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} are concealed in the symmetmc ﬂow situations,

., . ABSTRACT - T
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An experimeﬁtal andAthe'oretic\al investigation of fully developed'

o

asymmetric turbulent flow in a cha.nnel is reported in'the present study

All through the analysrs the fluid propertu.s were as surned to be

constant, . '
. v L . ) \

i P t. - . .
The experlmental programme consmted of prov1d1ng deta1led

measurements of mean and turbulent chara.ctenstlcs of the. flow in

‘a large-aspect-ratio rcctangula.r channel One'of the walls of the

channel was smooth and the othep roughened with, transverse V-ribs,
The dissimilar wall condltlons 1mposed a strong a.symmet‘ry on both

the mean and turbulent flow fields disclosing severa{ features that

\ .
he 'the'orétical i_nvesti'ga.tion Was concerned with predicting

the flow parameters of eng1neer1ng :mte;rest The integra 1 method

— i | s

I

was ‘used together witlf a turbulence model based on Prand\l's mlxlng
lengi;h theory - . Co - :

N

a-

An attempt to close the equatlons }h one. empiri‘calrc\onstant

failed to successiully predlct the pa.ra,me rs of intevest. Thu 3

was mnecessary to resort to the use of emp1r1cal functions for the\
parameters descrlblng the max1murn veloc1ty and ‘zero shear stress .
points, The results then were in excellent agree_ment with the )

experimentally determined values, T '\\

The results. show the strong effect of a . metry on eng1neer1ng

parameters, Fdrf‘ne'rmore_, it is the roughness gtructure (mcluchng
roughness geometry, relative roughness and roughness -density) which’

PR
-

influences the nature of asymmetry.
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o I, INTRODUCTION

- .

1.1. Problem Background, -Motivations and Obj ectivee

EY

Until recently detailed experimental studies of turbulent shear
{lows have.been concerned with flows through relatively. eimple

geometries such as flow in circular cross-sectional pipes or plane

.

. smooth chann'els Investlgatlons of channel flows w1th rough surface

bounda.rles have also been largely confined to symmetric cases.' The

-reasons’of-‘-the«ea.’fﬁer :mv,estlgators for reserving themselves for

these relatively simple cases are understandable: The nature of some’

s

of the turbulent flow properties, such as the mean ﬁ'elocify'pr:o[iles

and {riction factors Téire“most easily‘dedu_ctable when other ei&fects'

-

such as _'compr"essibil@ty', a.syrn‘metry"énd‘ flow accelération are not
pr.esent.\ During rec'en‘e years the data a.vz_a.ila.ble;on these more compl‘ex
flows have increased and in the pr_esenf study inclusion of asymmetry-
is carried olut,' | | | -

Until very fecently_ theoretical approaches to the prol-lle'rﬁ of

predicting characteristics -of tprblulent shear flows have been confined

to using 1ntegra1 analyses of the mea.n flow because of lack of °

“availability of practlcal methods for the solutlon of & se.t of simultaneous

part1a1 d1f£erent1a1 equat1ons closed with a set of ernp1r1ca.1 constants,

-

Lately; €specially in the last s_everal years, this latter approach was

soccessfully used for the soluti.on of more cornple‘x tui-bulenf shear
problems through the use of hlgh speed computers [l ]. However, |
due to the: complem.ty of this approach an approx1rnate solution us1ng
the 1ntegra.1 analyses together with a turbulence m/odel based on .

O

Prandtl's mixing length theory is attempted in the present work as.a

t

preliminary study of the problem. o

} .“




.

l

In'the present study particular emphasis was p.la'.ced on

asymmetric flows where the characteristic flow properties exhibit

. - d .
stationary values, because it is these flow situations where some

Sfthe structural flow features, that are concealed in simple flows by

virtue of symmetry or some other constraint, become pron’*ninent.

-

Asymmetrlc flows are encountered in rnany practical 51tuat10ns
where technological reqmrements unpose diselmilar boundary
conditions. The nonuniform distribution of roughndss or poros1ty

or unequal curvatures of.solid surface bouhding the flow are some

‘examiples of s;.lch conditions.' A practical example is the use of partially

L

rougherned or, finned annulus. 11,{compact heat exchangers

( Bearmg the-above considerations in mind the mam research

obje t1vee Were - set as follows-

~

1. To predict the fully developed mean flow pera.meters..which

. are of direct englneer_:_ng 1nterest through theoretlcal

c onszderatlons

2, . To mieasure these mlean flow parameters experimentally.
in order to: - .‘ _ .

i) ' Pl:ovide'.data ta enable direct testing of theoretical
. predictions,.‘ . |
ii) Provide data ‘for :;;’“petter uﬁde‘rstanding of . fully

developed yet strongly asymmetric f{owsi -

3.  To provide a basis for further study of the problem

(e. g. ”DQ_Veloping asymmetric ﬂo{v), ‘ | _ o




\

1.2  Outline of the thesis : R ! N

; The thesis consists of-five chapters, the _first of which is the

Introduction,

4

The' second chapter introduces some fundamental notions and-

2 + discusse’s possible anroaehes to the investigation of turbulent shear

el e
a3l

ﬂo:w‘s It covers the’basm equations and dlSCUSSES‘ through a

"'vg "t-‘ri'."

‘ 11terature survey,J ‘some spec1f1c features of turbulent shear)).ows

\

o
Sow -
i

’I"ne main outcome ofF fhe present research is presented in .\

.
ETh
il s

e

chapters 3 and 4. Cha.pter 3 deals with the experuhental studies - \]

Tl covenng the mea surements of the main propert1es of the mean a.nd /
LA - . —

S fluctuating motion in a channel with one ‘snooth, and one roughened
Ay

Sl

wall, A discussion of procedure and measurements is presented.

ln Chapter 4 the relations used to predmt the mean flow
_parameteTs are dc.veloped followed by a. descr1pt1on of the method

of cornputa.t:\on dev1sed for the present work, . ‘ #

1

S The main conclusions and recommendations for future work

are presented in the closing chapter 5.

The relevant informations and/or details are given.in 15

appendixes,

a

-

that‘are relevant to the flow situations consldered in the present_ work.
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.21 Gove;rﬁné Physical Laws-

e

2, BASIC EQUATIONS AND LITERATURE SURVEY

o

t

2.1.1 Differential fot'mulations

1

-

The general basic equatlons for conservat:on of mass and
momentum of an mcompresmble ﬂu1d w1th constant viscosity

‘| can be wrltten 1n vector farm as follows [1]

vV = Velocity vector = U+ V + W

v . "\;’- = 0 o _' ) S (2.-1)
:\7- . — F—— : . ) = - -\.- . )

b [2_1; + (V. V )_‘_y] = ~-VP+ T +p vEV (2.2)

Equanons (2,2) are known as the mcompressﬂ)le Navier-
Stokes equations.. All terms in the above equatmns represent the
instantaneous values of the quantities, which from now on will

be desxgnated by a subscnpt i. Introducmg the time-averaged and

fluctuatmg components of the quantities following O. Reynolds.
[2] , such as '

3

'_ u. = w+ut | ' . L .
i
the following relatlons can be deduced for steady turbulent flow

-

in the absence of body forces:

v

* ~ ¥ v‘v =0 . e o -

<
<
n
o
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™

r_h_ny‘_

i

v 4
-5~
. . . 2 - - . 7’
(V. v)V] =~ vP+pv V+y. 7! (2.5)
; s
where ‘
. Q¢
t ' 1 ! gyt
Ox T Xy 4 X%Z v utve ulw 't \
> ‘T" O" A ,rl ut vt VIZ vig!
T T Xy y yz 1= -p
! ,[.1' ‘gt y u'w! vigt o UJ'Z
T xz V7 2 =
(2.6)
“
Care should be exercised in expanding the last term in’ -
eqn. (2. 5) due to the tensorial nature of :’1:" ,9‘
_ The flow in the ent'rance' tegion of a two dimensional duct ‘
belongs to a boundary-layer class of ffows. The introduction of
" the so called "boundary-layer api)roxi;rhations" after L. Prandtl
[3] into.the above equations will yit%l'd . :\\j
S - . SR R R (2.7
. ' a b ) a yn _. .. : ) 7. .
-’Qu | 3u AP .azu au'z' 3 uv! .
p(U. v )=-—"—+u -p(——ﬁ—+——.)'
ax ' 3Y . dx . 2 3x oy -
o . 3y
i (2.8 .
v - I\
.+ For fully developed flow sufficiently far from the entrance, «
the flow is esseﬂtially one-dinlehsionél with veiocity field -~
* invariant in the. s_treamwiéé {x) direction. When the gonditions )
.—a——. ': 0’ N = 0 3 ) : .r



.

b

-

’ 0 2,
y e - oy (2.9)
/ P 8y
s with boundary conditions ' ' . ' ’ .
. . at y = 0; ) u.: 0; u' v = 0' " du -
' » S . . 3y w ) .
) . (2,10
. and aty=y.; T = }-L'a‘—l"l* - pu v =0 '
b} 0 ¥ . a :5
o - - ' ro ' . v
It must be pointed out that in the last boundary condition, ‘

-y _ represents the position of zero shear stress, not necessarily
o . : !

coincident with the zero pgsitions of viscous or turbulent shear

stresses, neither with the Ipbsit.ion of.ma.'xi'mﬁ.m velocity, . .

-
¥,
- . . . - .

2,1, 2 Integr'a.i for'nnu.lationg a

The baslc: integral equatlons for conservatmn of mass and
momenturm of 1ncompress1ble ﬂu1d flow in a duct can be wrltten

from the d1agram descnbmg the 1deahzed model shown in_

.flgure 2.1,

", -Mass: o o o -
: s - ; .
d - d . - . ’ .
—_ u 5 = — . d = 0 . 2.1} )
. 2 . | 0 | -
o S \"\ oo
Momentum:. ’ . ’ . . .
middle portion (potential 'ﬂow);“ - o

s . . -




due to T. von Karman [ 4] ha.s beqn a powerful tool for the T |
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dP - = - o' du i ) 2 >
d}F p \\‘\ ® _ dxm- ' . ‘ . . ( ol )
rough side; - _
' : 8
. . dp 4 T2y
Crer S0 w T me ] P M
-
©, or ‘
+ Qu ._..d._ 5 r \\ d B -2 13
p B f uy 4y, { )
“ i A ., ‘ r R
- \ or S
- | N '
. " b .‘|‘¢;
: smooth side A
ki . dP 47 5 u d ]
.‘ T = =~ 6 P g ° Ys
3] WS s dx dx
o v o)
;" '_ B 5 o
A Lo d ", ° d (2,14
-g-% | ' - . ) + pu _d_x_ r‘. u.s YS ' ) ( . )
2y ‘ - w J - :
f;,'{:{ | ' ‘ S A o
A ‘ . . S " . - »
B ‘ The details of the derivation are presented in Appendix 1. . _ S
NE : . E
:é\;' ' -
ﬂ% The momentum 1ntegral method Afor the boundary la.yer

predmtlon of bou_nda.ry layers so far, Together ‘with an assumed

velocity field it forms the bagis: of many exlstmg solutlons of (

the boundary layer, It can in fact be der1ved through a part1a,1

1ntegra’t10n of equat:.on (2.8) [5 1. ~ :
The parameter Z e_ncountered in equation (2, 13) which is

the lower limit of the momentum int.egra.lé will be given due '

considoeration in section 2, 2.+ ' ‘ - . ‘ .

