L! 1,554 ("1.547 1 1.547 | 1.566 | 1.531  1.%28 | 1.525 1.518 1 1.512 1.496 L 1.429 1 1.303 1
Irasmmm|fmmmmmen o lmme e oo [ [EEr— [ L TSy UMY S fmmmmmeay
1 12.8 I1 1.677 1.475 ) 1.342 1

I ] e t
1.491 [ 1.367 |

I
©1.497 1 1.389 |
------- ey |

1.512 1| 1.395 |
------- |—--;_-_|

l
! 1 [
t 1 1
1 1 t 1
t t l i
t ' 1 t
| | 1 |
{ [ { I
1 [ t 1
] ! 1 I 1.510°1 1,389
- 1 rmemm TPl ey et Jommm--- I-—w=mmm [
+784 1 1.785 11,799 | 1.795 1 1.790 | 1.776/1 1.730 | 1.639 | 1.503 | 1.386 |
I 1 1 t
1 ] i (
1 ] t 1
1 1 [ 1
' 1 I ]
1 t l !
! ! i t
t l ' 1

]

| 44.5 11 1.789

P SRR 1 R,

b 50,9 11 1,740
1

] L =1
1.480 | 1.350 |
!

1. 1.657 1 1.660
...... | = fmmm e
1.529 N1.535 ! 1,532
...... I TPy

1.415 1 1.416 | 1.424

1.507 1 1.506
[ — I----ﬁ_-
1.385 t 1.387
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: W2/W1=1.0 -
z/Z=0.0
. R=108 000 :
. ;
\_/ Veloelty in m/s ; Location tn mm. .
. %
t X 11 3.3 4 6:4 I 12.8 1 19.1 1 25571 31.871 38.2 1 44.5 1 BKo0.3% l. 57.2 717 63.&86 1 70.0 1
. |\| |mnamnne|anerana|nassnns|aansonn|suntncn|ssunann|eansunn|sunsuss|anducan]naauccn|nssvenn|anunnen]
:--3;3_1}--:E?f_:___ffi-'--_ZEE_{__:Eif-:__szf_}---f??:'--:933-}--:339_{_-;93?_1__:935_:__:53i_:--:§35_:
[ Sad L1 o780 (8351 005\ FI0) 961 930 PN 61 931 9391 9301 93
128 LT %0 38T | nP83 ) 1007 | 1.020 | 10022 171,018 1 1,01 ) 1.010 1 1004 | 1.007
{1973 1 ane 1~ a9 | 900 1 1021 1 1.031 | T.0ee | 1.oks | 1043 | 1038 | 3.034 19:031 | 1033 |
| 25.5 11 814! .15 | 1.001 [ 1.038 | 1.052 ! 1.057 ) 1.059 | 1.061 | 1.055 | 1.056 I.1.048 1°1,050 |
1 3.8 1 .822 | -.901 1| 994 [ 1.037 B 1.058 L 1.071 1 1.06B ¢ 1.07¢ 1 1,063 1 1,059 1 1.062 1 1.0%8 |
{30311 len 1 o7 171000 | 110% 11,060 11074 | 171 y 1072 | 1o6e | 1063 | Loao | 1.053 |
| 44.% 10 .799 | .B9%2 L .987 I 1.031 1 1.060 t 1,068 | 1.070/1 1.067 1 1.062 t 1.0%9 | 1.054¢ i 1.0%4 |
:'EE?E'::"?565':"?566’:'“?555':'IfSEE':'ITGZé':'I'SEE'.'E'BSS 1 17057 1 1,053 1 1,082 1 1.037 1 1.0%8 1
{ $72 11 77 1 a7 1 L9871 97 | Loiz | 1017 | 1017 | 1.03 | i-019 1 10k 1 31013 ) 1,006 1
SRS St S o S S S GO ST ST i S et
| 66.8 |11 .716 1 .74 1 .B20 ) +796 | .843 ) .856 | .864 | .0B65% | .859 1 .856 1 854 | 840 1
l{:l 70.0 L Te.dT B82.81 85.11 5.5 ([ 101.0 1 10B.2 71 114.5 1 130.9 1 ITr s T 133761 136.8 ¢
1Y [lmnusess|unssuan|eaarsnn|susmtan|anrancn|asnmann|ansacns|atonnen|anansen|anannan|ansnces|enannon]
I 3.3 11 .5421 .850 | .843 | 844 1 .83¢4 | .B24 ! .B40 | .841 | .832 1 .8lo 1} .7813 | .74% 1
| ea 11 L3z i ere i Le3z 1 . zE‘."TSIE':"TSEI':"'515':"'515'|"f§65':"TEEE'l"'fEZE'|"T§5I'|
i'iE?E'i:‘ITEEE':"'T;;E'?'ITESI':'Zféoé':"'955'i"f&é%“f"fé&&'l"fééé“."?5%5':"f;§2':"féE?‘l"?éI;'l
:'IQTI’.c'i”EEE”:'iTSEE':'ifaié'i'ifEEE'l'if&iE‘i‘IfSIE'.'i'SIE':'I'Bii'u"f;;}ll{'fEéS'l"fééS":"'EBE'l
f'ESTET:f'i'oES':'ifEiE':'ETEZE':’ifBSE':‘ifSSE*:‘I’ESE'l'ITBSE':'ETEEJ‘I'I'BBET."?QEB'J"'318’!"?65%54
:'SI'E':i'2'556'1'1'62;':'i'328':'ITEZE':'ITS;E’:'QTBQE','ifEEB'I'ITBESji"ITSI;7."‘fé&é’f"féii’i"‘éla’i
fﬁ%éi?:iEfiééifEZ?%EEEZE’EEZEfiZ?EéZiEZE@Ei:?iééé:*f@i?éiiZEZ%EEEEZ%EE.‘TE?%EZE:ZE%EZEIE%EZE
[ 44.5 1 1.050 | 1.044 1" 1.039 | }.036‘! 1.027 l,l.02q 1 1.018 1 1.012 1 1.009 1 .969 | 904 | 842 |
EZEEZEZ:iﬁiﬁéééﬁiﬁlééii?%3555:EZEZ@EEZi:iﬁéiifiﬁiléiéﬁ:}iéé:EZélééiiﬁﬁléééi:Zé%%ﬁi!ﬁ!ééiﬁifﬁﬁéééﬁi
1.57.2 11 1.011 1 1.007 1 .988 | L9687 1 L977 1 L9771 .578 1 973 ' .963 1 935 .B68 | -1 L
l'ESTE'ii"?ESS'l"?BSE'i"TQEE'I'“T&E?'l"TSB?'l"?;IB'l"TESS'I"T;I;’."T;SE'{"'5;3"?"552;"1"?355'2
| 66,8 11 6z | 360 1 e i o3 1 ome t eve ey iTThToa T ate L res o imis |
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. W2/W1=1.0
z/Z=0.5
P R=108 000

Velocity in m/s ; Location in mm.

--'--'-|."""|"""-l'-""-l"""'l'----"l--."'-|"""ﬂ*”""-l"""‘l"""'l"""-l

X 1 3.3 6.4 1 12.8 1t 19,11 25,5 T 31.8 1 3B.2 1 44.5 1 50.9 1.57.2 1 63.6 1 JF0.0 I
Y &}
‘\\T\\jl .75 1 .824 1 .BEC | .B5B | ,870 1 .BB2 ! .877 1 .880 .875 | 877 1 .870 1t _ .B78 |