1
‘.
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For tho fully developed reglon the momenturn equations

s1mp11fy to (see Appendlx Z for a der1vatlon from equation (2 9))

‘rou‘gh side; i AR 3 - o

§ = - - dp . : |
W Yoor dx _ C | (2.15)
-smooth side: ‘ o '
o dp_ )
Tys = “Yos Tan

where v+ = s
YOS ,Yor ' i :"”. T

These last two equetions enable the wall shea’r Eti"ésses to
be calculated from the measured pressure grqdlent and zero
shear . po1nt Y, This method has been employed in the present

‘ experlmenta.l work,

2.1.5 Summary: Physical Model ’ o , ) A

The eonslderauons in sect1on 2, L.L\are relevant to ohannels

VAT

"with both smooth and rough walls In the lauftter case, howevelr,
. dependmg upon the type-of r.oughness - the local flow mechanism J‘
" in thE“VTC1n1ty of the rough wall may not fully satisfy the bounda.ry
layer approxlmatlons. Large scale roughness may cause .flohw :
recirculation in the wake zone of the roughness elements, w‘oere
some of the neglected terms in the momentum equatlons become ‘
1mporta.nt In the present analy51s the momentum integral
equat1on was broke’u lnto smooth and rough .side equatan and,
“to take care of the a..bove mentioned complication, the. pa.ra_.meter
20 was introduced in the rough side equat:lon_ - This will be o
further mentioned in section 2.2 where the velocity fields to'be" ‘ |

used in the present analysis are discussed, 3 S . .




The assumptions introduced in the derivation of equations

(2,11 - 2.14) are as-follows:

1. Flow.is st‘ea..‘d_y' turbulent everywhere,

2.. Working fluid is a ¢ onstant -_property’Newtonian fluid,

2 3. Flow is uniform at the entrance,

.

4, Flow outside the bo’uhé:ary layer is potential flow,

5. Body forces are-absent, . L

6.- Boundary layer apprqx‘imati‘ons are valid,

namely o U > > 22 ’.!'BV ; oY
3y 3X RS Ay

E | a‘P ~ d]? | »P. 0
- oax o dx 3y

2.2 Mean Velocity Fieid
. ’ i

h

The s1mp11f1ed equatlons of motlon presented in the pre\Ious

section are not enough to predict the rneen flow parameters whi
‘the present study is seeking for. A turbixlence model is necessary

to give the veloc1ty profiles encountered in the flow situations /
involved, In the present work a model based on L., Prandtl's mixing !!‘
length theory [ 6] is adopf:ed A physical 1nterpretatlon of the
mixing length can be given in the following way: - The mm:ng length
is tha.t dlstance in the transverse direction which must be covered

- by an agglomeratlon of fluid partlcles travelhng w1th its original
mean velocity in order to make the difference between its velocity
and the velocity in the new lamina ‘equal to the mean transverse
fluetuation in»imr_bl'zlent flow [‘5 ] Using this conce_pt of mixing

length an expression for turbulent shear stress can be reached;

[+

T
E
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Together with the as sumptlons that :m:lxlng leng’th is proportmnal

to the wall dlstanqe through a constant k and that shear stress does

- not change with wall distance, we get thelfollowmg expression for

the &ellocity.profile‘in turbulent flow near a wall:

-

)

: u- . " . .
, = N . T o ) { ) .
R A i @

Through dlmen51onal gmalyms considerations, equation (2. 18)

can better be written for hydrodynamlcally smooth walls as [ 5]

hy oy ua
S TS : '
= I ——f G (2.19)

u ‘ y '
ST 1 T :
—_—— = _— l .
ou_ - k " z - . {(2.20)
- . or’
T
where z . = m¢€ , the hydrodyoamio or characteristic roughness.

Here m is a function used to incorporate the roughness shape and =

density into the theory,

A nuinber of expressions for' the velocity .profile near a‘'smooth, '

wall are available in'lit€rature [ 7414] . “Among these th;.- expression.

- dué to Reichardt [7] was chosen to be used in the present study
e '

because of its simple, continu"ous-form valid for y >0, ‘including the

so callyd "laminar sub-layer' as well::
us“:-ls—-‘ 1n(l+ kY) + 7.8[1 - exp(—i)f ‘Lll | ex[o( -‘3"—)

(2.21)

.-. -lO-... ‘. '.._4‘ o - "‘>'
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where k = 0,4, von Karman's c0'n§tant, P Coe

- . ’ ‘,. ‘ . . y
- { . ‘ W\ -

The abave proflle 51rnp11f1es to the expressmn due to Prandtl }
and Taylor [107] for large y 9( >~ 100, see Appenchx 14 also sce
Table 4 for the-experimental y to s t y++ values),-
. R . ) . imes: nr . .
v
o _F 1 o+ - ' - N
u ='—'1‘{-‘- In v + G . . - {2.22) . -
. with k = 0, 4 again and the value of C = .52, ad_]usted to have numerical
- agreement with equation (2. 21).
o . _ : . -

For the'.ro"ugh wall profile (2 20) a nu.rnber-of and varying

a9
- values of m are reported in the literature for different shape and

) den31ty of roughness elements
For sand }'oughness J. Nikuradse [ 15] reports a value of
‘ 1.
m = 30 - - For ca;mouflage paints on aeroplanes m = 175 [16], for
.dlffer(_nt types of vegetatlon on: earth m = [17] - Gef {roy,

Jude, Paumard [18] reporf values varymg from HﬁS to 34010

with B vary:mg betwgen 9 and 20 respectwely, for smusmdal
: €

undulations in a pipe. Through a survey to determine thé effect of .

‘_rou.ghness adépsifty A. Slmpson [19] found m =._94](')0 | for A - 1. "_ ' . E )
" varying to m :~3—45—- for A 7 5, fondifferent roughness sh}pes.‘ ;
In this case ) was defined as the ratio of the totg] surface area ™ 1

to the total r_oughness frontal area normal to the flo\, ‘In a detazled
experimental survely of flow in ap asy‘mfnetric reétangular'ch‘a:{nel 3
. with rectangular ribs‘[» -g— =10 )Hanjalic '[ZO"t suggests a value
) ofm = —3—18-33‘ All the above values of m were calculated through

reported data so as to flt the. nomenclaturc of the present study

W

- Q
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In view of the widely varying 'valucs of m with no apparent '
, cofrelatibn reported in the literature, it was obvious-that futher work' o
was necessary to establish rclatlons betwcen roug}:mess structures

Fd

on walls and veloc1ty prohles "

[ In the abdve'equat’ion (2. 2'0) .the ﬁarameter zor may be ,- ' f '
1nterpretcd as a hypothet:u:al distance from the wall where the - . CT

- velomty is essurned to be zaro, This shift of the rcferenec pomt
for the rough wall velbcnty prohle has: been shown to depend on the

eu
roughness Reynolds number T (whlch is a measure 0[ the

. - v
’roughne ss structure through the wall shear stres s) by Clauser| dl]

on. the basis of experlments conducted w1th two- dlmensmnal roughness

elements’ Hama [22] has subsequently verified Clausers gcnerahzatldn

for th1 ce- dlmen51onal roughness and Perry and Joubert [231 have
extended e:\perlmentally their'results to the boundary layér wlth S

-

adverse pressure gradient, Wu FIL] bas reported a similar shlﬂ BERE @

for a rough surface with pmform spherlcal particles arranged ina >
. e - . ‘ ™ . ' ’ ’
random and compact form. '

<
1

The reported data suggest that thig pc;int is somewhere

between the root and the tip of the phySlcal rou[__,hness height. E:\actly

R
where for.a Parucula.r roughness° structure remains to be £ound . Qg -
3 : N )
th_rough expemments,- N o S _' . </_ .
2.3 Eddy Diffusivity Models S s .

ﬂ [}

The concept of eddy dlffusw'lty, first- 1n1t1att.d by Bussmesq [25]

can be 1r1troduced into the analysis 1f we rcwrlte equation (2.9} as. )

L : . !
_a_(p_ﬁ_‘l_ - o mv) - %’-— =0, © .(2.23)
3y _;jy -..\ . g
N , f 3
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;f the quantity in the parantheses corresponding to the shear stress r
% in the channel: . — » o ' ' ’
& T =B -~ pwul v o : (2.24)
) 3y ; - -
- . -',; . \
‘; If we put X B ¥
[ AUl =
i T. = - u! = : '
T PR = gy , (2. 25)
, ) vt
we g,et. - 4
- ‘ - .
? T . . du . v .
N —_— =z (Y 4 g —_— : .
ral ( e M) dy _ . (2.26)
' : - f .

This last equation, together with an. eddy diffusivity model,
has been exténsively used to pred.i.'ct turbuleﬁt\tra.nsport for 2 wide

‘var1cty of floy geometries [7 26~ 29] However, espe'ci-ally in

: asymmetrlc {flows, where the statmnary values of the mean and ot
ﬂuctuanng velocltlcs do not c01nc1de the concept of eddy diffusivity \[‘

:_ as used above presents some’ d1f£1cult1es As d1scu55x.d by Lee

>

‘and Barrow [30] , at points where the waj.oc;ty gradlent‘ is zero,
~ shear stre ss'is not neces sarily zero, whereas equation {2,26)

predicts it-to bb ZeTOo,

=

L
‘The mean and fluctua/]ng motion are closely 1nterconnet:led
as 1nd1cated by the appearance of the turbulent stresses in thc

k momentuin equatlon and mean velocny gradlents in the. stre\{s '
- equations. - It would seem that the stat1st1ca11y averaged fluctua.t1ng
velocities would follow the behawour of the mean motion and thdt

both mean and fluctuatmg fields cam be treated unique I—Iowever

ean - - -
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_ thd two {iclds togethergis not possible. A part‘ial explanation of this

. non-universality may be taken from Townsend's [ 33 ] suggestion that

: . .
the fluctuating motion. consists of an ”active” component which
mtcracts locally w1th the mean Ynotion and, also of an "inactive'’.

component, governed by far-away condltlons and, there\fore not

directly correlated with the mean mot:.on A dlSC'llS sion of Why the

’

zero shear-and zero veloc1ty grachent polnts are hot necessarlly-
co:mc1dent in turbulent flows is given in Reference [32]’chrough an

analysis o[ Navrcr-.-:St_okes and von Karman' s momentum equations,

i

2.4° i*:ngine'ering Flow Parameters

Although a weaith of information is available in literature on

-

pressure drop measurements and friction factors for flow of fluids
in channels with rough boundaries, a great majority of them: are purely

. . 0N : . - . .
cxperlmental‘and confined to symmetric 'flows in pipes.