IEELE L [ 1===———- |rmmma=— hmmmm———— frmm————— |-rem——- | R [ |ommmame f——=—=—- === |==e———- |—wmm——— 1
I 6.4 011 .796 1 .847 1 .93 (1 .3201 .930 1 .927 1 .,919 ( .918 | .923 [ .933 1. .922 1 .918 1
l==mue- Hp=—m-m—- futmm o {-=-=-- it Bl tododed ELLETTEY EEETE Y PU ey P [==emm—m I I 1----o—o |
1 12.8 1] .836 1t .894 | .965 : -994 : 1,005 1 1.005 | 1.006 ) 1.011 | 1.002 { .998 | 1.004 1 1,000 I
|mm———— ||ommmanclesnncaa | R Sttt EL LTS L joremwne |===em=- fmrmm———— {mr——ee- {emmmeee [-o—mm=w = 3
1 19.1 It .826 ( .6897 1 .975 | 1.021 : 1.047 11,049 { 1.046 1 1,051 I 1.455 | 1.056 | 1.052 t 1.051 |
|=====- ===~ |===meee | bttt | bttt L DD L LT [=—eeena oo |ore—mae |==————- fm=cr=— Ireem——— [momm——— 1
t 25.3 !l .850 1 .923 1 .999 1 13250 1 1.075 1 1,075t 1.001 | 1.079 | 21.082 | 1.080 | 1.075 | 1.081 1|
lr=—===- Hl=r=mm {menemen [ Rttt b [omMeme [=e—ama= | == j-—=r——— oo mm———— fre——mm— I==——=-- J———mm—— I
1 31.8 1 .842 1 ,905 ¢ .968 | 1,036 | 1.080 J 1.091 | 1.0B87 1 1.050 | 1.096 I 1.095 1 1,087 | 1.087 |
[~=m=—- l=mm—re = o= lememm—— Jotmmame | e LT l——we—- lomareae | m=mm——— [r=emm—— | o 1
b 38,2 It .B6O I .925 | 1.004 : 1.058 : 1.081 | 1,087 | 1.089 | 1.086 | 1.093 | 1,096 i 1.094 | 1.086 |
l-—==== lt——--—- lememer— | Rttt Rttt b Lt LDt (Rl LT [——=-—- [=rm———- | == wm—mm J===———- [r=mm——— |=mo———— 1
I 44.5 1t .849 1 .912 1 .988 1 1.042 | 1.058 | 1,078  1.082 | 1.083 1 1.077 1 1.076 1| 1.076 | 1.077 1
------ ||-'""-w—IP----'-l-""--l-""-‘l“—"----l-----—‘l---—"-l------'l""‘—-|-"‘--'|-"‘—“|——"---t
1 30.9 (1 .847 1 .917 1 .989 | 1.031 | 1.040 1 1.037 | 1.047 1 1.053 | 1.054 | 1.044 | 1.042 1 1.060 !
{wm=m— llemmegeemmeceen [=r=———— [Ratadele bt [==—rm——— |me————e |mme—em— |=m————- Iomm———— --—mam- |====——- l=—wea——]
| 87.2 11 .81 i .BBO I .9%2 | -9%0 I .9%8 | 993 1 .998 L .996 1 .998 1 .9%8 1 1,007 ! 1.011 1
{=ece== l|=eeemee | et oo fomm———— lomomemm |omm———e |- |=—eem—— - lem=—am— === I———re—— l=—me——— 1
1 83.6 Il .B0%9 1| .BE3 | .8?9 Il .906 1 .,910 ) .9121 L9161 .915 t .925 t ,919 | .931 ¢ 932 1
l=e=r—- [ NEL LI ] [=m=——— |==mm——— |ommenee l=—=———- I--——=—- l=-====-- Jmmm———- [-—e-—-- ==~mm=- == [-ommem— 1
1 66.8 11 ,749 | .784 1 .BO06 | .B46 | .B4% ! .B5Y 1 .p56 | .B48 I -857 1 .B43 1 .857 1 .86l 1
INX I 70.0T7T 76417 82.BT BR.T 1. 55,5 T I0L. 8 I 10B.2 1 114.5 | 140.9 T 127.2 I I35.6 1 136,81
|‘;\\\\{|..'.---l.z--q--[-------|----..nl-------]ﬁ.-----]-------]----.--l-----ﬁp[-l---u-]-u-----]-------[
1 3.3 11 .77 1 .B74 1 .874 1 .876 | .BA0 I .876 | .877 1 .866 | .Bel I .P59 1 .821 | .784 |
[ —— TR P [ [ iy i [ [y ) ¢
1 6.4 11 .9320 + 926 l +929 519 | .920 .922 .925 | .931 .920 .908

--------------------------------- Rt Bl e B Tl I L TC T Ay Sy

P 12,8 1,998 1.001 l 1.00]1 .997 1 1.00% l.qll 1,005 | 1.004 +992 . 964

—— A AR A oy e Ak b dm B v ——

1 !
| 63.6 1. .932 I . 927 l .915 1 .923 1 .917 I .917 .913 1 .914 -903 901
IR | l--—---—i-----——|—------{-——---o—l--u—---[ ______________ [ el LT Lt ey pup—— -
I 66.8 1t .B863 -t .654 | .B45 ! .856 1 .85t ,853 849 | 847 850 807 1
e e e e e e m e e o e e e e —————————————— o o 2 e i
P r
-

.
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W2/W1=1.0
] . 2/Z=1.0
. : B A R=108 000

Veloclity in m/s ; Location in mm.
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W2/W1=0.68
2/2=0.0
. Re180 000 -

i
Velocity in m/s ; Location in mm.
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. W2/W1=0.68
: ' ] - 2/Z=0.5"
: - R=180 000 :

h
Velocity in m/s ; Location in mm. *
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»
2/W1=0.68 -
- : z/Z=1.0
. . . .
K
R=180 000
Veloclity in m/s ; Location in mm.
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"W2/W1=0.68
z/Z=0.0
R=108 000

Velocity in m/s ; Loecation in mm.
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W2/W1=0,68 ~°
z/2a0.5
R=108 000 - _ v

Velocity in m/s ; Location in mm.
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W2/W1=0.68 . ;
z/Z=1.0 .
R=108 000
N
Velocity in m/s ; TLocation in mm, ‘ ~\
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W2/W1=0.50

— z2/2=0,0

.R=180
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H2/H1 =0,50
z/2=0.5 .
< R=180 000

Velocity In m/s ; Location in mm.
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- . . Sty : ) .

W2/W1=0,50 .
T | _ 2/2=1.0 ' .
. R=180 000

Velocity in m/s ; Location in .
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W2/W1=0.50 ) -
z/Z=0,0

R=108 000

Velocity in m/s ; LocatiohIn mm.
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. W2/W1=0.50 .
d .
z/Z=0.5 :
R=108 000 D
Velocity in m/s ; Location in mm.
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‘w2/W1=0.50 _
— . . z/2=1.0 .
R=108 000

Veloclty in m/s ; Location in mm.
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W2/W1=0,32
z/Z=0.0
» Vi B
R=180 000
Velocity in m/s ; Location in mm.
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W2/W1=0,32 .
z/Z=1.0
) ‘ R=180 000
r .
Velocity in m/s ; Locatiqn in mm.
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. | W2/W1=0.32
) - 2/2%0.0 °
: R=108 000
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W2/W1=0.32
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W2/W1=0.32
- -z/Z2=1.0 ) .
R ¢
)\ R=108 000

Velocity {n m/s ; Location in mm.
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3

— ~ APPENDIX C

Error Analysis

In order to place error limits on the data presented in Appendices A and
B, the fellowing error analysls was performed. All of the velocity

measurements were made with a simple stagnation tube. The static portion of

«

the total pressure was obtained from an independent measurement of static

——

pressure. As a preamble to the actual error calculations, a general

discussion of errors associated with pressure tube instruments will be_given.