R

Streeter [34] has experlmentally shown that in art1f1c1ally

roughcned plpes fis malnly a function of Re and -z— and also

deduced that shape of roughness has as much effect as the size of

.the roughness. In an attempt-to find the optn-num heat transfer surfaces

over a wire wrapped tube, Sheriff and Gumley [353 also reported
empirical correlations for fr1ct10n factors Kidd [36] explored heat
transfer and pressurc.dyop characterlstlcs of gas {low inside spirally
corrugated tubes A friction oorrel'atio'n based on the law of the wall. |
similarity, togcthcr with experlmental pressure .drop measurernents
in tubes with repeated-rib roughness is reported in Reference [37]
Finally, £r1ct1on measurements in rectangular channels [38] and in
annull {39] with walls of non-idertical roughness were given 1n the

11terature ln these last two works a method due to Hall [40]was
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. employed to sdparate the friction factor‘ due to each surface. This

SO called ""Hall' sformation theor'.y“’is‘based on the assumption
that the statlonary valugs of mean and fluctuating velocity fields
'co1nc1de Discussions of ihe breakdown of this theory are glven in

) References [32] and [ 38] ’

The above'llsted references‘ contain liftle or no theoretical
analysis, One notable exception is the study repoﬂed by Launder

and Hanjalic [4,1] on turbulence structure in an aS)rmmetnc :

rectangu{ar channel together with theoretlcal predlctmns of mean flow

. parametets.

L
;



'.16" -

3. EXPERIMENTAL STUDIES ]
3.1 Experi'mental App'ara.t'us and ‘I.nstrumentaltion - General '

The experlmental programme undertaken was deslgned to
meet the overall research obJectlves d.es?:nbed before The worklné \.
fluid was chosen as.air in atmospherlc conditions due to purposes |
of economlcal construction of test facilities and also ava1lab111ty
of 1nformat10n on physma.l properties, Isw‘nmetry was decided
to be induced into the. flow by art1f1c1a.11y roughenmg the channel
walls only partially. T'ne channel shape had also to be. of some '
practical importance. Thus a clear choice was a rectangular duct

of large aspect ratios with one of the wider sides roughened,

a.ppronmatmg—‘}ewcondnmns between two parallel plates or in an

annulus with a radius ratio close to 1.

The main experimental programme consisted of i)roviding

o." Py :ﬂ-}";r-'

detailed measurements of static pressure drop along the channel
length, mean velocity prafiles, mean velocity gradient profiles and - .

profiles of longitudinal velocity fluctuations at different’ ports along

Crmme e T T

the channel length with different_épacings between plates, - 2 o i

"The stat1c pressure measurements were made with an _ _
MEKS-~ pressure transducer the cahbratmn of wh1ch was checked - -
aga1nst a rpmroma.nometer at frequent 1ntervals Veloc1t1es and
veloc:Lty fluctuations werel measured with DISA hot-wire probes
Veloc1ty proﬁles were also checked with slngle pltot tube readings,

Veloclty gradients were measured w1th a double pitot tube, . The

traverses were made either manually or with 2 motor driven DISA

.traversing mechanism.



5 3.2 Apparatus =< . _ X‘_.

‘ . | _ _ ‘
- The experimental test section and the auxiliary apparatus is.

“sh own schematically in figure 3,1 and photographs of the channel

g - assembly are g1ven in flf:,ures 3. 2. The channel Walls were made of
% | 1/2 inch - thick alurnlnlum 11 feet long, 16 -3/8" w1de Three

% : 1nterchangeab1e plates were used, two of which were roughened by
: 'machlnlng 60° V-grooves in the transverse d1rect10n. Machined
rather than added roughness was chosen to facilitate. heat transfer

studles at a later stage, The machining was done on a rmlhng

‘machine, with a fecd of 460 m.m/mm at 2860 rpm of cutter speed,

The height of the grooves was 0. 0804 1nches {figure 3, 3). The pitch
to helght ratio of the roughness elements was 121 for the present study,

One of the roughened plates was prov1ded with 14 vélocity- measurmg

2]

ports of 1-3/4" d1a with center pieces to {it these ports (figure 3, 4).

CA round 3-3/8" dia, 1/2” thick a.lumlmum plet_e was welded on the .-

SRR R

main plate to provide support to the base of the traversing mechanlsm

Tie
2,

which was fixed to the plate by 1/4” dia. allan screw’s, 1/8" dia. -

holes were provided in the middle of the center p1eces for smooth '

i

‘movernent of total and hot-wire- probes The machlnm% was done

/‘\Jw1th these center pieces fixed to place, to prov:Lde a flush f1t with

A s L s b

2
ELE

the grooves The other two plates were provided with statm

g

pressure holes of 0.025" d1a ; at four inch intervals along the

\J";;:r.’

'center line (flgure 3,5). Thus prov151on was made to examine both

e
e .;}“ﬂ;‘

asymrnetnc and rough- symmetrlc flows

The rnain plates were mounted verticaﬁlly. on their sides to
avoid the problem of sagglng on a steel frame specifically designed
for the purpose of changing the spac1ng between the plates The top

and bottom of the channel were closed Wlth 1/2“ thick transparent



1‘ : ] . ' - ~18 -

plexiglass p1eces through which the position of the probes could be -

examined, - Usmg different w1dths of these plexl-glass spacings the - | K

ratio = of the channel could be controlled with dlscrete 1ntervalls A " j
Four d1i§£erent sized spacers were used to prowde i' rat:.os of.

§ 10.5, 16.7, 29.2 and 35.45, | ©

] ' .

%» An entra.nce sectlon -was des1gned w1th uniform flow conszderatlons

1 in mmd u51ng an approximate solut1on of the potentlal flow equationg

z'?’ : ,wm practlcable aroa drop ratio [42]-. S ' : e
& : - ~ e

;g ' ’ A difiuser section was desiéned to 'conriec:tl" the cha-r.mo‘l to |

{.* ~ the diffuser box, which in turn was: connected to the fan (spec1fma.t10n

g‘ 6000 cfm at 14" HZO k785 rpm, 19.8 BHP; driven by constant rpm

electric motor) ‘The diffuser box (wooden 44” x 42" x 30") was

: equzpped w1th two rnova.ble gates 1n51de on the fan 51de to facilitate

T

.the control of flow rate of air

B
& An entrance box (wooden, the same size as the diffuser box)

A

g

::Z, was pla.ced in front of the entrance section to’ provlde a connectlon , %
£ N t
%} ' between the channel and the flow rate meter and a.lso act as a. setthng \
g‘ chamber. The flow rate meter was. placed upstream rather than ; k
b - - . " , .’_-- i
% downstream bearing in mind possible heat transfer experiments on- '
% the apparatus.

- 3.3 Instrumentation

3.3.1 Pitot-tube and pressure measurement system

‘Some of the velocity distributions were measured with a
flattened-~tip p:_'Ltot tube as a check of the preliminary hot-wire probe
traverses, The pitot tube was made from h‘ypodermic' stainless stee]

tubing, 0.035" O.D, and 0, 020" 1D, Internal tip heightowas about



-19 -

0.006" (figure 3.6), The pitot tube measuremezzts were checked
aga.lnst the veloc1t1es attained in the DISA hot—w1re cahbratlon
eqx}lpmer;t and no appreciable dlffez.-ence was found between mean
rg:é.dings. -

Sta.tm pressure holes 0, 025 1n dla. ‘, were dnlled.on the.
pla.tes every 4 in, along the center line (f1gure 3. 5) These were
connegted‘tﬁo the pres sure mea. suring network of tubes through /8"
._I, D, pr_jagsure'conniactc?rs, .'.wh1ch were fixed onto the plates by screws,
The tuhing uéed_ was 3/8”"'0. D., /4" LD, ..J'a.yflcx-l_SO plastic tubihg..
The e'nds ofreach oflthese tubes‘were connected to a common mani‘fold y
with one output going to the pa'\essure measurmg 1nstrmnent ‘The
signals through the pressure taps could be turned. .on ant off by

clamps whlch were placed before the rnanlfold (ﬁgure 3.7

Pressure measurements were made by MKS‘differential
pressure transducers (types 77H-1 and 77H-1000), - The outpﬁt'from
the transducers wei'e\measur'ed with the MKS Baratron type. 77 |
electromc pressure meter [43] a.nd these measurements were
checked frequently against a micro-manometer. All pressure :

o

\measurements were made relative to the atmosphere, i.e. one of

e

" the transducer inputs was open tcx the ambient, - B ' ’ g

3.3.2 Double pitot tube

The position of maximum velocity was found by means of
a double p,itof, tube consisting of "éwq flattened~tip pitot tubes 2 mm
apart (figure 3.8) [ 20,44]. ' No_appreciablé di_fj;ért’ance was found

between the two pitot tubes when placed in a uniform stream during

.

the calibration stage.



~ 3. 3.3 Hot wire 'prob.es' and signal processing system

" In measuring the mean veloeity profiles and the longitudinel
velocity fluctuation, the standard DISA miniature hot wire probes
in conjunction with'a DISA SF_?DOSO series constant temperature T e
anometer system were used. -The probes were of type 55P11

(55F31 in the older specifications), made of platinum plated | e

tungsten wires, 5 pm in dla. and 1, 25 mm in 1ength [45].

The signals from the probes were fed to type 55D01
_ anemometer unit, the output of whleh was in turn connected to
a-55D10 rlinea.riz',ez;. " This dbutput was conﬁected_to an auxiliary AN
unit," 55b2§7. The linearized ancl';?filtered sighals' were measured
with an RMS voltmeter, 55D3 5, and a igital voltmeter, 55D30.
The RMS values of the fluctuations é.‘nld the“ mean value of the
oufput were'then fed into the data recording sys;:em (see sec.

3.3.5) together w1;.h the output from the traversing mechanism

(see sec, 3.3.4). Flowcharts of these measurements are given - -

W

in figur-es 3.9 a,‘b.

3.3,4 Traver sing-_n‘x\echanism ; _ . : I

The rn'echa\.nisrh used to traverse the probes (both pitot-tube - o | a
and 'hot wire) was the DISA S‘SHOI ’Iraversing mech'a.ﬁism supported
by a traversung mechanism base which could be secured (figure 3,10} -
onto the pla.te carrylng the veloclty—medsurlng ports by three '
‘capscrEWs.‘ The traversmg mechanism was operated either with
a manual drive unit or by el:ectrical) pulses via the DISA 52 col

.stepper metor, the latter of which was remotely controlled from

A

- the DISA 52B01 S\,;.r'eep Drive Unit. The output level corresponding
"to a given probe position could be read on the 3-digit mechanical

counter or could be automatically recorded.
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©'3,3.5 Data recording system

"?.‘he' s‘tat'ic pressure ;dr‘op's were recorded manually; .-howéver,
all the rest of the measurements were suitable for automatic.
recording. For this purpose a Hewlett-Packard HP-5050B digité.l

‘recorder wa$ used in conjunction with an.'HP.?‘.‘)Ol A Ini)ut sca.n.ner
and an HP2401C Integra.fing digital Voltmeter (figure 3.. 11). Together
with the HP automatic data acquisition system consisting of the A
‘above three uhit_s, an HP 70048 X-Y recorder Wés u'seci for
'gr'a.phic.al_representation of the lrecorded variables (figure 3, 12).
When the _mag'nitﬁde of the {luctuations relative to the mean ihput
- was too large to get a traceable curve, an RC-circuit was used

at the y-input.terminals of the X-Y recorder to decrease sensitivity.