C.1 Pressure Tube Measurements

Ohe source of error in pressure tube measurements is the effect of yaw
angle. fhe tip design of the stagnation tube is quite critical In
deteﬁmining its sensitivity to yaw angle. The tube in thls study was .
fabricated by cﬁtting the tﬁbe square to form the tip. :Such tip designa are

more Insensitive to misalignment with the flow than conidal or ellipsoidal

tips. For the particular probe used in this study the fluid velocity can be

e

. o ‘
up to 10 from the probe axis without effecting the stagnatlon pressure (Chue

[1975]). Pitot-static combinations are much more sensitive to yaw angle

because the statle pressure is increased by the aﬁprobriate component of the

dynamic head impacting on the slde of the probe. The measurements done In

this study where for a confined channel flow where the flow {3 strongly
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. o " .
aligned with the channel axis. A yaw angle of 10 . would require a creoss flow

veloclity of 17% of the axial component. These veiocities wheré probably.not
that strong at any of the meaguﬁing locations so this error waslneglecteﬁ.

A second error in the measurement would be due to the closéness ofAthéi»
stagnation tube to thé.wall. ‘This would be important oﬂly for the near wall
pointa. {;e ratio of tube diameter to distance from the_wall was about two
igi.this study. According to MacMillan [1956], no error is intéoduced foE

circular pitot tubes until this ratio drops to about 1.75. Therefore this

source of error was neglected.

Another source of error fol pressure tubes {s the effect of turbulence.
The turbulent fluctuations in the flow tend to augment the mean -

stagnation bréssure somewhat. A stagnation tube would read as follows:

-

1 = 1 2 2 2
Po P+ pluevied)

- ' Where P_ = total or stagnation pressure .

2

P = static pressure.

fluid density.

o
]

W = mean velocity aligned with tube.

u,v,w = fluctuating components of velocity.

This error-is generally considered negligible especlally for turbulent

in;ensities less than 20%. The turbulent intensity in a channel flow such as
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»

was studied here would be low enough that this source of error can be safely

neglected. ‘

g ) _

In-a shear flow it.is known that pressure tubes do not indicate the total
pressure at their geometric center but ét some displaced lcocatlon towards the .
higher velocity. An expression recommended by Sami [1967] for this

»
displacement is given below. -

: | o ¢

§/D = 0.45 K - 3.05 K - : .

where § = apparent displécement.
D = outside diamete} of tube.
K = (D/2) * U * (dU/dy)
U = velocity.

dU/dy = velocity gradient.

Sample calculations to indicate the magnitude of this error were done.

_J“~,Several locations with high gradients were chosen and typlcally it was foqnd

”

rd

that K was about 0.002 which ylelded a displacement error of 0.0033 mm.

Since this was much smaller than the resolution of the traverslng'devlcgékit"

.

was considered negligible. T

C.2 Detailed Combination of Component Errors

The task of propagatling the_basic instrument errors through to the final

reported data still remains and will be exﬁlained here. The sequence of thls



procedure 1s glven below. - .
[ " 1. Place relative or absolute error estimates on each primary sénsing
‘ deviée,involved in the measurement. . :
. 1 , -
2. Idegtlfy the sequence of calculations required to obtain the final
reportedfﬁalues f;om the output of the primapybsensingldevices.
‘3. Develop an error formula based on.this sequence of calculaﬁions
using the definition of the total Qerivativ;. o
b y. d@lCulate final error estimates by substituting basic errors inte
the error formula. =~
. k\{\\
c.2. Erroé Estimates for Primary Sensing Elements \

There were six basic places where error was introéuced Into the velocity
measurement. These are stated below and a relative or absolute error 1s
assigned to them.

1} Differential Pressure Cell:

-~ Foxboro Model 613HM DP Cell (0-50 cm HEO)'

= accuracy is +/~ 0.5% of full span (+/~ 24 Pa).
2) Integrating Digital Voltmeter '

- Vidar Modél 53308

- accuracy +/-0.005 Volts.
3) Preset Counter

- Hewlett Packard 5330B.

- accurate to within 0.001 sec. ’ .

- this source of error neglected.
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H)‘ﬁrgijwo measurements on test section to locate the praveréing
plane wrt. static pressure taps.
- maéhin;;g of taps and s;agnation tdbe pgj}s-was
within 0.127 mm.
6) Temperature of water o - 4

- Type J thermocouple.

) - - +/- 1 degree c.

c.2.2 Sequence of Calculations

. The velocity measurement will be discussed in this error analysis since
the stétic pressure measurements are a subset of the veloclty -measurementa.
The method of measuring velocity will be briefly reviewed to identify the

series of calculations required to obtain the final vefbcj}ips.

The stagnation {or totali pressure was meaéured with a simple stagnation
tube at various locations in the test section. The pressure from the tube
was measured with a differential pressure cell referenced Lo the nearest
convenient statlc wall tap. Statie wali‘taps were located evéjy 10 cm.
along the length of .the test section so the closest tap just downgtreém ér
the stagnation tube's location was always used. In addition tﬁe statie

pressure at all of the wall taps was measured with the same differential

preasure cell. These readings were referenced to a common reference tap near

the outlet end of the test section, The statlc pressure at the stagnation

tube traversing station was inferred from these measurements of statie
® ‘

pressure at the wall. This involved a linear Interpolation between the two

-

i
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nearest static pressure‘readings. The critical assumppion-here is that the
variation of égatic pressure over any plane perpendicular to the channél axis
is ﬁEgligible. jDuring commfssionihg of the test section, a static pressure
probe was uséd to make QeQeral traverses at various axial locations and with
sev;ral subchannel configurations. No variation in static pressure on any of
the traversing planes could be detectgd.. (The gravitationél pressure
varlation on this plane 13-very significgnt but, as long as éare ﬁas taken to
keep all pressure lines full of water, its effect was‘nulled by the static
haad tn the lines leading to the differential pressure cell.)

Although much of the fluctuation in phg f%gw was dahped out by fluld -
réslstaﬁce and. inertance in the lines, an integrating digital voltmeter P

(IDVM) was used to average the signal. The integrating period;was

automat(cally started and stopped by a preset counter.
’

The error formula to be deﬁeloped-ﬂrom this measurement methoq must state
the crror in terps of the raw data collected. The raw data was in the form

of Integrated voltage readings from the IDVM front panel,
C.2.3 Development of Error Formula

The error. formula required to calculate the net contribution of these
errors to the veloclty measurements will now be developed. The definition of -

the total derivattve will be applied and the absolute value qf each

contribution will be taken to arrive at the haximum'possible error in the

‘Hfspsuremgnt.
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Since the error in both the differential pressure cell and the IDVM are
absolute, thejerror in. the integrated éutput from tﬁe,lDUM, VS will be
absolute. The maximum error in the voltage sensed by the IDVM {s the sum of
the ppséible error in the DP cell's output (0.5% of 5 volt Full Scale

reading) and the error in the IDVM (0.5 mV).

av = 0.005(5) + 0.005 = 0.030 volts

The integrated output voltage,vt is obtained through the following

conversion:

~~

.Vtﬂ TiVs(GOOO).

I

_where Mt integrated voltage reading on IDVM display.

T, - integration time.
Us = voltage sensed by IDVM.
. and 6000 is an errorless conversion factor.

now, with the error in T, being neglected,

i

v .
= — C i
th W dv 2
3
th= 180 T1 A. ‘ .. C.3

The differential pressure, DP is obtalned from this integrated reading by the
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roilowing relationéhip:

v

DPj-A:l.—t+B_ | | ... C.Y

1

Recall that the method for determining the stattbmpﬁéssure at the
measurement location involved a linear Interpolation of nearby static

pressure readings as depicted in Figure C.1..