3.3.6 Flowrate meter

The flow ratgé_ meter to measure the flow rate in tﬁe chémei, e

and in turn to calculate the average velocit-y, wagan orifice plate

_put between two pieces of aluminium pipe of 6. 065" I.D, The

~ orifice platc,_.its_e}%_w_q.i_dgisigned r_a_g_ggrﬁdi‘ng to ISO reéommen'gation b
R541 with vena contracta taps [46, 477. Dueto diffi‘cu.lrtiersr in : , ;
follé:wing the geometrical requirements given in this rec ommendation
a calibration of thelwholéf unit was dedided'to be made (sec_a ' .

section 3.4.1.7.. .T.he fr ont piec'.e,‘ 30" long, was open to the

a’cmoép_here, ‘whereas the downstream end was connected to the

entrance box, used as a settling' chamber (figures 3,13 a,b). . @ _

.4 Calibration of Instruments

[

3.4.1 Flowrate meter -
The calibration of the orifice plate was made by connecting

the downstream end of the entrance box to_aL settling chamber-

A



_copper pipe assembly, The pipe' itself had an I, D. of 3. 814 in;
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~and it was 18 feet 1ong'. A detailed c‘iescr'iption of this apparatusv

is given in ref, [ 487. A traversing mechanlsm located at about .
30 equivalent dlarneters from the bell- mouthed entra.nce to the
pipe facilitated the measurement of velocity profiles througho'ut

the cross section of the pip,e, These velocity profiles, measured.

by using a single pitot tube, were ifitegrated numerically using

the tra'pezoid rule to give the flow rate for a given pressure drop

:across the orifice plate. It can be shown rlﬁrbugh the use of

Bernoulli's equation that flow rate is proportional to the square
root of the orifice pressure drop [49]“ The calibration curve

Q ver sus "AP ;g drawn in this way is shown in figure 3, 14.

The accuracy of the calibration was estimated to be + 1. 5% in

: the range considered.

3.4.2 Hot wire probes

I"undamenta.lly, velocity measurements with a constant
temperature anemometer are performed by measuring the electnc
power, which must ‘be supplied to the probe from the.anemometer
in order to keep the probe sensor at a certain temperature higher
than the temperature of the medium. under measurement The

requ151te amount of power, P, will then be equal to the amount

‘'of power, Q, removed by the flow. Q will, assuming e\(erything

clse to be constant, be a measure of the velocity, However, this

power P, which is propc‘;rfional to the output vo}tage of the

anemometer is a nonlinear function of the flow velocity U under

‘measurement, This nonlinearity is not very important in

measurements of small degrees of turbulence, in which case a

small sectlon of the calibration curve may be considered sufficiently
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1inréar At higher degrees of turbﬁence ‘the dlstortlon caused
_ by the curvature of the cahbratwn curve becomes not1ceab1e-
also,measurements at varying! degrt;es of mean flow velocity
are rendered difficult by the congequent sensitivity va.natmns‘
Mathtimatlcal treatment of results obtained in both the last

mentioned cases is.not a very satisfactory solutlon and an

electronic circuit to take care of the hnearlzatlon problem is

to be preferred [45} S : ' : S . o

The fundamental relationship between the flow velocity

\ : . :
u and the ar&mnt of heat, Q removed per unit of time can be

Iormulated aS

Q-P-A+BWT - R

- : . .' \l . -
A and B are\onstants assuming constant temperature and

constant dens ty 'I'he exponent nlhaSn an almost constant value

over a wide rahge of Reynolds numbers. Eqﬁation 3.1above

s can be put into the following form (Appendix 3):

v Y . |
—3 - l)‘:nlogu<+cl .(3.2)

R A §

where V ig con]stant and thus a lm(.a.r callbratlon curve can be

2

\

drawn in thls manner However then the relatlonshlp between
L
)

the ﬂuctuatmg a.{'nd the mean components of hnt -wire signals

and the veloc1ty.1s relatlvely comph?ated (Appendlx 4).:

I [

‘ . : 2 : _ .
1! LA -, . V7 ) ‘ )
= < . 3.3) .
- u 5 v n- ”( 2 Vz ) , ( ) o S

‘ v -

b - ! 8]
r . : .

l
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Through an electromc 11nea.r1zer which will take care of

>

' the non-linear dependence of V on u the followmg simiple form can

be-reached: i *
V=7B;‘u : . ‘ o (3.4)

where B :E.s another éonstant'and '
ur ve L | -
u - " 'V . . ' ‘. . (3- 5)

Dﬁring catibration, _the.hot-wife probe was placed. in
an air stream of kncl;wn velocity. and the 1inear.ized voltage output °
from the anemometer was recorded, DISA type 55D41/42
calibration unit 'was used for the purpose of supplying a known
ve10c1ty to the probe [45] A DISA type 55A67 adaptcr was used
to match the geometry of the flow in the expcnmental apparatus :
(figure 3.15), A typical cahbratmn curve is shown in hgure 3.16.

-No account of drift between callbratlons was taken into con51dera.t10n.

1 -

. : oo~

Experimental procedure, data reduction and discussion of

measurements o ‘ - . i

k 5.1 General

x
; .

Before any eicperimentarl easurement, the electronic

instruments were turned on for &t least two hours to attain
steady state conditions“and avoid drift due to warm up, Then".

the necessary adjﬁstmerits on the anemometer system and the

i

«

pressure measuring meter were made, The apparatus was run

. for at least 20 minutes which was found to be sufficient to atta.in_ :

-1y
&

3
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2
C:){_Ip y' vs, y along x at 5 locat1ons
= vi) ‘

- The Reyﬁolds number range covered was approximately from vyt

.20, 000 to 130, 000,

© Steps (iv), (vi) and {vii) were repeated for 4 different channel’

widths,

.The‘hot-wire calibration‘s were done beforé‘-'.and after cach run.

3.5.2 Static pressure measurements ~ .

introduced in this manner is estimated:to be less than + O 5%

: conslderlng the maximum and mimimum values of the 1nstant:1ncous '

Yol

- 25 o

sleady state conditions in the flow, - For a given channel width

s the following ineasurements were m'a.de;

o

1y Stat1c pressure drOp versus channel length—'v .
3
1) Statlc pressure drop at fully developed conditions veYsus

- I
[N

Reynolds number,

=-iii) Velocity profiles U vs, % along x at 5 l‘ocatiéns;. using pitot .
" tube or hot-wi’re:probg' | : S -
- 1v) Velogity profilés U vs, y at fully devcloped conditions. ' -

uw!' vs., y at-fully developed conditions,

L

vii) Double pitot tube réadings AP p VS ¥ at fully developed

conditions, h o N

-

u

All measurements were repeated for 2 different channel-widths, ¢

T

oY '

The temperature and pressure of the ambient were recorded

before ea.ch run, ) oL

v . B - ' .- . .

r

Due to rapid rand'om' fluctuations in the pressure readouts o

both from the électronic meter and the inclined-arm micronamometer,

~

an estiméte of the average readout had to be made, The error S




¥

readouts' Smce the accuracy of the rneter chec+ed‘aga1nst the

&

manometer wa.s better than tlus ne account of the .latter accuracy .
\was taken mto con51derat10n _ S ' '

4P i o
'de values were ca»lculated 38 a funct‘ion of by I1tt1ng a’

‘straight line into the data pomts taken six at a t1me by polynorrua

regression and takmg the- slope of thls 11nc as the

-dP
I rn the :
middie of the rahge of the 6 ppmts (fipures 3 17, 3 18}, A

S

I"ORTRAN program was wr1tten fot this purpose and the' subroutine -

REGR was used from thc IBM Sc1ent1f1c Subrputlne Package (SSP)

y

for the str,a1ght linc fit [50] R '

d
Fully developed -?XE valucs were computed usmg the same - AR

subroutme hd’wever this t1me using. the data for 5 points covering

o

an x range of 4 ft at the: extreme downstream end of the test

o

'secticon (f1gure 3.19).¢ I‘u_lly deveIOped £r1c n facto{ values were

computed’in the same°pro_gram usmg the relation obtalned from

-a’ fully devel’oped momenturn balance (Appendu-. 5) ...-;'f"’j' - . SR
‘/ C‘ ) . . . 2‘_,[. .-" ". . ! o . “ ' P . ” .
_1.’ . .“L_____x."l—_f .= dJ R é i . dP' . - ‘ oy : .
. - - f = . 2 . ] - _,_uz - . ( I dx‘v ) ‘ v (3. 6) . ) f/
o -__p!lav‘ P Ay K, T : - Lk
a . . s . [ S, . - iy
. I . LA I d/ J /o
(see sectlon 3 5, 8 for the eva\luatlorn 'of p, av and errors dhvolved),
... -- . Y \\’ v A E -’ - ‘ - . . -.’v ) , .
) ) “« T . . . - ' -
3.5.3 Free'..'stream turbuleﬁ'ce iritensities Co 5 R
‘ _ ' = . S _'
V vahies of the mgn@l‘s from a hot- w1re probe 10cated . ¢
. Irms’ . . 2
- atx=0 were recorded for different Re;noldyu\mbers and '
turbulenc:e 1ntens1t1es were-calculated for the uniform flow a.t :
cS . -
the entraicy through the relatiéns, - " .- = N
- o ‘ . . . i o ) ’
: T | e T ?
L . [ - ~
. i " . ' r° )
- . N * . Cm
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Tu u- . rms ‘ I T
Cw T Ty - (3.7

- /‘ . Rosults can b_(\ séen’in 'figure 3.20.

%

3.5.4 Determinajon ofthe 'probe position relative to the walls

{
r A
The pro& position relative to the walls was determlned by- : -

I
1 ‘

advanc1ng the probe towards the smooth \\vall until the probe just
touchod t%e_‘x\vall and th1s point was takenjas the re[ercnce point
for the y-coordmate The touclung of th’e probe was checked
’ vmually through the transparent top lel of the channel For hot
wire probes the touchlng could npt be done soa d'u:mmy probe
' -of the same dimefsions  was used. and tbe reference point noted
"Then the workmg probe was mounted onto the probo Support' and

the traverse carried out, The r‘epeatablllty of the position of

the: probe was givej-n'a.s + 0,2 riim for the'stepper motor [45], -

“'and a resolution of 0.0} mm and 0.02 mm for the manual drive

and. the steppcr motor-. respect1vely Thus the uncertamty in the

.

: ‘.ihf\'fﬂ.‘"‘;:; -

Y measurement wxis estimated to be less than + 1.5% of channel

width for the smallest channel

1

CHRTAS odianA

T T

3.5. .5 Mean yel.ocity profiles ' o , ' S o ' o '
The mean vél'ocity‘proﬁles w"ére.'rec'orded”either 'rn-ax.'mally
"or through @(‘e data acquisition system and thc xX- Y recorder,
Some gI aphs dlsplayed on the X-Y recorder is shown in flgures 3.21 a
' .and 3.22 a for both developing and. developed regions, The .
B asymmetry of the flow should ‘be. noted. The fluctuations shovl*n
are a qua.lltatlve measure of the ﬂuctuatlons of 1nstantaneous .
vaQc1ty, howcver are not representatlve of the actual
‘magmtudes a‘nd f:requenc:y due to dampmg, of the 51gnal through

. ] ) ,
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the various electronic apparatus.

The numerical data correspondmg to thcse! graphlcal
displays were fed 1nto the computer (IBM 360 Model. 65) through
a FOR.'I‘RAN program and plotted inthe form (see sectmn 2. 2)

u\f. alogy+:b S (3.8)
‘

THls was repeated for both y = y and y = Y. A straight

11ne was f{it by least squares method to the portions close to

the‘wa,lls and the corresponding slopes and u-axis intersections

‘were computed (see figure 3,23). ; ‘ -

If the y/e_locij:y profile;;

y %
_us I S B rrs ' o ‘ :
s T T T F c - (2.19) .
T : .
S
and
u ‘y i
v_r- ._..}_ 1 7 ‘yr .
~ u = kTG (2.20)
Tr : T or

1 T . El
are considered, Y. amd_u_r can be computed {rom the above
- . s ™ . _ :
mentioned slopes, and C and . from the intersections. For

_this, avalue of k, von Karman's constant, should be assumed

~and here. k = 0,4 was chosen, The results for one value of s

is shown'in Table 1. Values of friction factor was calculated |
using the quantltles computed 1n'this manner and plotted together
with the otherw15e computed fnctlon factors in figure 3,24 a, The

dlscrepancy is obvious and is probably due to a combination of

errors in y, the estlmatlon of 1 u,r from the slope of the straight

line, and choice of k. The.cffect of a small change in y

reference point’ is shown in Table 2.
S




=29 -

~ 3.5.6 Maximum mean ve]:o,cify péintus
The maxjmﬁm mean velocity points were _found by rn.al;ing
’// a double pitot tube traverse in y direct'ion and recording the
prcss.u're'dif[er‘enpe between the pifof tubes (figure 3,25), This
- reading is a measure of the velocity gr.adient and the place

whereg the curve cuts the AP = 0 line corresponds to the -

dpitot —

maxirmwmn velocity point, The uncertainty involved was estimated °
. :

ta:be + 1 mm and.is much better than an estimate from the
velocity profile’itself where the uz;cer"f:a.inty could be as much as

+ 3 mm for a flatter profile,

3.5.7 fddy diffusivity

The calculation of eddy diffusivity distribution was done

by using the ex,taerimental dutputs corresponding to double pitot .
tube traverses of the channel width, Rearranging equation 2.26 -

and usiﬁg'the linear shear stre_sbs distribution (see Appendix 6)

=
. we get N i
: N (-7 . %
2L I = YO) - L : : (3.9)
. dy . ) . . . . ]

In the computation for the smooth and rough wall portions

-

‘ of the flow, the corresponding wall shear stress (see. sectiot_;:_l 3.5.9)

~was used. The conversion of the double pitot tube results into
du

q, was made through the use of the relation (see Appendix T)
y : :

di . L 1 AP ghitot
~ dy P u. LAY

(3.10)

Considering the fluctuations in the output from the double

- is estimated to be less

pitot tube, the unc?rtalnty in Apd_pﬂi‘t;ot
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than + 2.5% of maximum reading drawn on the X-Y recorder,

The result for one set of calculations is- shown in £1gure '

3.26. Eddy diffusivity becomes 1ndeterm1nable at the maximum

veloclty point and it becomes nepative (see sec. 5.1.2) near - % .

L

this point,

= ,
3.5.8 Vu measurEment_s

The longltudmal fluctuatmg velocity componcnts were

moasured with hot wire probes and recorded either manul.ly

or through the data acquisition system 51multaneously with the

mean vcloc:1ty The minimum V s point was estimated from ) ¢
graphs drawn on the X-Y recorder {Figure 3,22). The uncertainty ‘
'involved in this casé was-cstimated to be +. 1, 5rnrn : : : . 1“

r

3.5.9 Engineering flow pirameters

T

A list of mean ﬂow'parameters considered, together with

TR

a summary-of the expressions relating them, is given in Appendix

8. These expressions constitute a system of 17 equations,
containing 32 parameters, Therefore 15 of these parémeters
should be supplied, experimentally.or otherwise, to cﬁ,.ose the

equations. -These 15 parameters cdn be considered in four

groups:
i) Ceor‘netrical-i)arameters : A ‘Dhyd ) s,\ €, :p |
i1) Physical propertles of working i'cll;ni (I ‘dAuS |
iii) Experimental flow variables: e Yor’ Y@mr' o
"duf- : : ‘l S
-dY'Q B s

T
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iv) Independent variables: vy , Y .
_ : s’ 'r
The only independenf: quantities amoné the geometrie

L

' parameters are s, p, and €., s could be measured to an accuragy

of £ 0.002 in, with a knowledge of e to + 0, 001 in,

hir-S

“

Values. of dynamlc viscosity p"was taken from Rcference [81]

corresponding to the amblent temperature, ..

The density of the air was calculated from the ideal gas
equation of state P = p RT,. again corresponding to the ambient
condltmns Accuracy of Pand T measurements were 4+ 0,1
mm Hg and i 0. 5°C respecuvely. -

The accuracy of the Q measurement was estimated to be
+ 1. 5 %o 1n section 3.4.1. In view of the higher accuracies in
measurements of geometrical paurameters, it can be corrl‘iluded‘ T~

that the uncertainty involved in the uo, and Re largely depends

on the flow rate measurement,

A closer examination of the lS,i.nputé' mentioned above and
a corisideration of dimensional analysis technigques will reveal
that the effects of all of theBe parameters can be incorporated

in the effects of the following four main dimensionless groups:

‘: _EH .l._p-.- H Rel f
€ [

The first two are geometric parameters, Re and f are used to
relate the geometric properties, fluid properties and flow

variables,
i

The major engineering interest from the type of expe_riments
undertaken in the present study is to find the correlations between

the-above dimensionless 'variables., The rest of the parameters




considered.are mamly for further understandmg of the physmal
flow. The, results of the experimental 1nvest1gatmns in terms
of the relevant dimensionless groups are presented in figure
3.24 a, Results regardmg the other variables of interest are

A{glven in flgures 3.27.- 3,29 and Table 3

An atternpt to theore’ncally prcdlct the relat1onsh1p between

-

S
the above mentmned dimensionless groups is made in the next

sect1on,

u .

-
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4. THEORETICAL STUDIES - PREDICTION OF FULLY -
DEVELOPED ASYMMETRIC FLOWS

. 4.1 Relations between flow parameters - ° ' ' B

. Using t}ie definitions for the Reynolds In_umber Re and'aver_age.
:veiocity Uav (_see noménclature), and the Ch?OSEn velocity fields
(equations 2,20, 2.21), the .expreséion for Re can—bé derived in termsl.

~ of the mean flow parameters {Appendix 9), -

»

. 2 (1+k Y+ms) | ! |
Re = T 2 ].n (1 + Y‘ ) ——1
! mes
k . . .
. . y_l_ .
‘ +- : ms
-1 (] -
+ 15,6 [y ms "1 0 exp< 5 ) )
S B '
7+—?"" lJr——ans ‘ex P ms 9
1 ( 3 ) P ( Y ) n
| tt e
BRYS ' u_ -
. ‘ T 7
+ 2 mzI [ln y + ¥ Ck - T ]+ 2 ! Or. Tn
) k ‘ ms u ' k . 1
.- T T .
s S
= < 4y ws

.The main aim of the analysis is to predict“\t:he friction factor
f as a function of Re Ipr the particular flow ge_orheti'sy in consideration,
The éxpr-es sion for f can also be derived through its definition in

terms of the para;mgeters-enc‘ountered in equation 4.1 (Appendix 10)

. A relation for the ratio u'Tr can be reached using equations

u ,. - to b
T : .
S ‘ ’ . : -

*

. 7 S ot
2.15 and 2,16 (Appendix 10). The unknown parameter z . ql be

(N1

eliminated by matching the rough and smaoth wall profiles at th N
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maximum velocity point (see Appendi.x 11). In the above derivations

the VClOClty profiles were assumed to be valid from th.e wall’ untll

“the maximum veloc:.ty pcunt

' An cxammatmn of the cxprp_gglons for f and Re reveals that

-
an input of the maximum veloc:lty and zero shear stress points is

1 .

necessary, The ZeTo shear point approxnnately corresponds to

the point where the fluctuatlons of the axla.l velocity component is

e

a minimum [20 52]- Thus these points were experlme tally

measured and input into the equa.tlons All the othet™ “pa: \ mcters of

1nf?eriest such as Twr * Tws and m‘are byproducts.of the computatl‘ch‘ls*"h.

4.2 Methgd of Calculation

4,.2.1 Caleulafioii\s with m as a constant

.

Asa first step in fhe theozie‘tical enalysis an attempt was
fnade te‘ predic-t the. friction factors without any new'empiricé.l
input s into.the equations. The widely used assumption of the |
coincidence of the‘.eta'tienary‘ values of the mean and fluctuating

. velocity fields was introducted into the ecquations by putting

"

Together with this assumption a constant value of m = 30

. was used to close the equations. This value for m is based on

. . 8 ) . M
Nikuradse's experimenits on rough pipes in the completely rough .
flow regime [5]-

The relevant equatmns mcorporatmg the ab0ve con31derat10ns

are given in -Appendix 12, 'I.‘he syst em of equat1ons 4.1, A 10.1,

-+




A.10.2, A.12.1 and A, 1%, 2 can be solved for f and v }iy

1ndependently specifying Re However from a computa'ltional'

point of view it was found more economlcal to specify u/ and )
Ts

compute Y and Re, instead of spec1fy1ng e and computmg

fng 3]

Y and o The computation was car::-Le'd out numerically
s ' T

on the computer.. A simplified flowchart of the program is
given'in Appendix 13. ‘The results of the calculations are ’

presented in figure 3,24 b,

In view of the reéﬁlts obtained with m = 310 ,» all the

computations were repeated with another value of m = %}

These results are presented together with the abovc results.