1

sing

o
ne

trav
pl

- : 1

///:;’,—;§Static Taps

. reference
location

FLOW .3_/ 2 [{

Figure C.1 Static Pressure Measurement from Wall Taps

-
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The following three measurements with the DP {(differential pressure) cell

were needed to measure the velocity.

S

DP,tﬂ Pt: Psz ) ... C.5
ref ‘ .
DP2 Péé'Ps . ... C.6
pp.= p - pref ' ' ee. C.T
3v '8, S

[

The desired-pressure differential for measuring velocity is the velocity

-

pressure, Pv defined as follows:
P=P-P ' _ ... C.8
v . . A

The statice preséure at the traversing location, Ps

.

is obtatned from DP%
, g >

as follows:

and -DP
_ 3

X

1
Py, ™ DPy* 5 (DP,

ref .
- DP2) * Ps ‘ ... C.9

30 that the velocity pressure (s given by;

™

X T
1 .
- il - : ... €10
Py= D+ x2_(DP2 DP,)

substituting for the differential pressures glves,

Y
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s -

and since,

3P aP aP aP aP

v v \ v
d?v (37 dvtl+-§v— dvt1+ v th’+ W dx1+ = dx2 ea. Co12

it follows that,

A 1 A 1 A
dP = || dV .+ dv._ + dv_ +
v T1 t, LB Ti ta X5 Ti ts
A AX,
% (Vtz—Vta) dx1+ 5 (Ut2~vt3) dx2 .« C.13
{72 x2 Ti

Now, the.following 1s true for all measurements:

A = 0.2076 { errorYess conversion factor )

T1 = 30 sec
dx1 = dx2 = 0.00012T m
dv, =dVy =av, 180T = 5400
' X X
dP = |37.37 |+ [— 37.37| +| — 37.37| +
V. X X
X2 2
570109 || 879x107x, -
T(Vtz-vt;) + ‘—x'z—'—" (Vtz_vt,) ... C.14
S 5

From the Qelocity pressure, the fluid velocity is determined by the

simplified form of Bernculli's equation. It is as follows:
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W (2P /p)"7 o | : .. €15

s0, -

P
\ .5
3 ) dp | _ ... C.16

2p

( 1 5

dW = )T
2pPV

dp + ¢

v

The error in the denaity, p can be estimated from the error in the

tempergture measurement. The sensitiﬁity of density on temperature Rpround
3

30 C is about 0.3 kg/m / C. Therefore;

dp = 0.3 dT

dp = (0.3)(1) = 0.3 xg/m>

‘t
and s0,

] d ' cen LT
3) p _

C.2.4 Example of Typical Error in Velocity Measurements

The following is a sample error calculation using the error formulae Jdét
developed. The conditions for this sample calculation are as follows:

0.947 m/s

=
]

"
]

0.05 m

0.10m )

<]

T =28¢

>
]

Ut = L48B8815

1



~ »
197
v = 204480 .
t2
Vt! " 213251
these give the following:
i o =997.95 kg/m°
dP = 7” .86 Pa . ,.‘.-“.:'
g v . ) q&
dW = 0.079 m/s ‘ -
so that, ' N
QE - 8.4% (maximum error)

By looking at Egn. C.14 one can reasonably see the general slze of the

_V '
£, e, does not

error in the veloclty measurements. The difference, V
contrlibute significantly to the error since it is multiplied by such a small
number. Since all of the primary sensing eiement errors were absoiute the
error formula is quite simple and the error is really ornly a function of

the x1/x2 ratio. The contribution of the density error is aisp very small.
The x1/x2 ratio I{s the same as for the sample calculation everywhere but ak
the inlet plane where the positioning oé the atatic taps glves x1/x2 = 2..
this would yiéld an error of 16% 1f used in the above example-(from an

- absolute error of 0.15 m/s).

From this It can be stated that the maximum absolute errcor in the velocity

measurements is approximately 0.08 m/s everywhere but at the inlet plane where
¥

it {s 0.15 m/s,.