. (>3
e ey e e

A ]

4:2.2 Calculations with m left as a variable

‘ lThé results pf-/

calculations described in sectio_n 4,21 do’

™

_ not agree well with the rTesults of experiments conducted in
© the test facilities constructed for the present study. Thus it

was decided to disregard the assumptions used in the previous .

section and use the equations derived ik section 4 ] in their
full form, m was left as a variable function of Reynolds number
and = 4o be-co;nputed through the above méntionq_d"equa.tions’.
'I‘fhe d:ta. .flor‘,yo and Y, Were supplied ernlp\'grically. The Eomputation : o |
. ‘ was carried out in 2 similar manner to the one desc;ibed in
the previous section, However this time using equation A.11.3
instead of A, 12—.-1 and A,12.2. | A flowchart of the computer .
proé'fam used is given ir%'f&ppelhdix 15, Thé results of caléulations
-are presented in figure ,.3.1"24;5-‘-

.9
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5. DISCUSSION OF RESULTS AND CONC LUSIONS
t ' 1

* N

5.1 Zero shear stress and mximum mean velotity points

The most important Yarameters in the analysis are the
" locations of zero shear stress.and maximum mesan veloc1ty pomts, 3

since they are the only experimental inputs used in the predlctmn

of mean’{low parametcrs, - The variation of the position of these

points, as shown in ﬁgures 3. 2?-32. 1nd1cates strong dependence \
. ' . 5 ; £y
on Re, P and ?p_ . The first obscrvatlon is that they do’ not

coincide. They get proportionately qloser to the smooth wall with
i}xcreasc of Rtynolds number and decrease of . . Tlus latter
results simply reflects the greater effect of a physm.al roughness
element as .it occupies a -larger portion of the space between the

walls, The variation with Reynolds number indicates stronger
. i

diffusion of turbulent eddies from the rough ;i)wa.rds the sriooth side

as the velogity is increased and as the momentum exchange near

the rough wall becomes more vigorous,

The ef[ect of could not be fou.nd directly u51ng the

results of present experlments only but indirectly by comparing w1th | P
Hanjalic! s [20] results (-flgares 3.29 - 30).” The Reynolds number .

used in these figures is based on the maximum velocity in the channel

rather-than the average velacity.Hanjalic's results were not available
in terms of uaﬁv . Henc_e the presé’h.t data were translated into

' I—Ianjahc s terms usrrg the actual measuréd w in a channie']. .
correspond1ng to a partlcular uav'. The Posltlfr;s of the zero shear '
and maximum velocity points deviate more from the centerline of °

- p

the channel towards the smooth wall for a larger ( ;— , 1.e, fO}‘

5 o . . : ‘
a lower roughness density at-the same . ratio, At first, this -

- : = 4 ' .
- . . : ’
. . - o

\

N
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may seem unexpected since a higher roughncss dens:’[ty rwould seem

to imply a more vlgorous momentum exchangc than a lower roughness

y
. |den51ty, and hence a smaller . =93 ratio, quever ‘a closer
T 8

'c:«.ammation qf vortex patterns between roughness. elements of

! daffe rent pltches [53 54] réveals the possibility that at a h1gher

roughncss denslty the flow will tend to skip over the t1ps ofthe elements,
but a.t a lower density the flow will find some time to re-atta.ch and -
when 1t faces a new eclement it will be thrown into the stream, shedding
v1gor:qu§ eddles._ Thus ‘the po;nts under cons1derat1on are even further -
displace'd from the rough wall, The non- co1nc1dence of the-two pomts

and the larger dlspla.cement of the zero-shear pomt than the- rnaxlmum

veloc1ty point sunply indicate the stronger eﬁect of dis smular

) boundary condltlons on the turbulent flow field rather tha’n thr mean

mouon To be able to say anythlng more about the funcj:mnal rclatlonshlp

. between roughness density and p051t10ns of zero shear and maximum

velocity in a channel further studies of separation, re-att’a’chment

and vortex structures on roughened walls should be done i

T

5.2 Mean velocity fields e ,

w

The logarithmic velocity pr'ofilé's' chosen for \the-,present study

represent well the actual velocity fields encountered‘ except very

near the rough wall, in' a region of about 1. 5 e from the roughness

root (figure 3. 23). Th1s dewatlon _may be attrlbuted to the vortex

" structures mentioned in the previous section, which pQSsﬂaly prevail
’ »

between the rough’néss elements, It is an indication of th‘e failure of

the muﬂng length hypnthesm and the assumptions used in the derivation

of the loganthn‘nc 1aw_ (sectlon 2.2) very near a rough wall

4

.

‘




‘ 5 ' . "
- The exper1menta1 velocity proﬁle seems flatter near the )

maximum veloc1ty pomt than those that the logarithmic profiles
indicate. ‘This is the region where'the velocity field is influenced
Dby the two walls and where the flow is retardeei-"py the effect of t'h_e'
opposite wall, Th1s fla.ttenlng might 1ntroduce some error in the .~
calculation of Zer and m since they are computed by matchmgfthe two

‘wall profiles at the max1rnu‘('n velocity point, However, this error is -

pr ohably much less than the errors, involved in the calculations through s
the proflle rnethod {see the scatter of results presented in Table ). T -

r Al
Between the sublayers véry near ‘the walls and the above .

mentmned reglon the veloc1ty proflles accord well w1th the law-of- the-

. wall prohles. -Thus as far as the mean flow properties are concerned,

the fluid particles within these regions are unaware of the nature of

the Oppos{te surface, .

i (‘r
In section 2 2 alarge variation of the parameter m was cited

referz:mg to the relevant literature, Var1at1on of m with Reynolds

'nurnber is ndt mentioned in any of these references, although in

some, variation with roughness dens:Lty -S— is reported The v

\ - Lo
observed E{e dependence of m(Ta.ble 3}, durmg the present e\penmental T
- programme(Table 3) led to a further survey of more recent literature

and a similar reoorted behaviouriwas ‘found in the work of Wang and

1- -
Tullis [55] -A variation ofm{rom — io ina Reynolds .

number range of 7.2 x 10” to 2. 53 x 10 was calculated through the'

1

5

data reported 1n‘[ 55] to match the present nomenclature Th1s is .
the same. type of. va.r1at10n found in the present study, namely a
decrease of m-with mcrease of Re and a similar order of magmtude

for m, The interpretation of-zo.;__ = m-€ as the point where the veloc1ty

ks
4
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P -
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is assumed to be zero Iedds to the concluéioris that, first, the

virtual origin of velocity is under the roughness top, near the-root,

and second, as the velocity in the channel is fHcreased, this origin

is fu-rther suppressed towai‘ds the roughhecs roots, .at least in the

: rangc of Reynolds numbe,rs c0n51dered Iz Dortance of = 'r is further.
o X

discussed in the neht section,

“

) P .
< ’ T T O .
. . . . . B . Lot
L -‘-—‘\_' . N L]

_5.3 FIriction factors

. . . /-"" .
Experimentally measured {riction factors from the present

study are in the ,Same order .of ma gnitude as the ones taken {rom the

‘classical Moody diwgram correwponding fo the s?.rné relative rou’g}iﬁ'es}s '

~ina circular pipe {sg¢e figure-& 2;4 a), The differentges, which nﬁght )

be significant in. cért in critical a.pphcatmns, _are in the shape of the

" funttion f versus Re,
Z

oody d1agram predicts a const: nt frmtlon '
factor in the Reynolds m) mbc.r range conaldcrcd smceTthc flow in
“a plpe is compietely rough in thls ra.ngc [ 5, 56] Prccyent study
1nd1cates a seerm.ngly transltlon range typt: -of flow betwecn completely
smooth and completely rough reglmes This. is due to the ‘
asyl'nmetry in the roughnCSS distribution 4n the channel \-.alls The &

combmatlon of completely rough flow Sh\o e side a.nd smooth ﬂow

on the other produces the type of obser\}ed ehavmur namely the

s € N
variation of total friction .factor w1th both R(. and —;— (or '—5 } .

There is another probleIn 15&151ng the.Moody d1agram when

[

types. of unfamiliar roughness structures are dncountered. From /'_"

a stric‘tly design pOlnt of view,® if the test channél had rough walls on N

 both sides, one would stlll tend to ufc the- same rclatn roughness

value used above in orde'r to calculate the fr1ct1o factor from the Mood}

C Y " y
o

-

>
b !




- u\_ :

5

chart, This isgurn would Prodlct cxactly the same friction factor Voo

et

for both rough rough' a'?nd rough -smooth channels ‘And opfvlously, R
| this cannot be ther ca“se. The’ problem arises due to the use of thé® .
cjo-i'lcept of equi'valorri sand roug’hness in the classical d1agram An IR e
equivalent sand roughness should be defined for ea.ch partlcular : ,
' roughnoss structure {on.4 wall to be able to use: the Moody chart,
This sand roughness should also be a functlon ef Reynolds nurnbcrl S _' o "
in case of asymmetrjc roughrxess_dlstnb’utmn. ‘The use of the
parameter zo‘i ) whi -h_is connec-tod to the equivaiont sand roughness’
through thelogarithmic rough wall profile, is 1ntroduced in the’
present study to pI‘OV‘.I.de a step in the thiéoretical analysus of the

behaviour of flow near a rough wall It is conceptua’lly e,asu_r to

v1sua11zc 2y (as a point where the gross veloc:,ty prohlo re‘mohcs
zcro necar the roughness roat) tha.n an eqmvalent sa.nd rough,ncss
which has no sound phys:lcal basm An oquwalent sa.nd rou;,hness
is sn—nply defined a.s that va.lue whlch gives- th'e actual coefflc:wnt o[

i ) -

resistance when 1Qsertgd into the equatlon [ 5. R .
> :

“Thus,z =m € is more amena.blo to ‘theoretical analysas tban k .
or it g

It might be possrble to predlct rﬁ\tﬁrough the tyl;c of studlcsfmonuoncd Sy

at the end of sectlon 5:1 and then proceed}or the evaluat1on o£ the
pOSltIQIS of zero shear and max1mum veloc1ty in a channel o )

wt
N

In the present study, since no theoretlca.l pred1ct1on o[ the

J

above n1ent1oncd parameters wcrc ava.1lab1e for the: partn.ular g:,eomct,ry

[

uscd emp1r1ca§. inputs Sof m, .and then Yo and Y, WEre employed,

o

Friction facbors calcula.?od w1th m as & constant d1d not gg,ree at all

w1th_the experlmentally_measured.valucs (figure 3. 24 b). T'hose 5
f"‘ - o X ~ 5]
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g , . ’ .
ot _ N TR | _
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.‘. alculated w11.h c'xpcrlmental Ys and Ym’ on the other hand, gave . T
35 - -

‘excellent results in predmtxng the friction factors (flE,ure 3,24 a), . A

again proving the strong dependence of m on Re and —— .
. ' . ) i

. , . .k . . . _ .
L4

-

874 Concluding remarks arid future research

s et

: The research objectives stated earlier weré on the whole k
! ' ot :

’ achzevcd both ;etperlmentally and theoretlcally & sufﬁm_ary‘ of the \_

; ‘fmdmé,s may be given.as follows- - ' {

‘ : w _ '
1. Fyiction factors for a fully developed asymmetric turbulent ER—

] - N L
-

: T : . . L.
: _ flow were predicted through integral analysis technique's,

3. Tor the above.prediction empirical inputs of y, and y
’ are necessary. ' ’

3.- The paraméter m ié‘a._[unc_tion.of Re and, = .
‘ i ' o . : . € . : Lt
. v . - ik

The f{ollowing a.'re suggestions for future researeh: ’ : _ i s

-
‘»
.1, A more rigorous mcthod of analysis is necessaJ fora ‘ b

’

bettcr predlctmn of mean fIOWparameters- am improvement

- rna.y be achieved throug’h the exact niethod,

e
r

2, Further inve stigations on effect of - are necessary for
N _ P
- a petter understanding of flow structures. :

“

3. The prediction of flow parameteré is then to be extended RN

to Heat and -Mass.lean-sfer_mechanism S.

LT
-
fr
ey
o

. . - Dt .
. - ' . . .
' ‘ . T
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* - APPENDIX 1
Derivation of Intepral Equations .
_A.L1 Middle portion .. . 3 | | o .
Continuity equa.t'ifon {Irom figure 2.1):
o 6.-‘ dum‘— '.+ o o -All. a
(s -8, -6 5 T Vs TV (& 1.1).
r o s o
Momentum equation:’ . . _ ' '
. s-f,r. 6s' pum .s.—‘5..r 58 .

= pf{u v dx +u v dx)
o 6 ® b
r S -

(s -6, -8 & (Prou )= ee vy *v, )

-~

using continuity eqn. AL 1

du
: - ) ._d.E +2 u © /9-.
(s -6, -84 ) g PY_ T Ny ;}.
3 d.u
=z (5 ~ § -as)_pu e '
) (A1, 2)
- |
|
- |
-y, P .
U , (A.1.3)
-~ ‘ ,




" Momentum equation;

. . : ) .
. ' r A .
T dx.—F-(,sr _Aor) dP = - d f .pur dyr -‘uérr ‘p‘vé dx

w
r
z . _
or . ) . .
Usin.g' continuity equdtion A,1. 3 and '
u, L o
SRR ‘
and also assumin
n 30 ssu_ Bz . << 6 ‘ \
- AP 4 ot - ¢ .
Twr %y dx dx J PU, Y TPYE, Tdx
l 6 s . ; Zor S
dv :
[ way, (A.1.4)
- A :
Cor
A.1.3 Smooth side:
-Continuity equation: . . |
6 . - . ' .
d s : o ‘ T
d = - . ) .A-. l. 5 - 7 '
T e e arn
o o . ‘
Momentum equation:
. - -6 . »
e e dx + dP = - d u - dy -u v dx
v o _ 7s .8
. o ’
Using continuity equé,tion Al.5 and
u - u
5 b=y - -]
” /
by -

ot
d .



. -50 & X
R+ P R L ‘zd.r g
V- Tws s dx - .dx r?us ys+pum.dx :
Vg , ‘ . : '
~ . . .;‘l}- o] , . B
_‘\. 65 : .‘ . ) o . . ’—
o '-,A'. . Cr . . - .'- '

~

~A.l 4! Adding equé.ti‘ons ALY, ALl 3 and A, 1, 5,- the continuity equation

fpr the whole cHa.nnel becomel . o
.'. s “ .
_..—di J‘ u dér.: 0 § _ .‘:-‘

o
with the understanding that u is in three pbrtions'with
_corresponding upper and lower limits of validity in the channel,

T
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.. APPENDIX 2

Derivation of fulrly'develol)ed' region momentum

equations from equation 2.9 o - : o
3 . /

integrating once o : g
’ ! - . ‘ . . . / .

l [ T s e 92 ¢
p.ay,p.‘ de + I /

Using the b.op.mda,ry condition, . . C . / '- A

. . —-— i ) u N |
at = 0;. uf vl - 0,- . _a____. - . . / 5

i

._a_.‘.l_ - ﬁ1‘;rr:. dP + - / AZ ]_)
by T PEYEY e Ty, | /(

and using the other boundary condition, - / '
- / . T
. , /¢
u .
aty=3(0;.'r=u‘_'§;-pu"\f'=0 | /o
0 sy S g - /
. 7/?6 dx + T . - / . r
o w /
. K 'd'P‘ - y / _
' J = - —_— - (A.2.2)
or 'Tu{f ) yo dx a : /
, A o .
/
- .I./
. .
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‘ APPENDIX 3 - I * .

Relation between air velocity and hot-wire anemometer LE\ . |

output signals

King's law fo‘_r the removal of heat from ‘a heated wire can
be written as [45]:

Q

P = (A+Bu)AT | (AT3.1)
+ where 0 = faté of heat transferred from the hot wire

P = electrical power input

AT = ‘tempera*cure difference between Vthe‘hot-—wire and
. the ‘surr'ounding medium
' _u = air {relocity..
n,A,B = constants . i L -
.Now, electrical power input P = : T o ‘ !1
D o : A
where Y = voltage input to the wire | ) !"
R =

C b v . . . i
resistance of the wire : - !

Therefore e(:lﬁation A.3.)1 becomes
vZ = R(A +Bu") AT
At‘ u=90, V=V ‘(to keep the wire at a é’;ﬁn'stant tempera’g‘gre)
' o . R R )
—~——— . _
| v¢ = v¥ 4BRATU
o e
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) L - . o nl-,,:;‘l‘l' P
i Rcla}gc)n bctwcen the fluctuatlng, and the mean components " i
SN : of hot -wire 51gnals and velocnles !
1. In the case of non lumaru;d signals{see equation A, 3,2) we . have
o2 2 n ‘
: v ﬁV0+ Clu e (A, 4.1) ’

differentiating
: ) T n-1
, - 2Vdv=Cnu du

ap Ty
L

, .
d1v1d1ng by 2V and multlplylng the R, H, S

r:J::

\

q\ B avh C‘ln“ d& - |

A

. - ' [

. o k3!

| - 2 V& | .

_f . Yy i ! )
. {- >

de . AV .2 v
"V . ' 2 V'
u V n \f

i | . T ' e
| ‘rearrdnging ‘ S ——
1 - | 2 e :
N _ du 2V :

. ) . ._ ) ? v

du and dV yet remain to be related to u' and V' . R

Going back to equaﬁtion A.4.1and introducing =~ -

: : S S “
< V=V +V andu=u +ub R ' '
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- L] ot - . =
. B
where the bar over thc‘._syl'ﬂbo‘ls denctes time average;l values and . i
' denotq?s’t/lie \E/luctuating components, S o ;
'.. —— - . 2 ) 2 . . _ . . -- . .
B (%-i-v’)zv +Com 4y AR
- . - o 1 S o ,
) o . . o . . \ .
expanding the terms ' LA
-2 U= L2 2 —n _—n-
VZFZV Vi4+ Vo =V +Cl(un+nunlru-‘1
. : o
_ S N nnel) —n-z 2
S R R S NV NP )
retaining only the first two terms of the expansions .
— 2 —_— — 2 _ - .. " — ,H
. +2V VTV -I‘C'un'_+C nu n-lu'
. v 1 S
\ :
- 2 ® 2 [—
since -V - ¥ .4Cou "
i r.)—- - Q l - ('
= . — n -l ' .
2.V v = Cl nu u!
. ' C 1: n-l _ i
~ N 1 u' ;
Ve =S .
. Ve ; )
o o
Y Coou . . — n' T2 2
multiplylpg\g,he R.H.S. by =~ = ‘and recognizing that Cl u =V - V.D
. 11 : ' _ -
. St L . - R 2
L , V2 -V P
.  ~ o n 0. u i
v . Vo u ]w - .
" S o ‘ o R o
Alividing by vV and rearranging > " .- oo :
\ : Cot . . - ) L
J\J . LA oy o v 2 : e .
. o= P ()t T e
" Y NV S
. - ' '0 -
{ - - _é_’ ? ’
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. . Comparisons of equations A, 4.2 and A, 4. 4 will reveal \‘\7/" ’
~ that replacing du and-dV by u' and V', and u and V by u and V i - o -

-7 're\p.cctlvely, is equivalent to oxnltt1ng\tht':h1gher order terms in 0

Lq}mtlon A/ £.3, whlch was done 1n the above derlvatlon

-
2, In the caseqof linearized 51gnals voltage- \\eloc:lty relatlonshlp
' '
isof the form; | . . ' \
V = Bu ' .
dv = B du ’ -
Lu- o 4V
y u v i
or, . V = Bau -
- o
Vv L((u b »
’ V = B E V=B u'
j
therefore ) “
u' V! @ i
- u v
3o
r
- f ‘
e
Ay ﬁ ' <
R,

i\—,
!
r

el

Z
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Calculation of experimental friction factors '
. . . - 1 - ¢
Rough side:
2 A i
~ _ mr L. . . ' '
- fr = — - {Definition) (A.5,1)
- o pu ' ' :
Arreere o U Tay ‘ ‘ '
and using equation 2,15 :
2
£ = Yor o dB_- A5
r 2 ( =) (A;5.2)
pu ) :
. ) - av .
Smooth sides ,
o= — ' (Definition) (AN 3)
. b .
Py
and using equation 2.16 . .
. os dP : .
R e s '
. » — ( ™ ) | (A.5. 4
- p u - ! .
av .
v
— ' Friction factor for the whole channel? ) ;

Making a fully dévelépcd momentum bal anct on a fluid element of

4
' thickness dx and height s, onc obtains
Eines ‘

/"'rl o= 5;.'.<_"'dp )._‘ . y

wr w S dx

l\-lgiw, total { can be déﬁned by ‘
| | T oY C
£ = — IS (Definition) . o (ALEL )
PHay
- ~ ol o
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and using the above equation R
_ .S dP. :
L= 2 < - dx ) (A, 5.06)
" . . pu_- )
- ; laV ‘
From équations A,5.1and A 5.3
fr + £
{ = = :
. 2 L N .
| ‘ .
5 L
}
. - \
Y
A
- .‘. j‘ _ '
i
: e .
¥ .
~ ) & "l
¢ \ ‘
| %
g )
_ @

.
v
- eyt
v
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A ‘ : ‘ ’ -
\ Fully 'de;fM stress distribyfion :

3 -~ \_/

: ,.J.—-/’-\ ' v
NS : A
Subgtituting equation 2, 24}1nto equatio;i A,_,-%
i dp e
T =Y dx T . A{A.6.1)
. !
dividing by - ‘ ' )
L 5 .
‘\' ES . ) ’ \ v
T — ) 4P ) b~
L +1
T T -dx
0 . '

substituting the re:sult. Irom équat,ion A, 2.2 into the riﬁht hand si:de.',
- and simplifying . ! " )

L

-1 1
[
—
'

~

s}

/

- -7 o g w I
The relitions A, 6.1 and 4.2.2 can be.directly written down
byfa :@rcc balance on an infinitesimal Iluidféiement of thi.cknc:ss'dx

. and height y and yc“,',_rc'spectively. '

v

£3.




; :
Do APPENDIX 7
. Rclation between 'a—y— and doubte pitcytuﬁ—e measurements

CaT

dy = Ay ':_. 2 mm '(cii'stancé between 2 pitot t,ube.s,' see
sec®3.3.2) - w
_ ] \
‘erit-ing the Bernouilli equation ‘
. 2 .. | | o
I::'l _'Pst u1: ) |
= - for pitot tube number (1)
¥air 28 ' '
) }
» : ’ 2
and PZ - Psf, uz _ o
_; S = for pitot tube number (2)
Ydir 2e

2 2

Po. -

s Sy

Yair - 2 g

{
1'-’1 - P2 i (ul - uz), (ul + uz) . 5
. - 2g
Yair g _

¢ : . ' :
b)et%;en' the tips of the pitot

As'sﬁrning the velocity profile

fubes is 1inear,' and the veloc‘ity at the center is u and u - U, = Au,
we gc—:t‘
Pl =P Au(2u) q
- - ' 2 .
Yair g
R
K
e

i3
—

,R..

=t

£

RVt hen Ut o)
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A

© divitling by Ay and rearranging

AU Sl l, 1 . APdpitot

Ay P .. Ay

- AP |
R T 4 dpitot
P . .oou Ay

. .
P’
-
4
|
e B : ‘ ‘ - "
- ’
/
» -
- " -
=\
—
<1
[ \‘
T, .
70 Vo
K 4 4 .
r ll\ '. '\\\‘;
! _ .
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Summary of relations between mean {low parameters
t ) .
« 'w“r a
u = . {Definition)
TT P y
. T s . \
u = — = (Definition)
SR 7S P
o 21
0 = ——H;Z (Definition) ¢
S . K . -
P ua.V )
4
2 ¥ -
r " z
{ = ——m'z—‘ ‘ © {De#finition) - j
r * cot , ' e
~ Py ' .
f +f L N
| s T (Appendix 5)
dP .
Ty T TV or Tax (Appendix 2) . /
) dP . | ¢
]~ Tws Yos  dx (Appendix 2)
\ ) dP_ S
' = -5 - Appendix 5)
!l Twrf (S ® dx ’ (App
A o
. T Yr ) o
. - T (.1 - ) (Appendix 6)
Twr Yor ' o ;:
. ¥ . IL
’l— . ‘ x-‘.y:’ ' . . ) .
5 - (..1 oo—=2 \ - (Appendix 6)
- v Y / ]
T Qs
Lows
<

(=]

|
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u D, . : : ‘
Re - av hyd y (Definition) ) B {m *
. .V - v ’
/o u u'..s,s‘. u '3,r--‘a
.ty exp[:_..__z_s_{ln(_r__-__ el
" oT mr_ u . Y] A .
s T b . - . .
+ Ck}-.,] ' (Appendix 11)
I * (Definition)
av: A ' -
vty Definition t
e Ior F Vo5 ’_..( . b
: ; ‘ |
) or o . o -
meo= e K (Definition),
' e -
- Y, |
'.\/ (1 - s >
B [ Ms . S B YOS' ]
= ) : -1 {eqpation 3.9)
Y H du =
5
dy
s
' ( 1 - YI‘ . ' )
SR T . . Yor : - ' |
Mr - lwr _ -1 (equation 3. 9),. : -
Y K d ‘llr~ ‘ ) : ' . : ‘
Ty - \Hv
- =
Y . ° ‘
! - - '
i ‘ v
/ | ,
i
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APPENDIX 9

Reynolds number Re in terms of mean flow parameters

Y ,_
J‘udA Jms-uSdA+J"“‘r- _da
Yo Ll - or
v A ) A
(A.9.1)
LA yu
u = u Kv-——l-— 1n (3 + k — T2 . o \
s . S k S ‘ \
y u yu \
N - 5 N
+ 7._§3|:_1-exp-(- TR T ,\
- Yu -s
C}kp ( 3\) }] ‘
.‘. . "s
1 g
u- = 1 /' — I )
r ~r-\ k Z
: or
.. '. ‘ ,
dA = 1, dy |

L

 Substitution of the above quantities into equation Al9,}1 and integration

gives:

- ! . ‘.*‘ ’
. . [ 1+ky : ) _; .
u = = : ms"":ln(l~%~ky ~)-1]
ay s Z =7 ms
.- N k‘- - - -+. ¢ :
: , i v -

+ 7.8 [y‘ms <11 (17~ exp (g 0

P




- i:i
- 65 -
'-.’.""‘AK . " ‘ . ‘I/‘
/ . vP"
. , 1
: | | £
+ 9 1+ ym ex s yms A /s
1 ( 5. ) (- T3 ) -
b4 | Cu A
mr {:1;1' ¥ + Ck - ——'L:l+ or il
a + g ms _ u Je u
i k T T g
: 5
o . L (A9.2)
. ‘Equation 4.1 £ollbws using the definition of Re,
.
oi? -
- L " _:.
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APPENDIX 10, B - Co »
= ‘ N } e . ' | . o _ .
Friction factor f in terms of miean flow parameters - o

i}

2 . ’ :
" (uav )»L ;

Y.

u P ‘ D . - .
Let g < U_IS_ .., then using equation A.?.Z}, lee‘cm.*n.es I . :
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S .
1+ ky ms N | .
= > [1;_1(1 -‘-kyrhs ) -l] % 7.8
k ‘ : - . .
oyt " : .
1 ‘ms_ 9 ms -
- - - T S — 14 ) -
[ y;.*ns }lv(l/ °*P 11 } n) Il ( 3 . o

b}

T ) L, -1 zor‘ \ . R
; 1 +4 o . ‘ - - . - -

] . C o o e ) o ——— h- K o .

.'} [y (ln.Yms +.| ( D . ‘:1‘ )

= - . e ' S
ms ymr .
~ -
- 4 - :

. , ' ’
) ¢
ot . -
5 - o
N r L]
»
P %
~— )
£
L A, -
N r ] »
. 1
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b ~ .‘
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-
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wm—t N
Matchmf_, of smooth and rough wall vc,locny prohlcs at . p
7 - v

o L0 the mammum vclo-c1ty pomt d' O, Co _
. —j ) o w 7 . Pl ’ - Yo .

v ; o ' / . i P d .
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»
r

' Relations for [ and Re w‘ith m.as a constant

ot .
‘-

S S

o )
. - R U ' :
. Putting m = const = S0 equation A 11,1 becomes ..
B . ' ) . - : ' - - o "‘ -
’ | ' mL € | 0:\; D{ In .(s-}- I )+ C‘l; o
A = = - - - - -
) Lo or . - . Ymr © "P S Yrar .
} \ i . ., . | - N — . ’
S, N . " _ R 1. - ) R . | i
i’ : . Putt_mg Vs P Yo D bt,,.c0rr_1es. o T TN
‘D = -1 : ) : (A.12.1) ! '
- Yrar . !
. - ( 3 _.'.. y ) n o . ) . .
- - B 5 mbY -8 y '
: ' =y cx - - -.11{ In . + C =
- e o Yn'lr P Y e I: v : g :l -
. y -~ - Ymr : - LT
L - -, l. . . L . .
- : ' . ' AU IR
- . (A, 12.2) o
' <+ ok w : . ' .‘ . _ﬁ'- =
however the above 7

o : FEquations 4. l-anclrﬁ,-,;:ggg,i’. stay the same,
; . . v - S LN L :‘., . . {
:: " - .- >

/ . . * ;
should be u'fscd\:-f? ol

expression for D
. P T -
. ‘ ~ . f
¢ . S : ' o - . i
, * &, . . . ‘_}f N
K . " .f" \ ‘_:-','_ . i . ]
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APPENDIX - 13 — k
. Flowchart of theoretical calculations with m = const
T »,1. 3 | .
- Start ‘ '
J - * — - [ ‘ ‘
=\ INPUT "~ u .- -
\ i l v .

. . . T . ' v . ! - ’ N
. . solve for v ‘ ‘ .
3" ' o mr ) 3

- » | using Eqn. AL12.2 " . _ - _ : %
i _ |, /CALL RTWI O _ o R

\ compute Re .

—from‘ Eqn 4.1

compute other Y ] . - _
oy 1 e el gt /\ : - - L
parameters of > ./ OUTPUT RE, .YM, ctc&
e ‘ o0 | interest using o : - s
' .relations in App. 8 | - '

s o
Ceh. . )

o . - . o
7

L . .o . B P adun
ER LN ‘ R . . . .
. -

'I’hc program is open ended

I'm, non- llm,a.r equation ALl2.2 was solvc.d

Sby the su”hrot.tmc RTWI, whlch ut111:cs the Wc,g,stc:m S 4tcra,t1on : : y

mctho'd[‘)S], ' o \ T g S
‘x ..... ® . r
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riation of C with v
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“Flowchart of theoretical calculations with -

APPENDIX 15"

-~ -+ .mas a variable

. Start

N S o

t

7 INPUT u ,'y , L.
T \ -TITTS'YO"ym/-—

compute Re .

{using Egn, 4.1

‘comptfté 1.
using Eqn. A,10.2

LI

corﬁpai‘c the Re '
computed to Re o
experimental’ _
corresponding to above
! y andy .

st Yo 20 Vi

' . gt

. .?‘u
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B AT
\ Results TYony profile srethod
5 - .
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€
‘ .
x = 0.25 ft | .
Re ! Ir' C

36800
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75200

a
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x=51M& - - A

o) - m  E - C L eLl
or . i , s e
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:/ _ - =

(), . om' ocf G f o
) oo 7T : o .
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1
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TABLE 2 J . A
Effect of a small error in y measurement on L _ _ —
. < ; . - PR . . .l . - . r'l._'-‘f'

results from profile method - R AN oo

. N * - i.'- --.

i

10.5 ' ' ,‘ l i ‘ | \ .‘ R

"
I

106t - ' L ' : ..

1

- Re = 48600 - el o o

Results with - | Results With_ o, - %+ Results with
experimental y =~ - . Ty 0 imm - Y = 0,09 mm

- 9 f:hangc ' . o ' . 9% change

W = 13.02 ffsec . 12,82 . -5 ;13019 403
4 =0,0052 ft . 0.005 -4 . . 0.0054 , 44

’ ’ o, oo~ S ' e '8>'
JE ,_\:0;3392 2wl 0,415+ 3

STy =0.41b
0.098 ".0954 - -2.7 " . 0.1 ¥ 2

. 1
3
7
i

-
|

c
H

2,91 ft/sec . . 3.38 416 - 2,32, -20
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' e .35 1605
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w o
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